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ABSTRACT

The increasing demand for clean and cost-effective energy has driven the development of hybrid 
renewable energy systems, particularly those combining wind and solar power. This paper 
introduces a practical optimization model for sizing hybrid onshore wind and photovoltaic power 
plants, incorporating critical systemic constraints such as land availability, grid capacity, and 
natural complementarity between energy sources. Unlike traditional models focused solely on 
minimizing cost or maximizing energy output, this approach considers the temporal anti-
correlation between wind and photovoltaic resources to enhance grid infrastructure utilization. 
Developed in Microsoft Excel® with the Solver add-in, the model is accessible and easy to 
implement for energy planners and developers. A real case study in Sento Sé, Bahia State in 
Brazil, where wind and solar generation patterns are strongly anticorrelated, demonstrates the 
effectiveness of the model. Results indicate that the proposed hybrid configuration reduced the 
annualized system cost from 237.6 M USD to 161.6 M USD compared to standalone wind 
solution, representing a cost reduction of approximately 32%. Furthermore, grid infrastructure 
utilization increased from 64% to 84%, highlighting the benefit of incorporating resource 
complementarity into the system sizing. These outcomes highlight the value of well-designed 
hybrid systems, maximizing renewable integration without overloading existing infrastructure. 
The model offers a replicable decision-making tool for early-stage project design and capacity 
expansion planning, supporting more efficient and sustainable energy transitions.

1.	 Introduction

The growing impacts of climate change, combined with 
the pressing need for energy security and economic sta-
bility, have accelerated global conversation on trans-
forming our energy systems. In this context, renewable 
energy sources are emerging not just as alternatives to 
fossil fuels, but as drivers of a broader shift in how we 
relate to the environment, the economy and society [1].

In recent years, the expansion of wind and solar 
power has reached unprecedented levels, driven by cli-
mate policy commitments and declining technology 
costs. As renewable penetration increases, hybrid renew-
able energy systems have emerged as a strategic solution 
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to enhance system flexibility, reduce greenhouse gas 
emissions, and improve the utilization of existing trans-
mission infrastructure [2-3]. Recent large-scale analyses 
indicate that coordinated hybrid deployment can miti-
gate curtailment, lower balancing requirements, and 
improve techno and economic performance compared to 
standalone installations [4-5].

The escalating global demand for energy, coupled 
with growing environmental concerns and the need for 
energy security, has positioned renewable energy sources 
at the forefront of power generation strategies [6-7]. 
Among these, wind and solar energy have emerged as 
two of the most viable and rapidly expanding 
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particularly those based on linear programming and 
mixed-integer linear programming, have proven to be 
effective tools for designing cost-efficient and reliable 
hybrid renewable energy systems [3, 6, 12, 16]. These 
models allow for the consideration of various factors, 
including load requirements, resource availability, eco-
nomic parameters, and operational constraints, to iden-
tify the optimal configuration of the hybrid system. 

The design of hybrid renewable energy system can be 
modelled as an optimization problem, in which the 
objective is to identify the most suitable combination 
and sizing of energy sources under technical, economic, 
and operational constraints. Over the past decades, the 
use of mathematical optimization and computer-based 
simulation techniques has become a well-established 
and effective approach for addressing the complexity 
inherent to such systems [11, 17].

To cope with the wide range of decision variables and 
constraints involved in hybrid system design, numerous 
optimization methods have been developed, including 
linear programming, mixed-integer linear programming, 
and multi-objective formulations [6, 12, 18]. These 
mathematical models provide a structured representation 
of complex systems, enabling the systematic evaluation 
of sizing and source allocation alternatives for hybrid 
renewable energy systems.

The use of optimization models is particularly justi-
fied in contexts where many feasible configurations 
exist, requiring the assessment of multiple trade-offs to 
identify the optimal or near-optimal solution [11,19]. 
This modeling approach complements heuristic or rule-
based design methods, which rely primarily on empiri-
cal knowledge and engineering judgment. By combining 
formal optimization techniques with expert insight, 
decision-support models enhance transparency, consis-
tency, and robustness in the planning and design of 
hybrid renewable energy systems [12].

A substantial body of literature has applied linear and 
mixed-integer programming models to support the design 
of hybrid renewable energy systems [11-12, 19]. Several 
studies also incorporate technical constraints such as land 
use, load requirements, and, in some cases, grid connection 
limits [3, 20]. In parallel, other research streams investigate 

technologies. However, the inherent intermittency of 
these resources poses a significant challenge to their 
reliable and consistent supply of power [8]. To mitigate 
this limitation and harness the synergistic benefits of 
different renewable sources, hybrid renewable energy 
systems, integrating technologies such as wind turbines 
and photovoltaic arrays, have gained increasing atten-
tion [9-10]. Hybrid systems can leverage the comple-
mentary nature of wind and solar resources, potentially 
leading to a more stable and dependable energy output, 
as well as a more efficient use of electricity transmission 
and distribution infrastructure throughout the year.

For sustainable development, the reliance on the use 
of renewable energy sources has become essential. The 
proper selection of renewable energy resources, as well 
as the optimal sizing, are essential and challenging tasks 
in the design of renewables systems.

