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Abstract  

This thesis evaluates the economic viability of five land-use systems - maritime pine, 

eucalyptus, cork oak, olive groves, and solar panels - through growth, financial, and geospatial 

modelling. For forestry cultures, APIs linked to StandsSIM and SUBER 5.0 simulators were 

used to simulate and assess profitability of Mação’s management approach and provide 

recommendations. Olive groves were assessed across three cultivation systems to balance 

profitability and sustainability. Solar farms were evaluated using GIS and financial models, 

identifying optimal sites based on socio-environmental, location and climate. Findings 

highlight strategies for sustainable resource use, improved land-use practices, and renewable 

energy development in Mação. 
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1. Introduction 

This first chapter introduces the document and is divided into three sections. The first section 

describes the origin of the project, the context in which it is situated, and the motivation for its 

development. The second one presents the problem addressed and summarizes the approach 

used to resolve it. Finally, the third and last section discusses the organization of this document.  

1.1  Motivation and Context 

Historically, in the 1950s and 1960s, the agro-silvo-pastoral systems that characterized rural 

areas maintained a multifunctional landscape from both economic and ecological perspectives. 

However, with significant population exodus, most of the territory was abandoned and left 

unmanaged, leading to the widespread accumulation of vegetation, serving as fuel for wildfires. 

Mação, a Portuguese region located in the district of Santarém, is a living example of these 

challenges. This Portuguese territory covers 41,000 hectares and is divided into 80,000 

properties owned by 20,000 individuals, averaging 0.7 hectares (Médio Tejo 2019). Since most 

property owners left their land unmanaged, the territory has become highly vulnerable to fires. 

Over the past 30 years, Mação’s municipality has seen its territory being devastated by 

wildfires. Between 1991 and 2019, large wildfires burned a significant proportion of the 

territory, the most severe ones being those that took place in 2003, 2017, and 2019 (Fernandes 

et al. 2020). In 2017 (ICNF 2017), 27,000 hectares were affected by wildfires, corresponding 

to 67% of the territory’s area. In 2019, although the burned area was smaller compared to 2017, 

the wildfires affected the areas that had not burned in the previous wildfire, leaving a total of 

90% of the territory affected (ICNF 2019). These numbers show the necessity of changing the 

current design of the rural landscape to reduce the fire vulnerability of this Portuguese territory. 

Currently, in response to these challenges, Mação has developed 9 Integrated Landscape 

Management Areas (AIGP) (Câmara Municipal de Mação 2021). These areas are designed with 
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the objective of promoting sustainable landscape management through collective agroforestry 

exploitation, especially in areas with a high risk of wildfires. Each AIGP includes the 

development of Integrated Landscape Management Operations (OIGP), consisting of strategies 

for landscape transformation, territorial enhancement, and revitalization. They also address 

practical aspects including financing, management, and monitoring ensuring long-term success. 

These operations are detailed through two key maps: the POSA (Current Land Use Map) and 

the POSP (Proposed Land Use Map). The POSA documents the existing land use, while the 

POSP outlines the planned changes, focused on reducing wildfire risks, improving ecosystems, 

and revitalizing the local economy. It follows a transformation strategy based on the natural 

characteristics of the territory and land suitability, following preventive forestry laws and 

territorial programs. The POSP includes the proposed land use units (based on the COS 2018 

nomenclature, a land occupation map that provides a structural view of the territory), the 

ecological and resilience structures and the structural elements, such as notable landmarks, 

hedges, walls, terraces, and infrastructure necessary for landscape transformation and 

management. The landscape transformation matrix compares the POSA with the POSP, 

providing a summary table showing the variation of values across different land use categories. 

In total, AIGPs cover 20,209 hectares which corresponds to around 50% of the municipality’s 

total area (Matias 2023). Within these areas, conditions will be created for the development of 

OIGPs, executed by a collective management model overseen by a managing entity. The OIGPs 

are supported by a long-term, multi-fund program that provides financial backing for initial 

investments and ongoing management activities (Câmara Municipal de Mação 2021).  

To design and implement these AIGPs it is essential to assess the medium and long-term 

economic sustainability of the proposed landscape models. This project’s objective is to address 

this challenge by studying, implementing, and evaluating the most efficient models available 
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in the literature for the AIGPs. These will be integrated into the  LAND IT system (Computer-

Aided System for the Design of Integrated Territory Management), currently being developed 

in a partnership between NOVA School of Science and Technology and AZR - Gestão 

Territorial, S.A., a company established in Mação that manages the AIGP of Mação and is 

responsible for developing its Integrated Landscape Management Operation (OIGP). A more 

detailed explanation on the LAND IT platform can be found in Section 3. 

1.2  Objectives and Approach 

This thesis integrates various approaches to model and analyze the economic and environmental 

performance of five selected land use systems: maritime pine, eucalyptus, cork oak, olive 

groves, and solar panels. The order of analysis reflects the temporal scale, progressing from 

long term forestry crops (maritime pine, eucalyptus, and cork oak) to a one-year agricultural 

system (olive groves), and finally to solar panels. Forestry systems prioritize sustainability and 

profitability over extended timelines, while agricultural systems aim to optimize yields, and 

solar panels focus on site feasibility and financial modelling to maximize energy production. 

I. Forest Species – Maritime Pine, Eucalyptus and Cork Oak 

The StandsSIM simulator served as the foundation for the development of a growth and 

economic model for both eucalyptus and maritime pine, while cork oak modelling was based 

on SUBER 5.0. To enhance usability, APIs were created for each species, to integrate these 

models into the LAND IT platform. The APIs enable users to customize simulations by 

inputting parameters such as tree density and planning horizon, generating tailored outputs like 

cash flow projections and operational costs. To provide practical guidance for sustainable forest 

management, both univariate and multivariate sensitivity analyzes were conducted so that 

optimal management strategies could be identified. 
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II. Olive Tree 

The analysis of olive tree cultivation focuses on three distinct systems: traditional, potted, and 

hedge. The model is built on practical inputs, including annual maintenance costs, installation 

expenses, olive oil market price and yield dynamics, that are going to vary according to the age 

of the olive grove. The main goal of the developed model is to provide actionable 

recommendations that balance profitability with sustainability practices in olive production. 

III. Solar Panels 

The feasibility of utility-scale solar farms was assessed through a combination of geospatial 

and financial modelling. Using Geographic Information Systems (GIS), 16 polygons from the 

OIGP database were evaluated based on criteria such as slope, solar radiation, and proximity to 

substations. This analysis shortlisted four viable sites, which were further analyzed. Financial 

models integrated investment costs and operational expenses with the objective of identifying 

the most economically viable options for renewable energy development. 

1.3  Document Structure 

This thesis is structured into nine sections, each addressing specific parts of the research. The 

first section introduces the motivation, context, and objectives of the study, highlighting the 

challenges addressed, and the methodologies applied to achieve the thesis’ main objectives. It 

concludes with this overview of the document structure. The second section focuses on Mação’s 

geography and territorial characteristics, as well as the relevance of the AIGPs. The third and 

fourth introduce and give key insights regarding both LAND IT and sIMfLOR, respectively. 

From the fifth to seventh section the maritime pine, eucalyptus, and cork oak are analyzed, 

respectively. These sections present the development of an API, sensitivity analyzes, and 

recommendations for sustainable management practices. Section eight analyzes olive trees, and 

its different cultivation systems to evaluate their economic and operational performance in 
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Mação, while the ninth section evaluates the feasibility of solar farms, incorporating geospatial 

and financial modelling to optimize site selection and assess economic viability. 