One of the challenges faced by developers and 
designers of renewable energy plants is the identifica-
tion and definition of the best resource, or combination 
of resources, to maximize productivity, site constraints, 
energetic resources and infrastructure available. A criti-
cal aspect in the successful deployment of hybrid renew-
able energy systems is the optimal determination of their 
component sizes [11-14]. Inappropriately sized systems 
can lead to inefficiencies, increased costs, and compro-
mised reliability. 

Despite an increasing proportion of renewables in 
total energy consumption, an equitable transition from 
non-renewable to renewable energy is challenging due 
to the substantial rise in energy usage resulting from 
industrialization, urbanization, and globalization in 
recent decades [15].

In this context, hybrid renewable energy systems 
have emerged as a viable solution for both off-grid and 
grid-connected applications, as they can better accom-
modate the variability of natural resources while meet-
ing electricity demand. Over the past two decades, 
interest in hybrid systems has grown significantly, con-
sequently, various optimization techniques have been 
explored in the literature to address the challenge of 
optimal sizing for hybrid renewable energy systems. 
Among these, mathematical programming models, 
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wind and solar complementarity from statistical or plan-
ning perspectives [10, 21]. However, despite these 
advances, the explicit integration of temporal resource 
complementarity within a linear programming sizing model 
under binding grid capacity constraints, with the objective 
of improving both cost performance and grid infrastructure 
utilization, remains comparatively underexplored, particu-
larly in practical, developer-oriented formulations suitable 
for early-stage project planning.

Therefore, it is important to advance in research and 
development of decision support models that can allow 
productivity gains and better use of the energy transmis-
sion and distribution infrastructure, which is a scarce 
resource with inefficient use. Combining different 
energy resources, considering infrastructure and energy 
resource constraints is a relevant problem to be solved.

This paper aims to introduce an optimization model for 
sizing hybrid renewable power plants that combine wind 
and solar energy sources, considering infrastructure and 
energy resource constraints. It specifically applies to a 
linear programming approach to determine the most 
cost-effective configuration of such a system while meet-
ing a defined energy demand. To demonstrate the practi-
cal applicability and effectiveness of the proposed 
methodology, the study incorporates a case study in Sento 
Sé, Bahia State in Brazil. The results of this case study 
provide valuable insights into the optimal component 
sizing and the economic viability of wind-solar hybrid 
renewable power plants under real conditions. Applying 
the proposed model, this study provides a systematic 
approach for stakeholders to make decisions regarding the 
deployment of these sustainable energy solutions.

The paper is organized as follows: Section 2 provides 
a literature review on optimal sizing methodologies for 
hybrid wind-solar renewable energy systems; Section 3 
introduces the novelty of the proposed methodology 
approach, highlighting the integration of grid constraints 
and resource complementarity; Section 4 presents the 
detailed formulation of the methodology approach and 
the linear programming model; Section 5 describes the 
case study and discusses the results; and Section 6 con-
cludes the paper with final remarks and recommenda-
tions for future research.

2.	Optimal sizing hybrid wind and solar 
renewable power plants

Hybrid renewable energy systems have been increas-
ingly investigated as an alternative to standalone 

generation, since individual renewable sources may not 
provide the best solution in terms of cost, efficiency, and 
reliability. By combining different energy resources, 
particularly wind and solar hybrid systems can mitigate 
resource intermittency, improve energy yield, and 
enhance the utilization of available infrastructure. 
Consequently, a substantial body of literature has 
emerged addressing the optimal sizing and configuration 
of hybrid wind and solar power plants using a variety of 
optimization approaches.

Within the energy planning field, several studies 
emphasize the importance of integrated energy system 
planning, combining infrastructure constraints, model-
ling approaches, and renewable resource integration 
[22-24]. In this context, the present study contributes by 
explicitly incorporating grid constraints and resource 
complementarity into the optimal sizing of hybrid 
renewable energy systems.

Consequently, a substantial body of literature has 
emerged addressing the optimal sizing and configuration 
of hybrid wind and solar power plants using a variety of 
optimization approaches.

2.1	 Optimization techniques for hybrid wind and 
solar systems

A significant portion of the literature focuses on the 
application of mathematical optimization techniques to 
determine the optimal sizing of hybrid renewable sys-
tems. Linear Programming - LP, mixed-integer linear 
programming - MILP, and related formulations are 
among the most widely adopted approaches due to their 
ability to incorporate multiple technical and operational 
constraints.

[12] applied a MILP framework to optimize the sizing 
of a hybrid wind and photovoltaic system in industrial 
applications, explicitly considering load profiles, site 
constraints, and operational costs. Similarly, [11] pro-
posed a MILP model for the design of isolated rural 
hybrid microgrids in Peru, aiming to minimize invest-
ment costs while ensuring adequate energy supply. [19] 
developed a MILP based planning model for grid con-
nected hybrid systems with energy storage, focusing on 
minimizing the net present cost of electricity 
generation.

Other studies have explored multi-objective and hier-
archical optimization approaches. [6] introduced a 
multi-objective optimization model for hybrid renew-
able energy system design, balancing cost and reliability 
criteria. [25] proposed a bi-level planning framework 
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that integrates capacity planning and operational optimi-
zation to maximize return on investment. These works 
demonstrate the effectiveness of mathematical program-
ming techniques in identifying cost-efficient and techni-
cally viable configurations for hybrid wind and solar 
systems.