2. Mação 

This chapter provides a detailed analysis of Mação, focusing on its location, territorial 

characteristics, and implementation of AIGPs (Integrated Landscape Management Areas).  

2.1  Mação’s Location and Territory Characteristics 

Mação, located in the district of Santarém, lies at the geometric center of Portugal, and spans 

approximately 41,000 hectares. Figures 2.1 and 2.2 show the most recent land use cartography, 

COS 2018, and that the predominant land use is forestry, marked in green in Figure 2.1, with 

maritime pine and eucalyptus dominating the landscape with 48.6% and 27.7%, respectively. 

On the other hand, agricultural lands, including olive groves occupy smaller areas, accounting 

for 4.89%, represented in orange, while buildings and roads are represented by red polygons. 

Additionally, Mação is divided into six parishes: Amêndoa, Cardigos, Carvoeiro, Envendos, 

Mação, Penhascoso, Aboboreira, and Ortiga. These geographic features define a diverse 

landscape but with challenges related to land management and environmental sustainability. 

 

 Figure 2.1: COS Map | Source: Matias 2023                                            Figure 2.2: COS Area distribution  
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The topography of Mação is highly varied with more than 55% of the terrain exhibiting slopes 

between 5º and 15º, which makes the area prone to erosion and increases the risk of wildfire 

propagation, especially in steeper regions. Also, the hypsometry further highlights its varied 

land with 50% of the area situated 250–350 meters above sea level (Figures 2.3 and 2.4).  

                            

                Figure 2.3: Hypsometry in Mação                    Figure 2.4: Map Hypsometry in Mação | Source: Matias 2023 

These physical characteristics, combined with abandoned properties, biomass accumulation, 

and high summer temperatures exacerbated by climate change, make Mação one of Portugal's 

most wildfire-prone zones. Figures 2.5 and 2.6 show that 60% of its territory is classified as 

high or very high fire risk. 

                         

          Figure 2.5: COS Hypsometry in Mação                                 Figure 2.6: COS Map Mação | Source: Matias 2023          

2.2 Mação’s AIGPs 

Mação has established nine AIGPs: Aboboreira, Amêndoa, Cardigos, Carvoeiro, Castelo, 

Envendos, Mação, Ortiga, and Penhascoso, which cover approximately 20,209 hectares or 

about 50% of the municipality’s total territory. These AIGPs are a response to the critical need 

to reduce wildfire vulnerability while aiming to promote environmental, social and economic 
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sustainability. This project focuses on analyzing four AIGPs: Amêndoa, Ortiga, Castelo, and 

Carvoeiro, which were selected by the Municipality of Mação for their strategic importance.  

2.3 POSA and POSP: Current and Proposed Landscape Design 

Mação’s strategy for landscape management relies on two essential tools: the Current Land Use 

Map (POSA) and the Proposed Land Use Map (POSP). POSA provides a detailed overview of 

the current land use, revealing the dominance of maritime pine and eucalyptus forests, while 

agricultural areas, such as olive groves are presented in a smaller portion. This distribution 

reflects historical land management patterns, heavily focused on forestry, which has contributed 

to the region's economic activities. However, this increases vulnerability to wildfires, given the 

high flammability of these species. Figure 2.7 shows the areas occupied by the cultures under 

study in each AIGP. The POSP presented in Figure 2.8, shows the proposed changes to Mação’s 

landscape, aiming to address the fire hazards and ecological imbalances identified in the POSA. 

A key change is the reduction of maritime pine and eucalyptus forests in favor of fire-resistant 

vegetation, such as cork oak forests and agroforestry systems. These adjustments aim to 

diversify land use, integrating sustainable agricultural practices and increasing the coverage of 

olive groves and cork oak forests, which offer greater ecological resilience and economic value. 

Additionally, the POSP introduces innovative land uses, such as renewable energy projects of 

solar farms to enhance economic productivity while reducing dependence on common forestry. 

       

   Figure 2.7: Current Land Use Map in four specific AIGPS       Figure 2.8: Proposed Land Use Map in four specific AIGPs 
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3. LAND IT Platform 

The creation of an OIGP is a highly detailed and iterative process that was designed to address 

challenges in land-use planning in territories identified as vulnerable in the AIGP (DGT 2023). 

LAND IT creation emerged to solve the inefficiencies associated with OIGPs creation. It 

consists of a Decision Support System that integrates advanced geospatial tools and data-driven 

decision-making capabilities, in order to save time and reduce errors when developing an OIGP.  

LAND IT platform is very useful when it comes to automate and enhance the OIGP creation, 

however, one of its limitations consists in the integration of economic models. Although some 

models are already integrated within the platform, some are still missing, which restricts the 

specialists from fully understanding the economic viability of their proposed projects.  

Economic models are an essential part to understand the feasibility of the land use proposals 

(Direção Geral do Território 2023), since they provide the ability to evaluate if a given scenario 

will generate the income necessary to surpass the initial investment to reorganize a determined 

area. The values returned by the economic models integrated will give the necessary insights to 

guide decisions that balance both economic and ecological resilience of the projects developed.  

Therefore, this study aims to address this gap in the platform. Models for key land uses such as 

maritime pine, Eucalyptus, Cork Oak and Olive Trees will be incorporated, as well as a study 

for Solar Panels’ installation. These models will provide detailed information regarding the Net 

Present Value, Equivalent Annual Annuity, Total Costs and Total Profit, helping them to be 

more informed when analyzing the viability of their developed projects.   

4. sIMfLOR Platform 

This chapter introduces sIMfLOR, that integrates diverse simulators for the principal forestry 

species in Portugal and aims to facilitate the use of growth models by its users. It allows to 
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manage data inputs, running and visualizing outputs. This chapter is divided into two sections, 

providing a detailed description of the StandsSIM and the SUBER simulators. 

4.1  StandsSIM  

In the following subsections the StandsSIM simulator will be introduced. The first section will 

give an overview, while the subsequent ones will describe both the inputs and outputs given. 

Finally, the last section describes some improvements made to the simulator during this study.  

4.1.1 StandsSIM Overview 

The StandsSIM is a Management Driven Forest simulator developed to model and predict forest 

growth dynamics for Portugal's primary wood-producing species: eucalyptus (Eucalyptus 

globulus) and maritime pine (Pinus pinaster Aiton.). Designed to address challenges like 

deforestation, reduced wood production, and compromised carbon sequestration exacerbated 

by climate change and wildfires in the Mediterranean region, StandsSIM provides a long-term 

simulation framework tailored to Portuguese forest landscapes (Barreiro et al. 2016); Simflor 

Platform 2024). Its advanced growth models allow for simulations at both the individual-tree 

and stand levels, offering flexibility for even-aged and uneven-aged stands. By incorporating 

theoretical models and customizable silvicultural operations — such as harvesting, thinning, 

and planting — StandsSIM ensures adaptability for diverse forest management scenarios. 

StandsSIM’s unique advantage lies in its integration of climate dynamics, wildfires risks, and 

economic variables into forest simulations, filling the gaps left by earlier simulators. Users can 

tailor parameters like basal area targets, thinning intensity, and planting densities to meet 

specific goals while evaluating financial metrics, such as operation costs and production 

receipts (Barreiro et al. 2016). These features empower landowners and forest managers to 

make informed decisions. By combining cutting-edge models, StandsSIM is an indispensable 

resource for addressing the evolving challenges of forest management in Portugal. 
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4.1.2 Inputs 

The StandsSIM requires a variety of inputs related to the forest management approaches, costs 

of operations, prices and site characteristics. Moreover, data on the climate of a specific country, 

region or even management unit is integrated, tailoring the predictions to each specific land. 

Firstly, data on the stands’ characteristics is received for new and existing stands. For both, 

information on the species – if the simulation is for maritime pine or eucalyptus –, age of the 

stand in years, number of trees planted per hectare, if the stand is even- or uneven-aged, and 

the time horizon planning, is gathered. For the specific case of existing stands simulations, there 

is a need for additional data related to tree measurements, such as height and diameter. At this 

stage, the user can also specify the beat-up rate, representing the percentage of trees planted 

that are expected to die, making it possible for the simulator to account for the mortality rate. 

Moreover, data on silvicultural operations is gathered. This accounts for all silvicultural 

practices taking place in the culture’s lifetime. There is a wide variety of operations for the user 

to choose, from land preparation, planting, cleaning, thinning, final harvesting, debarking and 

shoot selection. Thinning operations involve selectively cutting individual trees of a stand while 

the final harvesting is the last cut when trees reach commercial maturity (Mendes et al. 2017), 

where fully-grown trees are collected. Both operations generate income (Centro Pinus 2016). 

Although thinning occurs more than once in the life cycle of maritime pine, it generates less 

revenue compared to the final cut, as trees are smaller. Moreover, the simulator operates under 

the constraint that shoot selection must take place in the same ordinary year across all rotations. 

For the eucalyptus, information on the duration of each rotation cycle is also necessary. 

Furthermore, growth conditions are mandatory inputs for the simulator to predict the trees' 

growth over time. To measure the productivity capacity of a specific site, the simulator receives 

the site index. This forestry measurement is expressed as the expected height of dominant trees, 
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based on previous plantations in that land, and at a specific reference age that depends on the 

species and region (ICNF 2021). The height of the tallest or most vigorous trees reflects the 

quality of the growing conditions, making the predictions for the tree growth more accurate. 

For accurate financial predictions, it is important to gather economic inputs, such as costs and 

revenues. The costs of each silvicultural operation and corresponding unit –tree, kilometer or 

hectare –, costs on wages and products such as seeds, pesticides, and fertilizers are necessary 

to calculate total cash outflows. For the revenue’s calculation, it is necessary to input wood and 

biomass prices. Lastly, climate data such as number of rainy days per year, precipitation, 

average temperature and frost days is gathered to simulate the growth pattern of each species. 

By integrating all this information, the simulator generates highly accurate and customized 

predictions for each forest management unit. This high volume of inputs ensures a realistic 

simulation, providing a robust tool for informed decision-making in forestry planning. 

4.1.3 Outputs 

With the inputs presented in Section 4.1.2, the simulator generates some outputs, in the form of 

comma separated files, with the growth and financial predictions for each site index inputted. 

The first output file provides information about the number of trees alive throughout the 

species’ lifespan and their corresponding diameters. As such, for each site index and year, the 

simulator predicts the number of alive trees and distributes them across different diameter 

ranges. An overview of this file is presented in the Appendix IV Section, in Figure IV.2. 

Moreover, the simulator creates another output file with financial predictions. For each site 

index, the simulator calculates the Net Present Value (NPV) and Equivalent Annual Annuity 

(EAA) for discount rates of 3%, 4% and 5%, allowing users to select the rate that aligns with 

their desired rate of return. The NPV assesses the project’s profitability by calculating the 

present value of future cash flows and comparing them to the initial investment (Brealey et al. 
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2020). The EAA translates the NPV value into a constant annual cash flow, helping to access 

the evaluation of projects with different time horizons (Brealey et al. 2020). A visual of this file 

is depicted in Figure IV.3 present in the Appendix IV Section.  

Lastly, the final output file combines all calculations from the simulator. For each year and site 

index, the simulator computes over 50 indicators. Starting with the final cut, thinning and 

debarking operations, the file marks the year in which these were performed. This is of extreme 

importance because, maritime pine is subject to Wilson Factor criteria.  

Wilson’s Factor consists of a relative measure of stand density, which evaluates the appropriate 

number of trees per hectare in a stand, as a function of the dominant tree height, being a key 

measure in guiding thinning operations. The logic behind the Wilson Factor is that larger trees 

(with greater heights or diameters) require more space, resulting in fewer trees per hectare for 

the same stand density. In contrast, smaller trees can support a higher density.  

Thinning is an operation performed to optimize growth conditions. If the number of trees per 

hectare in a stand is already below the threshold determined by the chosen Wilson Factor, no 

thinning is applied, ensuring that the stand is not under the deserved number of trees per hectare. 

The site index has a certain influence, as trees in higher site indexes achieve greater heights and 

diameters than those at lower site indexes, at a faster rate. This rapid growth means that trees 

occupy more space earlier in their development, reaching thresholds of competition and 

crowding sooner, therefore requiring thinning operations to occur sooner. Conversely, trees that 

grow in less productive soils achieve smaller height and diameter, taking longer to reach the 

thresholds associated with competition. This leads to the delay of thinning operations. 

For the maritime pine case, the simulator works under these explanations. Even if a thinning 

operation is prescribed by the user, the simulator will only execute it if the conditions mentioned 

above are fulfilled. Specifically, for thinning operations, the simulator checks if the tree density 
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is sufficient, given the site index conditions applied, to proceed with the operation. As such, if 

a thinning operation is scheduled for a year when the stand density falls below the required 

threshold, the operation is skipped and a 0 is recorded for that year in the output file. This 

distinction is very important since it ensures the simulation is realistic and intelligent, avoiding 

operations that violate the imposed requirements. 

Additionally, the file also provides the expected tree’s dominant height for each year, along 

with the number of trees that are expected to be alive or dead. Other calculated indicators 

include the basal area, wood volume with and without bark, total wood volume produced and 

cut, and biomass volume – distinguishing between branches, leaves, resin and more. Lastly, the 

file also includes financial data, detailing the inflows from wood and biomass sale, and outflows 

related to management schedules, assortments and labor costs. The revenues generated by 

biomass are also recorded, allowing the simulator to calculate the Net Present Value (NPV) for 

each year, its cumulative, and the Equivalent Annual Annuity (EAA) of the project. 

This final output file is the most important to analyze, as it consolidates all information in one 

place, shown by Figure IV.4 in the Appendix IV Section. As such, for further evaluations, it 

should be the main focus, as it can reveal essential insights and trends. 

4.1.4 StandsSIM Improvements  

The StandsSIM simulator requires a significant amount of information. As a result, consulting 

forestry specialists in Mação became critical to determine fixed parameters applicable across 

the region. For example, it was clarified that Mação only sells wood in eucalyptus plantations, 

while biomass is also sold for maritime pine stands. Additionally, the costs associated with land 

preparation, plantation, maintenance and harvesting are uniform across all AIGPs. This allowed 

these parameters to be treated as fixed inputs for the model. To obtain these values, 

consultations with experts such as Margarida Tomé, professor at Instituto Superior de 
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Agronomia, and António Louro, president of AZR and Aflomação, were conducted. By these, 

practiced prices in the municipality, the typical planning horizons for maritime pine and 

eucalyptus stands, and other critical metrics were gathered. These values and operations are 

explained in Sections 5.7.1 and 6.7.1 of the maritime pine and eucalyptus chapters, respectively. 