2.2	 Economic viability and decision-support 
approaches

Beyond technical optimization, several studies empha-
size the economic viability of hybrid systems and their 
role as decision-support tools for planners and investors. 
These approaches typically focus on metrics such as 
levelized cost of energy - LCOE, lifecycle costs, and 
comparative assessments between hybrid and stand-
alone configurations.

[3] presented a decision-aid methodology to evaluate 
the feasibility of hybridizing existing wind power plants 
with photovoltaic generation and energy storage. Their 
results highlighted improvements in infrastructure utili-
zation and capacity factors when hybrid solutions are 
adopted. [26] investigated the robust operation of hybrid 
wind and solar systems with battery storage under elec-
tricity price uncertainty, revealing trade-offs between 
short-term revenue optimization and long-term system 
performance.

Other works, such as [17, 27], applied optimization 
techniques based on lifecycle cost minimization and 
bio-inspired algorithms, respectively, to determine opti-
mal component sizing for hybrid systems in isolated or 
rural contexts. Collectively, these studies reinforce the 
economic advantages of hybrid renewable energy sys-
tems when properly sized and optimized.

2.3	 Resource complementarity and planning 
perspectives

Another important research stream investigates the com-
plementarity between renewable energy resources, par-
ticularly wind and solar, from a planning and system 
integration perspective. Resource complementarity is 
often assessed through statistical correlation analyses, 
geographic evaluations, or scenario-based planning 
studies.

[28] analyzed the local complementarity between 
wind and solar photovoltaic resources in Portugal, 
demonstrating that hybridization can reduce curtailment 
and increase renewable energy penetration. In a comple-
mentary study, [3] explored different planning scenarios 
comparing hybrid and isolated deployment strategies, 

showing that coordinated resource integration can 
enhance overall system efficiency. [10] proposed a 
quantitative method to evaluate wind, solar and hydro 
complementarity and optimize generation ratios in 
large-scale systems.

These studies clearly show that resource complemen-
tarity can provide operational and planning benefits. 
However, in most cases, complementarity is evaluated 
as an external indicator or planning guideline rather than 
being directly embedded within the mathematical for-
mulation of the sizing problem.

2.4	 Synthesis and research gap
Despite the extensive literature on the optimal sizing of 
hybrid wind and solar renewable energy systems, a nota-
ble gap remains. Most existing studies do not explicitly 
incorporate the temporal complementarity between wind 
and solar resources into the optimization model itself. 
While several works acknowledge resource complemen-
tarity from a statistical, geographic, or planning perspec-
tive, this characteristic is rarely introduced as a structural 
constraint within the sizing formulation.

Instead, most optimization models prioritize mini-
mizing costs, maximizing energy production, or improv-
ing reliability, implicitly assuming independent or 
average resource behavior. As a result, the potential 
benefits of temporal anti-correlation, particularly regard-
ing improved grid utilization and reduced infrastructure 
idleness, are not fully captured. This limitation is espe-
cially relevant in regions where wind and solar genera-
tion profiles are strongly anti-correlated, such as in 
many areas of Brazil.

Addressing this gap, the present study proposes an 
optimization model that explicitly integrates wind and 
solar temporal complementarity into the sizing process. 
By embedding resource complementarity directly into 
the linear programming formulation under grid capacity 
constraints, the proposed approach enables a more real-
istic and efficient representation of hybrid system 
behavior, thereby enhancing both economic perfor-
mance and infrastructure utilization.

3.	Proposed optimization model 

This study introduces a practical and accessible methodol-
ogy for determining the optimal sizing of hybrid photovol-
taic and wind power plants, with a specific focus on grid 
integration constraints. While optimization of renewable 
energy systems is a well-established topic, most existing 
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models primarily focus on minimizing lifecycle cost, net 
present cost, or levelized cost of energy, often under aver-
age resource assumptions [11-12, 19]. Several formulations 
incorporate land or load constraints; however, grid capacity 
limitations are frequently treated as static upper bounds on 
installed capacity rather than as effective simultaneous 
injection constraints [3, 20].

Moreover, although resource complementarity 
between wind and solar has been widely investigated 
from statistical and planning perspectives [10, 21], it is 
rarely embedded directly within linear programming 
sizing formulations as a structural constraint. In many 
cases, complementarity is assessed ex-post through cor-
relation analysis, without influencing the optimization 
structure itself. Consequently, the potential gains in grid 
utilization and infrastructure efficiency associated with 
temporal anti-correlation remain underrepresented in 
practical sizing models.

The novelty of the present work lies in explicitly inte-
grating complementarity grid constraints into a linear 
programming framework tailored for early-stage project 
development, thereby linking resource behavior and 
infrastructure limitations within a single decision-sup-
port model.

The proposed model is implemented in Microsoft 
Excel® using the Solver add-in, making it easy to apply, 
modify, and replicate. While several advanced optimization 
tools exist, such as HOMER [29-31], the proposed model 
was deliberately designed to lower the entry barrier for 
project developers and policymakers who may lack access 
to specialized software or programming expertise. This 
approach ensures transparency, accessibility, and customiz-
ability, especially in early-stage project evaluation or 
capacity expansion planning.