One of the most important inputs for the simulator is the site index, as previously mentioned. 

Unfortunately, no specific data was available regarding site indexes for maritime pine and 

eucalyptus lands in Mação. To address this issue, data from the Inventário Florestal Nacional 

was used, covering parcels in Mação and nearby municipalities (Proença-a-Nova, Sertã, Vila 

de Rei, Sardoal, Abrantes, Gavião, Nisa, and Vila-Velha de Ródão). Based on this information, 

three possible site index scenarios were calculated: low (Mação 5), medium (Mação med), and 

high (Mação 95). These site indexes - 15.44, 20.69, and 25.86 for low, medium, and high 

productivity levels, respectively - enabled simulations to be evaluated under different growth 

scenarios. Since the productivity of maritime pine and eucalyptus soils is similar in Mação, the 

same site indexes were applied for both species in the simulations. 

However, working with the StandsSIM simulator posed significant challenges during this 

thesis. The simulator had to be replaced, updated and improved eight times due to errors and 

inconsistencies identified throughout the research process. These repeated changes required 

constant adaptation and recalibration of the models, which added complexity to the analysis. 

Despite these difficulties, the iterative process led to more accurate simulations and a deeper 

understanding of the proposed landscape management strategies. 

4.2  SUBER 

This section introduces SUBER, its inputs, simulation process and outputs.  
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4.2.1 SUBER Overview 

The SUBER simulator was specifically developed for the management of cork oak stands in 

Portugal. By providing simulations for cork oak plantations, it enables analysis of cork 

production, stand growth and economic viability along the tree’s lifecycle.  

This simulator has various improved versions, the most recent one the SUBER 5.0. This can 

calculate cork production independently of the tree’s age, allowing more flexible simulations 

for different management scenarios. Additionally, SUBER 5.0 integrates a site quality index 

that considers the management practices, soil and climatic variables. The index assesses the 

productivity potential of a stand to plan the strategies that will maximize the cork production 

and economic returns. Another distinctive feature of SUBER 5.0 is its classification as an 

individual-tree and distance-independent model. This approach simplifies calculations by 

excluding spatial competition indices, making it applicable across various management 

scenarios while maintaining robust predictions for tree growth, cork production, and stand 

dynamics. This version also simulates new cork oak stands without requiring prior forest data, 

expanding the model’s usability to areas where historical data is unavailable. 

To improve its utility, the model incorporates a graphical user interface within the sIMfLOR 

platform, enabling visualization of simulation results. Overall, SUBER 5.0 represents a 

comprehensive tool that allows the simulation of long-term cork oak stands and its evolution, 

allowing to better understand the impact of the management practices. 

4.2.2 Inputs 

SUBER 5.0 requires a detailed and structured set of inputs to guarantee accurate predictions. 

These inputs are the foundations for predicting growth and economic parameters over time and 

can be distinguished between inventory and economic data. The inventory data contains 

variables such as tree identification, height, cork thickness, and harvesting height collected 
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during forest inventories. The model also incorporates specific parameters for cork harvesting, 

including the minimum age for the first stripping, coefficients for cork removal, and whether 

subsequent harvests will increase the harvesting height. This data must follow strict validation 

rules on cork age, harvesting height and the number of cork layers removed, ensuring it aligns 

with structural and legal requirements of cork oak management. This validation is important as 

it helps to avoid errors that could compromise the accuracy of the simulations. 

Regarding the economic inputs, it includes information on labor costs, machinery, consumables 

and management operations, as well as revenues derived from cork and wood products. To 

calculate revenue, cork and wood, prices are necessary and can be differentiated by cork type, 

such as virgin or "amadia" cork. Cork price ranges can also be defined by five caliber classes 

(e.g., <18mm, 18–23mm, 23–27mm, 27–41mm, 41–90mm) and three quality levels (e.g., 

grades 3, 4, and 5), creating up to 15 combinations that reflect real market conditions. The 

discount rate used to calculate the NPV and EAA is 5% by default but can also be adjusted. 

Lastly, the stand’s operational plan is received as input. Users can specify operations for regular 

or irregular stands, reflecting the diverse realities of cork oak stands. Finalizing input 

configuration process, users can save the inputs in formats compatible with sIMfLOR’s 

platform, enabling seamless integration and its future reuse for multiple simulations. 

4.2.3 Simulation 

There are two types of simulations: one for newly established stands and another for existing 

forests, allowing users to simulate different scenarios, depending on available data.  

For new established stands, as there are no measurements, the model uses data collected from 

forest inventory plots, allowing for a precise analysis of growth. Users can choose between 

simulating each plot individually, enabling highly specific projections, or aggregating data to 

represent a larger stand, used when data is not available or when the objective is a general 
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overview of forest dynamics. For the specific case of already existing forest, users must add 

information on the number of branches, total height, cork caliber, and cork quality. If tree 

measurements are not available, the model estimates them from existing data.  

Regardless of the approach, the simulations executed and its results are accessible, enabling the 

analysis of outputs such as production trends, biomass growth, and cork quality over time. 

4.2.4 Outputs 

Outputs are tailored to provide insights into tree and stand level. At the individual tree level, 

the model analyzes variables like height, basal area, and diameter growth. 

At stand level, the outputs analyze general trends of the stand, such as the basal area with and 

without cork, the density of trees per hectare, and canopy coverage. This perspective provides 

a better understanding of the stand’s overall growth trajectory. Cumulative to that, the data on 

biomass components, including wood, branches, leaves and roots, show the total productive 

capacity of the stand. The metrics on the weight and quality of the cork harvested (virgin and 

“amadia”) provide insights into economic outputs over multiple harvest cycles. 

The outputs also record the metrics before and after interventions, such as cork harvesting or 

thinning, and help to understand the changes in growth dynamics and the impact of the 

interventions. The diameter class evolution and carbon stock are other metrics present in the 

outputs. The diameter class evolution demonstrates how trees progress through various size 

categories, while the carbon stock reflects the stand’s role in carbon sequestration. 

The SUBER simulator also integrates visualization tools. The generated graphics and charts 

allow for easier interpretation of complex datasets and aim to help strategic decision-making. 

By analyzing detailed quantitative data with environmental and operational considerations, the 

outputs allow forest managers, researchers, and policymakers to make informed decisions that 

balance economic returns with ecological awareness on the cork oak.
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5. The case of Maritime Pine 

5.1  Maritime Pine in Portugal 

In Portugal, the pine forests have historically played an important role in the country’s forest 

sector. However, these ecosystems have experienced significant reductions in area due to 

factors like wildfires, pest infestations and diseases. Between 1995 and 2015, the area of 

maritime pine forest has shown a decrease of around 264,000 hectares, although, the rate of 

reduction slowed significantly between 2010 and 2015 (ICNF 2019). Nowadays, maritime pine 

is the third most common forest species in Portugal, covering around 22% of the country’s total 

forest area, which corresponds to around 1 million hectares (ICNF 2019). 

This species has been in Portugal for over 33,000 years (Figueiral 1995) and is distributed 

across the Northern and Central regions, covering areas from Tejo and Sado basins up to Minho. 

Additionally, it is found in inland areas of the Center and South, specifically in Penamacor, 

Idanha-a-Nova, Serra Mamede and Santo Aleixo da Restauração (Autoridade Florestal 

Nacional 2012), at hypsometric levels ranging from 700 and 900 meters (Oliveira et al. 2000).  

5.2 Maritime Pine characteristics 

Maritime pine is very adaptable, resistant to prolonged dry periods, cold and moderate climate 

conditions, managing to grow and develop in unfavorable environments. However, this forest 

species is light-demanding, unable to tolerate shade due to its leaf structure (Oliveira 1999). 

This tree shows preference for siliceous and sandy soils, with depths up to 30 to 60 cm 

(Florestas 2023), where its roots can grow freely. Pinus Pinaster Aiton. has a better 

development in areas where the medium temperatures round the 11ºC and 15ºC (Centro Pinus 

2016), with annual precipitation between 550 mm and 1200 mm (Centro Pinus 2016). However, 

due to its resilient characteristics, it was widely used for the afforestation of coastal dunes and 
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mountainous wastelands. It played a key role in early reforestation initiatives in Continental 

Portugal, as well as in the autonomous regions, as it allowed to plant forests on steep terrain, 

serving as protection against erosion and floods (Florestas 2023). 

This species lives for 200 years in optimal conditions, however, signs of crown weakening and 

reddening of the bark indicate aging, and it starts around 80 to 90 years (Centro Pinus 2015). 

Maritime pine has a big relevance to Portugal when it comes to economy, since practically all 

the tree’s parts can be commercialized. Although the main product is wood, resin is a product 

that generates annual revenue, as well as biomass that consists of various components of this 

forest species (Gonçalves et al. 2020), such as its bark, needles, branches and leaves.  

5.3  Growing Cycle 

The typical growing model of maritime pine consists of plantation, cleaning, and maintenance 

activities, and different phases of growth. The plantation involves a recommended density of 

1,250 to 1,670 trees per hectare and a minimum distance of 3 meters between rows is required 

(Oliveira et al. 2000). According to Centro Pinus, Pinus Pinaster Aiton. growth is divided into 

5 different phases: Nascedio – Seedling Stage, Novedio – Young Growth Stage, Bastio – 

Thicket Stage, Fustadio – Pole Stage, and Alto Fuste – Mature Tree Stage. These stages of 

growth characterize the tree based on its dimensions, as presented in Table 5.1 (Centro Pinus 

2018), where hdom/ddom represent the average heights and diameters of dominant trees. 

 

Table 5.1: Diameter and height variations in maritime pine (Matias, 2023) 

The planting period, Nascedio, varies between areas. For areas with prolonged summer, such 

as Minho or Douro, planting should occur from November to May, and, in more Central and 

Southern regions, planting should take place from November to March (Oliveira et al. 2000).  
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When it comes to cleaning, it consists of removing the lowest quality, dead and diseased, or 

non-dominant trees and is recommended that, by the age of 10, the stands’ density reduces to 

1000 or 1200 trees per hectare (Oliveira et al. 2000). Thinning should occur first around 15 to 

20 years after planting, and with intervals of 5 to 10 years. In this process, 20% to 30% of the 

stand’s trees should be removed (Oliveira et al. 2000), with exception to the first, that should 

be denser than the others, where 20% to 40% of the trees are cut (Matias 2023).  

The final cut is the last process that occurs in a stand of maritime pine and usually 300 to 500 

trees are removed from the stand (Oliveira et al. 2000). An image that illustrates the growing 

cycle of maritime pine can be found in the Appendix V.1 Section.  

5.4 Related Work and State of the Art 

Maritime pine is a resinous species highly valued for its fire resistance. According to Fernandes 

et al. (2005), this species has evolutionary features that result from adaptations to fire: 

resistance, evidenced by its thick bark, that protects the tree from low-intensity fires, and 

evasion, through thermally induced cone dehiscence, enabling the tree to reproduce after 

exposure to high-severity fires.  These characteristics made maritime pine a key species for 

reforestation in vulnerable regions, including Mação, one of the most affected areas in Portugal. 

Several projects have been developed to study the ecological resilience and economic viability 

of maritime pine. Research by Gómez-García et al. (2015) highlighted the importance of using 

height-diameter models to enhance forest management practices, since accurate tree height 

predictions combined with diameter, and other specific stand variables, have proven essential 

for monitoring forest growth and optimizing yield projections. 

Moreover, Alegria’s (2004) study emphasized the importance of growth and production models 

to forest management, since these allow to predict future production and explore different forest 

intervention options. PBIRROL, which consist of growth and yield models tailored to the 
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irregular stands of maritime pine in the Oleiros region developed by Alegria (2004), can be 

applied to similar forest systems, like Mação’s region. This helps to predict the future 

productivity of future replanted forests, since individual growth of the trees can be studied. 

The work of Alegria (2007) and Tomé et al. (2007) also contributes to this by providing 

equations for estimating total and mercantile wood volume to commercialize. While Alegria’s 

(2007) equations are more specific to regions like Castelo Branco, Tomé et al.’s (2007) ones 

can be used across the country, making them more useful for predicting the volume of wood 

available for commercialization in Mação. These equations are crucial when it comes to 

calculating potential economic returns from the reordering of territory with maritime pine. 

In addition, Ogana et al. (2020) presented a new height-diameter model that has been developed 

to both Pinus Pinaster and Pinus radiata (Monterey Pine) in Spain. This model consists of a 

nonlinear mixed-effects technique that provides predictions of tree’s height from diameter 

measurements, yielding a Root Mean Square Error (RMSE) of 0.906 for Pinus Pinaster. 

A similar study in Northeast Portugal by Msaouak (2016) also shows the potential of using 

mixed models when it comes to improving the predictive performance. Applying height-

diameter equations can help estimate tree volume, competition indices and assessing the stand 

dynamics in general, crucial to optimize wood production, and, consequently, the potential 

economic return that Mação can have. Msaouak (2016) thesis also mentions that this resinous 

can thrive in fire-affected areas, emphasizing its ideal characteristics for reordering forests. 

Combining the potential of maritime pine to thrive after wildfires and by using the mixed 

models mentioned, it is possible to assess the long-term potential of this species. This way, 

wood production can be maximized, offering some financial return to Mação’s municipality.  

StandsSIM, a forest simulator developed by Barreiro et al. (2016), incorporates up-to-date 

models sensitive to climate change scenarios, and allows users to project forest growth, 
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considering a range of management prescriptions. The analysis made by this existing simulator 

helps to analyze the economic viability of reordering territory in areas affected by fires with 

maritime pine. The usage of this simulator can help users understand which management 

approach can yield a higher Net Present Value as well as higher wood production over time, 

while keeping the production costs affordable for the municipality. Also, it helps in 

understanding which species is more economically feasible compared to others. 

The studies and models presented in this section represent some fundamental tools to evaluate 

the ecological and financial viability of reordering Mação’s forest. From height-diameter 

models to advanced growth simulators, like StandsSIM, these tools enable accurate predictions 

of growth, yield, and financial returns. Bridging these models in the LAND IT platform, this 

thesis aims to create a comprehensive decision-making framework to support sustainable and 

economically viable reforestation projects in fire-affected areas. 

5.5  Methodology and Approach 

In this part, the objective was to build a growth and economic model for maritime pine that can 

be integrated into the LAND IT platform. The model aimed to calculate the expected profit 

from wood, resin and biomass, over the entire life cycle of the species, using users’ information 

about their maritime pine stands. Before developing the model, it was necessary to review 

relevant literature to incorporate the most accurate growth functions into the model.   

Unlike species treated collectively as a stand, maritime pine trees are modeled individually, 

with the calculations performed on a tree-by-tree basis. This approach allows for more detailed 

predictions, as it accounts for individual variations in tree height, diameter, and growth patterns.  