Figure 1 illustrates a typical constraint faced in real 
hybrid system design: the proportion of installed gener-
ation capacity versus the available transmission limit. 
Historically in Brazil, grid connection contracts required 
summing the full installed capacity of each energy 
source, without considering complementarity. Recent 
regulatory updates [32] now allow contracted capacity 
to reflect the effective power injected, unlocking new 
opportunities for hybrid system efficiency, which our 
model explicitly addresses

To validate the methodology, a real site was used as a 
case study, where wind and solar resources are co-lo-
cated. The model compares the performance of stand-
alone systems versus the hybrid configuration, showing 
how complementarity reduces the overall cost of energy 
and improves grid usage. The optimization model uses 
input data obtained from local measurements, including 
wind speed, solar irradiation, land availability, and grid 
restrictions, which are described in detail in Section 4.

3.1	 Model overview
From the perspective of a decision-maker evaluating a 
site for renewable energy investment, the goal is to 
determine the optimal composition between solar, wind, 
or hybrid generation systems to minimize the overall 
cost of energy and reduce grid idleness, given site-spe-
cific characteristics, energy demand, and grid 
constraints.
Three main alternatives are analyzed:

•	 Option 1: Onshore wind power plant.
•	 Option 2: Photovoltaic (PV) power plant.
•	 Option 3: Hybrid PV-Wind power plant, exploring 

resource complementarity.

Figure 1: Schematic representation of wind and photovoltaic installed capacities relative to grid connection limits for Sento Sé, Bahia State, 
Brazil.
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This decision-making process is schematized in  
Figure 2. 

As data for the model, it includes the characteristics 
of the site location and constraints that the model must 
consider, which are translated into specific inequalities. 
The characteristics and constraints are indicated in 
Figure 3.

3.2	 Energy source characterization
This section presents the characterization of the 

renewable energy sources considered in the proposed 
optimization model. The objective is to define the main 
physical and operational parameters used to estimate 
energy production from photovoltaic and wind systems. 
For each source, the underlying generation principles 
and the mathematical formulations adopted in the model 
are described.

3.2.1 Photovoltaic generation:
The Sun is the primary source of energy for the Earth. 
The Earth’s surface receives enormous amounts of solar 
energy in the form of light and heat. The Sun’s energy 
can be used to produce electricity through the photovol-
taic effect, which consists of the direct conversion of 
sunlight into electrical energy [33].

Photovoltaic generation is estimated to use solar irra-
diance, ambient temperature, module efficiency, and 
packing factor. The energy generated from the photovol-
taic generator is given by the equation (1):

Epv = A · n · Pf · I · Δt (1) 

Where Epv is energy generated from the photovoltaic 
generator, A is the total area of the photovoltaic genera-
tor (m²), n is the generator efficiency, Pf is the packing 

factor, I is the hourly irradiance (kWh/m²) and Δt is the 
time interval (s). 

3.2.2 Wind energy
The extraction of kinetic energy from the wind carried 
out wind turbines generators. To harness wind energy, 
the kinetic energy of the wind is converted into mechan-
ical energy to perform work or convert it into electrical 
energy [34]. 

Wind generation is estimated using the wind speed, 
air density, and rotor swept area.

The energy generated by the wind turbine generator is 
given by the equation (2):

Ew = (½ · ρ · A · V³) . Δt (2)

Where Ew is the energy generated by the wind turbine, 
A is the swept area of the wind turbine (m²), ρ is the air 
density and (kg/m³) V is the wind speed (m/s) and Δt is 
the time interval (s) [34].

3.3	 Decision variables
The decision variables are defined as:

Xpv = Installed photovoltaic capacity (MW)
Xw = Installed wind capacity (MW)

Both variables are continuous and non-negative.

3.4	 Parameters
All parameters used in the formulation are explicitly 
defined in Table 1.

The complementarity coefficient γ presents the degree 
of temporal anti-correlation between wind and solar 
production. It adjusts the effective simultaneous injec-
tion into the grid.

Figure 2: Decision-making framework for selecting the optimal configuration between wind, photovoltaic, and hybrid systems under site-spe-
cific resource and grid constraints.
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3.5	 Objective function and constraints
This section presents the objective function of the opti-
mization model, which defines the decision-making 
criterion used to determine the optimal configuration of 
the hybrid system. The formulation aims to capture the 
main economic drivers associated with the deployment 
of wind and photovoltaic generation technologies, con-
sidering both investment and operational costs. By min-
imizing the total annualized cost of the system, the 
model identifies the most cost-effective combination of 
installed capacities while satisfying all technical and 
operational constraints described in the previous 
sections.

3.5.1 Objective function
The objective is to minimize the total annualized cost of 
the hybrid system:

Minimize Z = Cpvann · Xpv​ + Cwann · ​Xw

A set of constraints is introduced into the optimization 
model to capture the main technical and operational 
limitations of the system. These constraints ensure that 
the resulting solution is feasible with respect to land 
availability, energy supply requirements, and grid capac-
ity restrictions. Furthermore, the formulation explicitly 
incorporates the temporal complementarity between 
wind and photovoltaic generation, enabling a more real-
istic representation of simultaneous power injection into 

the grid. The constraints are organized into four main 
groups: land availability, energy balance, grid capacity 
with complementarity, and non-negativity conditions for 
the decision variables.

3.5.2 Land availability constraint
The total area allocated to both technologies cannot 
exceed the available land.

Apv · Xpv + Aw · Xw ≤ Amax

3.5.3 Energy supply constraint
To ensure that the required average load is met.

CFpv · Xpv + CFw · Xw ≥ Lreq

3.5.4 Grid capacity constraints with complementarity
The effective simultaneous power injection into the grid 
must not exceed grid capacity limit.