In this first approach, the decision was to start designing a model that calculates wood, biomass, 

and resin’s volume as well as the associated profit for each tree, based on its specific attributes 

of height and diameter. These individual calculations would then be aggregated to estimate 
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these values for the entire stand. Recognizing that users may only have information regarding 

their stand’s age, it became essential to either develop or find functions capable of estimating 

tree height and diameter as a function of the maritime pine’s stand’ age. 

One challenge encountered was the lack of reliable data that links height, diameter and age, 

crucial for building a predictive model. In scenarios where users may only have information on 

the age of their stand, the inexistence of equations that relate these variables made the accurate 

estimation challenging. Height-Diameter models, such as the ones mentioned by Gómez-García 

et al. (2015)  or developed by Alegria (2004) to estimate Pinus Pinaster Aiton. growth and 

production, although useful and widely applied in Portugal, were not age dependent. Instead, 

they rely on other variables, such as basal area – cross-sectional area of tree trunks at 1.3 meters 

above ground – and dominant height – height of the 100 tallest trees per hectare in a stand – 

which are, similarly, very difficult to estimate in the absence of specific data.   

Despite extensive research, no models were found that estimated tree height and diameter based 

on age or other variables that could be estimated. Without equations that module the evolution 

of the tree’s height and diameter over time, it becomes difficult to perform reliable calculations. 

Users would need to know their stand’s average height and diameter in each process – thinning, 

final harvesting, resin and biomass extraction – to calculate the net value precisely. Even with 

this information, the results of the predictive model would likely remain inaccurate, since the 

calculations would have to be performed in a collective approach, while stands of this species 

are managed on an individual-tree basis in practice.   

After careful evaluation and consulting with forestry experts, it became clear that continuing 

with the development of the growth and economic model was not feasible, especially, given the 

existence of well-established simulators such as StandsSIM. As a result, instead of duplicating 

their functionality, it was opted to integrate these simulators into our system. 
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The focus began to build an API that integrates an established simulator, StandsSIM. This 

change allowed the project to use StandsSIM existing empirical models and larger database, 

more suitable for generating accurate predictions without requiring extensive additional data. 

To pursue the API development, some data regarding fixed values and management approaches 

that were commonly applied in Mação was gathered. Once all the data was collected, the API 

development started. The management of the stand and the horizon planning were set as input 

variables, allowing the model to adapt to changing management strategies over time. The 

biomass and wood prices were, as well, left as input variables due to their dynamic nature. 

After the API was developed, testing was conducted using the data that was gathered from 

Mação. The results were analyzed in terms of economic viability for new maritime pine stands, 

and sensitivity analysis was performed to assess whether the current management strategies 

used in the region are optimized for maximizing profitability.  

5.6  Developed Models 

The literature presented in Section 5.4 enabled the creation of a growth and economic model in 

Python. This model aimed to simulate the lifecycle revenue generated from wood, resin and 

biomass, using user-provided data. The details of this design, as well as the equations used to 

perform it, are presented in the Appendix V.2 Section.  

Due to the already mentioned reasons in Section 5.5, the approach changed, so, this section will 

focus on the integration of StandsSIM simulator into LAND IT platform. The development of 

the API followed three main stages: inputs, simulations and outputs. 
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5.6.1 Inputs 

The first stage focused on structuring the necessary user inputs for the simulation. To structure 

and analyze the parameters provided by the users, a class was created, ensuring that all values 

provided followed the data type restrictions implemented.  

The main input variables included final cut age, which defines the planning horizon of the 

simulation, number of hectares, management schedule and wood and biomass price. The 

management schedule accounts for key information to run the simulator, such as the periodicity 

of harvesting operations, the beat-up percentage and the number of trees planted per hectare. 

Also, two different wood prices were required since Mação makes a distinction between the 

selling value of wood that is collected for chipping actions and to sawmilling actions.  

5.6.2  Simulation 

Once the input structure was developed, it was necessary to implement functions that 

automatically modify and update the input files, inherent to StandsSIM, with information 

provided by the user.  A group of functions was developed to customize the management 

schedule - based on a list of predefined operations, specifically mentioned by Mação’s forest 

experts - the timing for key operations like harvesting and thinning, the wood and biomass 

practiced prices and total number of hectares being simulated.   

5.6.3 Outputs 

The outputs that are being given to the user include total costs and receipts, Net Present Value 

(NPV), Equivalent Annual Annuity (EAA), total wood and biomass revenues.  

In addition, a visualization interface was integrated into the outputs, so that users could analyze 

the evolution of some parameters over time. The created visualizations available include the 

changes over the simulation years for dominant height, number of trees, basal area, wood 

volume, biomass weight, quadratic mean diameter, NPV and EAA. 
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5.7  Results’ Analysis 

5.7.1 Assessing the profitability of the proposed management approach of Mação 

To evaluate the profitability of the proposed management approach of Mação, a simulation was 

conducted based on the information provided. Using data from the ICNF’s 22 document, it was 

possible to understand that the region has a horizon plan of 46 years, with harvest operations 

occurring at regular intervals of 10 years, starting in year 17. Since the simulator needs a 

threshold on the Wilson Factor metric, a value of 0.25 was indicated. 

In addition, maintenance operations – such as regular vegetation control, plantation, soil 

preparation and fertilization – are routinely performed in the territory. Since plantation 

operations are conducted, Mação added the information that 1,470 trees are planted per hectare, 

and that it is expected that beat-up percentage has a value of around 15%. By combining this 

information with details about the commonly practiced prices applied in Mação, it was possible 

to create a schedule of operations and input accurate pricing data for the simulation.  

5.7.2 Output and analysis of the results 

Table 5.2 presents the results obtained for the three productivity scenarios. 

Table 5.2: Simulation Results for Maçãos' management approach for three site indexes 

As expected, higher site indexes result in higher cash inflows, wood revenues and greater NPV 

and EAA, showing the influence of land productivity levels on the overall financial outcomes. 

Notably, total costs have remained unchanged in all scenarios, with a value of €1,605.4, 

indicating that operational costs do not depend on productivity levels. 
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An observation from Table 5.2 is the decrease in biomass revenues with the increasing site 

index. Contrary to wood revenues, biomass revenues decline as productivity increases. In lower 

productivity scenarios, like Mação 5, trees often do not reach heights or diameters required for 

viable wood commercialization, resulting in higher biomass revenues, explaining the €893 

obtained. Intermediate productivity scenario yields the lowest biomass revenue, €666.2, as 

more trees meet wood standards. High productivity scenarios, like Mação 95, balance faster 

growth with increased residue collection throughout the time horizon planning, reflecting the 

€695.6 revenues. 

Wood revenues increase with productivity. In Mação 5, lower tree density and delayed thinning 

operations limit wood revenue, justifying the lowest value of €14,461.5, since revenues from 

wood are solely obtained in years 37 and 46 (year in which the final cut is performed). The 

medium scenario includes an additional thinning operation, in year 27, reflecting higher wood 

revenues. Finally, Mação 95 generates the highest wood revenues, €43,188.9, due to the 

execution of all scheduled thinning operations. 

Consequently, Mação 95 scenario achieves the highest NPV (€43,884.5) and EAA (€404.6), 

while Mação 5 shows the lowest values since fewer income operations are performed. These 

results reinforce the importance of selecting high-quality sites to plant maritime pine stands, as 

well as the imprudence of performing three thinning operations in soils with site indexes similar 

to Mação 5 and Mação med. For a better understanding of changes that occur throughout the 

stands’ lifecycle, some of the most relevant charts will be introduced. 