Xpv + Xw – γ .min (Xpv, Xw) ≤ GC

For linear implementation, this term is approximated 
using a linear complementarity factor

αpv · Xpv + αw · Xw ≤ GC

where αi is defined as the ratio between effective coinci-
dent power and installed capacity for each technology.

This formulation replaces redundant individual grid 
constraints and ensures logical consistency.

To account for the temporal complementarity between 
wind and photovoltaic generation, the grid capacity con-
straint is formulated using coincidence-adjusted coeffi-
cients. Instead of assuming that both technologies reach 
their nominal installed capacity simultaneously, which 
would result in an overly conservative constraint, the 
model incorporates effective coincidence factors αpv 
and αw. These parameters represent the fraction of 
installed capacity that is expected to be simultaneously 
injected into the grid during critical operating periods, 
based on historical hourly generation profiles. 

The relationship between the complementarity coeffi-
cient γ and the coincidence-adjusted coefficients (αpv, 
αw) is established through the concept of effective 
simultaneous generation. While γ provides an aggregate 
measure of the degree of anti-correlation between wind 
and solar resources, the coefficients αpv and αw trans-
late this information into technology-specific factors 
suitable for linear optimization.

These coefficients are derived from the same hourly 
generation dataset used to compute γ, by estimating the 

Table 1: Algorithm parameters.

Symbol Description Unit
Xpv Installed PV capacity MW
Xw Installed wind capacity MW
Cpvann Annualized cost of PV USD/MW·year
Cwann​ Annualized cost of wind USD/MW·year
Apv Land requirement per MW of PV m²/MW
Aw Land requirement per MW of wind m²/MW
Amax Total available land area m²
CFpv​ Capacity factor of PV -
CFw​ Capacity factor of wind -
Lreq Required average load MW
GC Grid capacity limit MW
γ Complementarity coefficient -
αpv PV coincidence-adjusted derived 

from hourly correlation analysis
-

αw Wind coincidence-adjusted derived 
from hourly correlation analysis

-
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fraction of installed capacity that contributes to simulta-
neous peak injection conditions. In this context, stronger 
complementarity (higher γ) leads to lower coincidence 
coefficients, reflecting reduced simultaneity between 
sources. 

Therefore, αpv and αw can be interpreted as linear-
ized representations of the complementarity effect, 
ensuring consistency between the statistical characteri-
zation of resource interaction and its incorporation into 
the grid constraint. This formulation replaces redundant 
individual grid constraints and ensures logical consis-
tency while preserving model tractability.

It is important to note that the proposed formulation 
should be interpreted as a reduced-form planning model, 
rather than as a substitute for time-resolved operational 
simulations. The coincidence-adjusted coefficients (αpv, 
αw) are derived from historical hourly data and embedded 
into a static linear constraint to approximate effective 
simultaneous grid injection. This approach represents a 
deliberate trade-off between model accuracy and computa-
tional simplicity, aiming to provide a practical and transpar-
ent tool for early-stage project sizing. While a fully 
time-resolved formulation would capture complementarity 
endogenously, it would significantly increase model com-
plexity and reduce accessibility for practitioners, which 
falls outside the intended scope of this study.

Despite its advantages in terms of simplicity and 
tractability, this approach involves some limitations. 
In particular, the static representation does not 

explicitly capture intra-day variability, extreme events, 
or temporal sequencing effects that may influence 
simultaneous generation patterns. Additionally, the 
accuracy of the approximation depends on the repre-
sentativeness of the historical data used to derive the 
coincidence coefficients. Therefore, the proposed for-
mulation is better suited for planning and pre-feasibil-
ity analysis, while more detailed time-resolved models 
may be required for operational studies and final 
system design.

In the case study, the coincidence-adjusted coeffi-
cients were derived consistently with the observed 
complementarity factor γ = 37%, calculated from the 
historical hourly generation profiles presented in 
Section 4.

3.5.5 Non-negativity constraints
Xpv ≥ 0
Xw ≥ 0

3.6	 Model structure
The complete linear programming model is therefore:

Min Z = Cpvann  · Xpv + Cwann  · Xw
Subject to:
Apv  · Xpv + Aw  · Xw ≤ Amax
CFpv  · Xpv + CFw  · Xw ≥ Lreq
αpv  · Xpv + αw  · Xw ≤ GC
Xpv ≥ 0
Xw ≥0

Figure 3: Schematic representation of the proposed optimization model, including input parameters, constraints, and decision variables.
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The optimization is static and annual, using annual 
capacity factors and coincidence coefficients derived 
from hourly historical data.

It is necessary to clarify that the proposed algorithm 
can and should include additional variables and con-
straints in specific cases where they are relevant.

The data required for conducting the case study were 
obtained from local measurements and public sources, 
not limited to these, made available by regulatory and 
Brazilian sectoral entities, such as the National Electric 
Energy Agency - ANEEL, Grid Operator - ONS, and 
Energy Research Company - EPE.

For a better understanding of the formulation tool, a 
schematic representation is presented (Figure 3).

4.	Case study in a Brazilian municipality

For this case study application, the municipality of 
Sento Sé in Bahia, Brazil was selected due to its excep-
tional characteristics for combined solar and wind 
sources. This choice is justified by the region’s remark-
able natural resource complementarity: characterized by 
intense solar irradiation during daylight hours and con-
sistent wind speeds during nighttime periods (Figure 4).

A real-world site was used to demonstrate the appli-
cation of the model. Local input data included:
•	 Measured solar irradiation and wind speed series.
•	 Regulatory limits (area, grid connection).
•	 CapEx (Capital Expenditure) and OpEx 

(Operational Expenditure) assumptions based on 
public Brazilian sources (ANEEL, ONS, EPE).

The objective was to compare the cost performance of 
pure photovoltaic, pure wind, and hybrid systems, 
emphasizing the economic and operational benefit of 
complementarities.

When evaluating the optimal sizing and source allo-
cation in hybrid renewable energy systems, one of the 
key factors is the complementarity ratio between wind 
and solar resources in the region under evaluation. This 
study proposes a method aimed at minimizing the over-
all cost of energy and applies it to a location with suit-
able resource characteristics. Although in many regions 
around the world wind and solar sources exhibit low or 
no complementarity, the selected area (Sento Sé, in the 
state of Bahia, Brazil) presents a strong anti-correlation 
between wind and solar availability. This distinctive 
feature makes it an ideal site to test and validate the 
proposed model.

Figure 4: Location of Sento Sé, Bahia State, Brazil, and illustration of the complementary wind and solar resource patterns observed in the 
region.
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All monetary values presented in this study are 
expressed in United States Dollars (USD).

4.1	 Wind resource
The wind resource measured in the region and equip-
ment characteristics selected to run the model were col-
lected on site, assumed and calculated as indicated on 
Table 2.

4.2	 Photovoltaic resource
The photovoltaic resource measured in the region and 
equipment characteristics selected to run the model were 
collected on site, assumed and calculated as indicated on 
Table 3.

4.3	 Average daily resource profile (wind and solar)
The average daily resource profile is as indicated on 
Figure 5.

The annual average energy production is indicated in 
Figure 6.

The input data used in this study consists of full 
hourly time-series (8760 hours) of wind speed and solar 
irradiance obtained from local measurements. These 
time-series are used to derive key parameters such as 
capacity factors, generation profiles, and complementar-
ity indicators. For visualization purposes, aggregated 
representations (e.g., average daily profiles) are 

presented in Figures 5 and 6; however, all statistical 
parameters used in the model are computed from the 
full-resolution dataset.

It is important to distinguish between two different 
definitions of maximum wind power used in this study. 
The value reported in Table 2 refers to the maximum 
installed (rated) capacity of the wind system, determined 
based on turbine specifications and spatial constraints. 
In contrast, the maximum wind power used in this sec-
tion (Pw,max) is derived from the normalized hourly 
generation time series and represents the highest instan-
taneous value observed in the resource-based profile 
prior to scaling to installed capacity.

This distinction is necessary because the complemen-
tarity coefficient γ is computed based on the temporal 
interaction between wind and solar generation profiles, 
rather than on absolute installed capacities.

The structural complementarity between wind and 
solar resources was quantified using the coinci-
dence-based indicator derived from their hourly power 
generation profiles. The complementary coefficient γ is 
defined as:

γ = 1 − (P_hyb,max / (P_w,max + P_pv,max))

Where P hyb,max represents the maximum observed 
hybrid generation from both sources over the time 
series, and P_w,max and P_pv,max correspond to the 

Table 2: Wind source data.

Variable Unit Value Note
Wind Speed m/s 10.22 Site collected
Air Density kg/m³ 1.25 Site collected
Rotor Diameter m 150 Assumed
Wind Generator Efficiency % 60% Assumed
Wind Turbine Generator Swept Area m² 17662 Calculated
Wind Turbine Power MW 7.00 Calculated
Annual Hours h 8760 Assumed
Available Areas m² 20000000 Assumed
Front Distance Diameters 6 Assumed
Lateral Distance Diameters 3 Assumed
Area/MW m² 14327 Calculated
No Wind Turbine Generator Units 197 Calculated
Annual Energy GWh 12195 Calculated
Installed Wind Capacity (Maximum Project Capacity) GW 1.4 Calculated
CapEx M USD/MW 0.9 Assumed
OpEx USD/MW·year 54000 Assumed
Lifetime Years 20 Assumed
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maximum individual generation levels of wind and pho-
tovoltaic systems, respectively.

This formulation captures the degree of temporal 
anti-correlation between the resources. When both 
sources tend to generate simultaneously, the ratio P_
hyb,max / (P_w,max + P_pv,max) approaches unity, 
resulting in low values of γ. Conversely, when genera-
tion occurs at different times (i.e., strong complementar-
ity), the simultaneous peak is significantly lower than 
the sum of individual peaks, leading to higher γ values.

In the case study, the maximum wind power observed 
was 2.56 GW, while the maximum photovoltaic power 
reached 1.68 GW, resulting in a theoretical combined 
maximum of 4.27 GW. However, the maximum simulta-
neous hourly generation observed in the dataset was 
2.68 GW. Therefore, the complementarity coefficient is 
calculated as:

γ = 1 − (2.68 / 4.27) = 0.37 (37%)

This value indicates a significant degree of temporal 
complementarity between wind and solar resources in 
the analyzed region.