The dominant height gives important information on site productivity, as dominant trees are the 

least affected by competition and reflect the quality of the growing environment. Figure 5.1 

shows the behavior of this parameter through the 46 years of the stand. It is easy to see that 
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higher site indexes achieve faster growth rates and higher maximum heights. Mação 95 has the 

highest growth rate and maximum height, while Mação 5 has the lowest in both.  

 

Figure 5.1: Dominant Height over time for three site indexes 

Figures 5.2, 5.3 and 5.4 show the evolution of tree density over time. In Mação 5, only one 

thinning occurs, – visible by the only decrease in the chart – leading to minimal reductions in 

tree density. Figure 5.3, representing the medium scenario, two decreases are shown, in years 

27 and 37, where thinning occurs, and, finally, Figure 5.4, the highest and only productivity 

scenario that had the required number of trees to perform the three thinning scheduled, resulting 

in a lower density of trees. This is a result of the principal objective being the production of 

high-quality wood coming from trees with larger diameters. In higher productivity stands, the 

wood has higher economic value, and is therefore harvested and sold more extensively, whereas 

this is not the case in lower productivity stands. 

 

Figure 5.2: Number of trees over time for Mação 5 
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Figure 5.3: Number of trees over time for Mação med                       Figure 5.4: Number of trees over time for Mação 95  

Graphs of wood volume and basal area evolution can be seen in the Appendix V.3 Section. 

Lastly, Figure 5.5 shows the trends in cumulative NPV across site indexes. Mação 5’s 

cumulative NPV remains negative for most of the planning period, only reaching positive 

values at the final cut age – the last point of the chart. Mação med achieves positive values at 

the second thinning, at year 37. Mação 95, turns positive earlier, at the second thinning in year 

27, explained by both the number of harvesting operations performed, and the economically 

viable wood that is collected in each scenario. Since both NPV and EAA follow the same trends 

of cumulative NPV, a deeper analysis will be done regarding only this plot, others can be seen 

in the Appendix V.3 Section. 

 

Figure 5.5: Cumulative NPV over time for three site indexes 
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5.8  Sensitivity Analysis 

To assess the impact of the input parameters and highlight opportunities for maximizing profit, 

it is crucial to perform a sensitivity analysis, so that users can identify which factors have the 

greatest potential to be improved. To provide Mação with the best and most informed advice 

regarding their management approach, both univariate and multivariate analysis were 

conducted to change the following parameters: Number of trees per hectare, Beat-up 

percentage, Final cut age, First harvesting operation year and regularity.  

5.8.1 Univariate Analysis 

In this analysis, each parameter that seemed probable of influencing the profit outcome was 

isolated. Between the selected parameters, a range of acceptable values was tested to determine 

their individual impact on the NPV. The outputs that resulted from each analysis were compared 

to Mação’s base values, enabling the identification of the ones that may be able to enhance 

profitability. The charts used to perform this analysis were designed in Tableau Desktop. 

5.8.1.1  Tree Density per hectare 

An analysis, performed to assess the ideal tree density to maximize profit was conducted, using 

a range of values among 1,250 and 1,670, incremented by 10, as recommended by Centro Pinus. 

A bar chart was designed for each productivity scenario. In Figure 5.6 we can observe that 

Mação 5 shows the lowest NPV values, while Mação 95 has the highest ones. The NPV for 

1,470 trees per hectare, representing the current number used in Mação, is marked in each chart.  

The maximum NPV is highlighted as well and, in the case of Mação 5, the highest NPV, €1,252, 

occurs with 1,590 trees per hectare. In Mação med and Mação 95 the highest NPVs were €4,502 

and €8,952, with 1,670 and 1,660 trees per hectare, respectively. 
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As noticed, in none of the scenarios, the current tree density aligns with the value that 

maximizes the NPV, however, and as visible, the variation between bar sizes, is minimal across 

all scenarios. This indicates that, although the NPV increases, the rise in question may not be 

significant to justify the change in the current practice. Percentage differences between the NPV 

of the current and optimal tree densities can be seen in Table V.1 of the Appendix V.4 Section. 

 

Figure 5.6: Sensitivity Analysis of NPV of different Trees per hectare, for all three scenarios 

5.8.1.2 Beat-up Percentage 

The beat-up percentage refers to the proportion of the stand that requires replanting due to tree 

mortality (Produtores Florestais 2024). Since this process involves replacing trees that died, it 

is logical to aim for the lowest percentage possible, so additional costs associated are minimal.  

A sensitivity analysis, ranging from 5% to 25 %, with 5% increments, is shown in Figure 5.7. 

It is visible in Figure 5.7 that, across all productivity scenarios, when the beat-up percentage 

increases, the NPV tends to decrease, implying that a negative correlation between these 

variables exists. For instance, in Mação 5 scenario, the NPV decreases significantly by 23.97% 

as the beat-up percentage rises from 5% to 25%. A smaller decline is seen in Mação med and 
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Mação 95, that only diminish 7.51% and 3.74%, respectively. More details regarding these 

differences in NPV can be seen in Table V.2, in the Appendix V.4 Section.  

These results show the importance of maintaining high-quality soil, especially in lower 

productivity areas, to minimize the beat-up percentage and enhance profitability. 

 

Figure 5.7: Sensitivity Analysis of NPV with different Beat-up percentages 

5.8.1.3 Final Cut Age 

In regions regularly affected by fires, trees are usually harvested earlier, at 35 years, as a strategy 

to diminish fire risk. However, under optimal conditions, the ideal age is 50 years. A sensitivity 

analysis was conducted using EAA instead of NPV, given the varying project time horizons. 

The results in Figure 5.8 show that the final cut age applied by Mação, set at 46 years, is already 

optimal for the schedule implemented, suggesting no necessary adjustments in this input. 

Moreover, by analyzing Figure 5.8, it is possible to assess the impact of cutting stands earlier 

than scheduled, a practiced implemented by many Portuguese regions. In the case of lower 

productive soils, this approach can result in negative annual profits, as trees are not able to reach 

their maximum potential height and diameter. 
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Figure 5.8: Sensitivity Analysis of the EAA with different Final cut ages 

5.8.1.4 First harvesting process and regularity 

The first harvesting operation typically occurs between the first 15 to 20 years of the stand, with 

subsequent intervals of 5 to 10 years (Centro Pinus 2015). Currently, the management approach 

of Mação includes three harvesting processes, the first at year 17, followed by two additional 

operations with intervals of 10 years. A sensitivity analysis was conducted with ranges of 15 to 

20 years for the first operations and 5 to 10 years for intervals. A sorted heatmap, for each 

scenario, be seen in Figures 5.9, 5.10 and 5.11.  

In each figure, the darker color marks the most profitable combination, while the lighter one 

marks the lowest NPV obtained. In all scenarios, the combinations that are marked with a darker 

color have intervals of 8 years. For Mação 5 and Mação 95 scenarios, this begins at year 16, 

while, for Mação med it is at year 15. However, due to the Wilson Factor criteria, the simulator 

only allows thinning in certain years. In Mação 5, thinning begins at year 32, so only two of the 

four operations scheduled are made.  In Mação med, thinning starts at year 23, so, three out of 

four operations are made.  In Mação 95, all scheduled thinning occurs, starting at year 16.  
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After assessing the actual performing thinning years, it is concluded that one additional 

operation is being done compared to Mação’s baseline. Since thinning directly contributes to 

wood and biomass receipts, one additional operation will impact positively the NPV. 