The same hourly dataset is used to derive the coinci-
dence-adjusted coefficients (αpv, αw), which represent 
the fraction of installed capacity effectively contributing 
to simultaneous grid injection under critical conditions. 
These coefficients ensure consistency between the sta-
tistical characterization of complementarity and its 

representation within the optimization model, as 
described in Section 3.6.3.

4.4	 Option analysis and results discussion
This case study evaluates the technical and resource 
constraints presented in Tables 1 and 2 to meet an aver-
age load of 600 MW, subject to a grid capacity limit of 
1.500 GW. Three scenarios were analyzed:
•	 Option 1: Onshore wind power only
•	 Option 2: Photovoltaic power only
•	 Option 3: A hybrid system combining wind and 

solar sources, considering a resource 
complementarity of 37%

The cost of energy results for each scenario is as 
follows:

a) Option 1 – Onshore wind power only:
The total annualized system cost is 237.6 M USD 

fully meeting the energy demand of 600 MW. The 
grid infrastructure utilization rate in this scenario is 
64%.

b) Option 2 – Photovoltaic power only:
The algorithm returned an error for this configuration, 

as the maximum achievable capacity using a standalone 
photovoltaic solution was insufficient to meet the 
demand, primarily due to land use limitations.

c) Option 3 – Hybrid wind/solar system
The total annualized system cost is 161.6 M USD, 

with the energy demand fully covered of 600MW 

Table 3: Solar source data.

Variable Unit Value Note
Hourly Irradiance Wh/m² 257 Site  collected
Module Width m 1.20 Assumed
Module Length m 2.00 Assumed
Photovoltaic Module Area m² 2.40 Assumed
Solar Generator Efficiency % 20 Assumed
Annual Hours h 8760 Assumed
Available Areas m² 20000000 Assumed
Pitch m 2 Assumed
No Photovoltaic Modules Million units 4.16 Calculated
Photovoltaic Modules Area m² 9997603 Calculated
Annual Energy GWh 4496 Calculated
Total Solar Power MW 513 Calculated
Area m²/MW 38967 Assumed
CapEx M USD/MW 0.8 Assumed
OpEx USD/MW·year 20000 Assumed
Lifetime Years 20 Assumed
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(463MW wind and 137MW Photovoltaic). The grid 
infrastructure utilization rate in this scenario is 84%.

Initially, the model was tested without incorporating 
complementarity conditions, evaluating only standalone 
wind and solar solutions. In this setup, the model pro-
posed an onshore wind solution to meet the load, despite 
wind not being the lowest-cost source. This result was 
primarily due to the photovoltaic system’s inability to 
meet demand constraints caused by limited available 
area.

However, once complementarity conditions between 
wind and solar were introduced, the algorithm recom-
mended a hybrid configuration. This resulted in a 32% 
reduction in the cost of energy compared to the wind 
standalone solution.

Beyond the cost advantage, the hybrid system also led 
to more effective use of the grid infrastructure. In this 
specific case study, when comparing the standalone 

wind system to the hybrid wind-solar configuration, grid 
utilization improved by approximately 20%, highlight-
ing an additional operational benefit of resource comple-
mentarity in hybrid power plants.

It is important to note that the results obtained in this 
case study correspond to a region with a high degree of 
wind-solar complementarity (γ = 37%), which rep-
resents a favorable scenario for hybrid system perfor-
mance. In regions with moderate or low complementarity, 
the simultaneous generation of wind and solar tends to 
be higher, resulting in increased coincidence factors 
(αpv, αw) and, consequently, more restrictive grid 
capacity constraints.

Under such conditions, the economic and operational 
benefits of hybridization may be reduced, and the opti-
mal solution may shift toward configurations dominated 
by a single technology. Nevertheless, the proposed 
model remains fully applicable, as it systematically 

 

Figure 6: Average annual power generation profiles for wind and photovoltaic systems in Sento Sé, Bahia State, Brazil, derived from histori-
cal resource data.

Figure 5: Average daily wind speed and solar irradiance profiles for Sento Sé, Bahia State, Brazil. Values represent hourly averages over one 
year. Solar irradiance is measured on a horizontal plane, and wind speed at hub height.
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captures these effects and adapts the optimal sizing to 
the local resource characteristics and infrastructure lim-
itations. Therefore, the results presented in this study 
can be interpreted as an upper-bound estimate of the 
potential gains achievable through resource 
complementarity.

The application of this model in Sento Sé, Bahia, 
Brazil, a region characterized by a strong anti-correla-
tion between wind and solar availability, yielded sig-
nificant results. The analysis demonstrated that a 
hybrid wind-solar power plant configuration achieved 
a substantial reduction in the overall cost of energy 
compared to a wind-only solution capable of meeting 
the same energy demand. Furthermore, the hybrid 
system led to a notable increase in grid infrastructure 
utilization, highlighting the potential for more effi-
cient use of existing transmission and distribution 
networks. The standalone photovoltaic system, in con-
trast, was unable to meet the energy demand due to 
land use limitations, underscoring the value of a com-
bined approach in overcoming individual resource 
constraints.

5.	Managerial implications

The findings of this study offer practical insights for 
project developers, investors, and policymakers involved 
in the planning and implementation of renewable energy 
projects. The proposed linear programming model, by 
incorporating constraints such as land availability, grid 
capacity, and resource complementarity, serves as an 
accessible decision-support tool, particularly during the 
early stages of project development.

From a managerial perspective, the model enables 
reasoned decisions regarding the optimal configuration 
of hybrid power plants by the anti-correlation between 
wind and solar resources, the approach allows for a 

reduction in energy production costs within the con-
straints of existing infrastructure.

The model implementation in Excel, using the Solver 
add-in, also ensures adoption by those without access to 
specialized optimization software or advanced program-
ming knowledge. Managers can simulate different sce-
narios, assess trade-offs between cost, land use, and 
infrastructure, and identify configurations that result in 
both technical and economic feasibility.

Additionally, the model adds strategic value in regu-
latory environments as hybrid projects become more 
common and regulations evolve to allow connection 
agreements based on energy spill rather than solely on 
installed capacity.

For power sector managers and planners, the model 
serves as a replicable methodology to guide the expan-
sion of installed generation capacity and optimize the 
use of existing transmission infrastructure.

In summary, this study promotes an optimized 
approach to hybrid system planning, fostering energy 
transitions that are cost-effective, efficient, and 
sustainable.

6.	Conclusions

This study presented an optimization model sizing of 
hybrid wind and solar renewable power plants, directly 
addressing the growing need for efficient integration of 
renewable energy sources. The core novelty of this 
research lies in its explicit incorporation of systemic grid 
constraints and the benefits of resource complementarity 
(anti-correlation) into the optimization process, a factor 
often overlooked in traditional sizing models.

These findings support the proposition that hybrid 
power plants, strategically designed to leverage the com-
plementary nature of wind and solar resources, offer a 
compelling pathway towards achieving both lower energy 

Table 4: Summary of optimization results by scenario.

Scenario Wind 
Capacity 

(MW)

PV Capacity 
(MW)

Total Installed 
Capacity 

(MW)

Total 
Lifecycle Cost 

(M USD)

Cost 
Reduction vs 
Wind Only

Grid 
Utilization 

(%)

Feasible 
Solution

Option 1 – Onshore 
Wind Only

600 0 600 237.6 – 64% Yes

Option 2 – PV Only 0 ≤513.25 (max 
land limit)

Not feasible Not feasible – – No (Land 
Constraint)

Option 3 – Hybrid 
Wind-Solar

463 137 600 161.6 32% 84% Yes
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costs and enhanced grid efficiency. By moving beyond 
optimization based solely on energy production or cost 
metrics, this methodology provides a practical tool for 
developers and decision-makers. The implementation of 
the linear programming model in Microsoft Excel using 
the Solver add-in further enhances its accessibility and 
potential for widespread adoption, especially in early-stage 
project evaluation and capacity expansion planning where 
specialized software might not be readily available.

The outcome of the case study in a region with high 
resource anti-correlation underscores the importance of 
considering site-specific resource characteristics in the 
design of renewable energy systems. The model’s ability 
to integrate technical aspects (resource availability, land 
constraints), economic parameters (CapEx, OpEx), and 
regulatory limitations (grid capacity) into a single optimi-
zation framework makes it a valuable asset for informed 
decision-making in the renewable energy sector.

The main contributions of this study, particularly for 
early-stage project evaluation and capacity expansion 
planning, are threefold: it proposes a novel modeling 
approach that incorporates grid constraints and the com-
plementarity between wind and solar resources into the 
sizing process; it offers an accessible implementation 
that facilitates its use by developers and researchers 
without the need for advanced optimization software; 
and it presents a real-world case study that demonstrates 
the practical applicability and the performance gains 
achieved through the proposed methodology.

Nevertheless, it is important to acknowledge that the 
proposed model adopts a simplified representation of 
temporal complementarity through aggregated parame-
ters. While this enables practical application and compu-
tational efficiency, it does not fully capture chronological 
variability, extreme operating conditions, or temporal 
sequencing effects. Therefore, the model is more suit-
able for planning and early-stage decision-making, 
whereas more detailed time-resolved approaches may be 
required for operational analysis and final system design. 

Furthermore, although the case study focuses on a 
region with high wind-solar complementarity, the proposed 
model is general and can be applied to locations with vary-
ing degrees of resource correlation. In scenarios with lower 
complementarity, the benefits of hybridization tend to 
decrease due to higher simultaneity of generation and more 
binding grid constraints. However, the model remains 
effective in identifying the optimal configuration under 
such conditions, reinforcing its applicability as a deci-
sion-support tool across diverse geographical contexts.

It is important to highlight that a detailed sensitivity 
analysis of key input parameters, such as capital and 
operational expenditures (CapEx/OpEx), complemen-
tarity level (γ), land availability, and demand, was not 
explicitly addressed in this study. Incorporating such 
analysis would provide further insights into the robust-
ness of the optimal solutions under varying economic 
and resource conditions.

Based on this study insights, future research could 
further enhance the applicability of the proposed approach 
by incorporating sensitivity analyses of key input param-
eters, as well as time-resolved constraints, stochastic 
representation of resource variability, and energy storage 
systems to improve flexibility, reliability, and grid stabil-
ity. Additionally, exploring the methodology’s effective-
ness across different geographical regions with varying 
degrees of wind and solar resource complementarity and 
diverse grid infrastructure conditions would further vali-
date its robustness and broad applicability. Ultimately, 
this research contributes to the growing body of knowl-
edge on hybrid renewable energy systems and offers a 
tangible approach to support the global energy transition 
towards a more sustainable and efficient energy future.
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