By observing the NPV labeled in each figure, significant differences in the NPV yield are only 

seen on the lowest productivity scenario, while, on the other two, the differences are only of 

7.58% and 1.3%. Given these findings, adjusting schedules may be most beneficial if in the 

presence of a lower productivity soil. Table V.3 summarizes the results found and can be seen 

in the Appendix V.4 Section. 

 

Figure 5.9: Sensitivity Analysis of the NPV with different Schedules, Mação 5 

 

Figure 5.10: Sensitivity Analysis of the NPV with different Schedules, Mação med 

 

Figure 5.11: Sensitivity Analysis of the NPV with different Schedules, Mação 95 
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5.8.2 Multivariate Analysis 

In the multivariate analysis, the main objective was to search for the optimal combination of 

parameters evaluated the univariate analysis. However, since the beat-up percentage is a 

complex parameter, and Mação provided information indicating that it is consistently around 

15%, the results in this chapter are based on this fixed value. 

The results obtained are shown in Table 5.3 and demonstrate that independently of the 

productivity scenario, the best planning horizon is 46 years. Mação 5 continues to be the 

scenario that most benefits from parameter adjustments, with a 28% NPV increase, achieved 

by increasing the number of trees by 110 and the scheduling thinning to start at year 16 with 8-

year intervals. Also, by revising some of the results obtained in Section 5.8.1, we can see that 

by combining the optimal schedule with a tree density of 1,580, 10 less than the value obtained 

in the univariate analysis, the NPV increased.  

For Mação med, the optimal tree density and schedule obtained in the univariate analysis 

remained the same, resulting in an increase of €721.8, 17.5%, when combined.  

In Mação 95’s scenario, while the optimal tree density remained the same, 1,660, the thinning 

schedule changed to starting at year 15 with intervals of 8 years. If Mação decides to increase 

the number of trees planted for 1,660, applying the schedule obtained in this analysis, can 

enhance the NPV. Charts regarding this analysis can be found in the Appendix V.4 Section. 

 

Table 5.3: Summary of Multivariate Sensitivity Analysis 
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5.9  Conclusion - Recommendations 

After conducting both univariate and multivariate sensitivity analysis, recommendations on the 

best values to use in each parameter will be given so that Mação’s overall returns are optimized. 

5.9.1 Management schedule 

In Mação med, the optimal schedule, regardless of other parameters’ variation, remained the 

same, starting at year 15 with intervals of 8 between harvesting, making it the recommended 

schedule for medium site indexes. The same was observed for Mação 5, either with a lower or 

a higher number of trees per hectare, – 1,470 or 1,590, respectively – starting at year 16, with 

intervals of 8, might be beneficial, since the wood collected and available for selling is higher 

than with the base schedule. 

In Mação 95, the management schedule differs between the multivariate and univariate 

sensitivity analysis. With 1,470 trees, the best schedule starts at year 16 with intervals of 8, 

while, with 1,660 trees, starting at year 15 with intervals of 8 marks the optimal point. Although, 

the NPV yield was higher when both a higher tree density and optimal schedule were combined, 

given Mação’s characteristics, following the findings of the univariate might be more prudent. 

5.9.2 Tree Density 

In every productivity scenario, the analysis showed that planting more than 1,500 trees 

increases the NPV. However, Mação is a territory very affected by wildfires, meaning that 

planting the base 1,470 trees might be more prudent. By planting a lower tree density of trees, 

the territory is able to reduce the impact of a high intensity fire, and, at the same time, increase 

spacing between trees, lowering the competition between and enhancing their overall healthy 

growth. 
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5.9.3 Planning Horizon 

As previously referred, Mação is territory highly vulnerable to fires, so, given its conditions, 

the life cycle of trees should be reduced to protect the municipality. Although it is usual to cut 

the stand at age 50, Mação usually harvests earlier, at the age of 46. As it was possible to see in 

the sensitivity analysis, the age of 46 is the most profitable for Mação, leading to the conclusion 

that that age might be the most appropriate to apply.  

5.9.4 Beat-up Percentage 

Lower beat-up percentages result in higher yields of the NPV. This fact shows the importance 

of making efforts to lower this percentage. Applying adequate soil preparation, planting 

techniques and preventive measures to reduce the impact of climate changes can directly impact 

the performance of the management approach followed. 

5.9.5 Proposed Management Strategy 

Considering Mação’s characteristics and the results of sensitivity analysis, the following 

management approach is recommended to maximize returns while protecting from wildfires: 

- Harvesting operations should have increments of 8, regardless of the productivity of the 

land. In the case of low and high-site indexes, the first harvest should be at year 16 and, 

in the case of a medium, it should start at year 15. 

- Implement measures that lower the beat-up rate as much as possible, while maintaining 

both the 1,470 trees per hectare and the 46 years as the time horizon planning. 

5.10 Limitations 

The API design presented several limitations, mostly regarding the unavailability of site index 

data. Given this fact, the simulation could not accurately tell what to expect regarding the NPV. 

However, by using estimated site indexes, it was possible to address this challenge. Conversely, 

the same did not happen with prices, since the simulations relied on static prices provided by 
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Mação, which do not reflect market fluctuations or variations caused by land slope, as these 

operational cost differences were not considered. 

StandsSIM, assumes a linear relationship between NPV, productivity, and the number of 

hectares, meaning that the simulations are conducted for one hectare only and the output values 

are multiplied by the number of hectares introduced by the user. In reality, variations such as 

tree spacing, competition or resource distribution can affect productivity differently in smaller 

or larger stands, differing from this linear assumption. 

Lastly, the sensitivity analysis was very complete, accounting for the variation of all parameters, 

individually and collectively. Nevertheless, it was limited in exploring alternative management 

schedules besides harvesting years. Other operations, such as vegetation control timing, were 

not tested due to the lack of alternative management plans for maritime pine.  

5.11 Future Work 

Currently, the API only supports non-existent and even-aged stands. However, extending its 

functionalities to include more complex scenarios could significantly benefit users. Since 

StandsSIM already possesses these capabilities, incorporating them into the API would enhance 

its utility for LAND IT platform and, consequently, for its users. By offering a wider range of 

options and increasing the flexibility of allowed stand types for simulation, the API could 

extend its functionalities to a broader range of use cases and provide greater value. 

Moreover, one limitation encountered was the fact that data necessary to perform an economic 

feasibility analysis of already existing maritime pine stands’ in Mação, was not able to obtain 

in time duration of this thesis.  However, it is of great importance that this data is collected and 

analyzed, to enable the integration of existing plantations into the API. This enhancement would 

allow LAND IT users to simulate not only new plantations but also existing ones.   
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6. The Case of Eucalyptus 

6.1  Eucalyptus in Portugal 

By the end of the 20th century, Portugal was home to 250 species of eucalyptus, with the 

Eucalyptus globulus Labill being the dominant one (Cabral 2019, 27).  According to the 

Inventário Florestal Nacional, the area covered by eucalyptus expanded rapidly, totaling 

647,000 hectares in 2005-2006, which represented 19% of the country’s forested area (Alves et 

al. 2007), as presented in Table 6.1. Since then, eucalyptus plantations kept growing. The most 

recent inventory, IFN6, covering the period of 2015 to 2020, shows that eucalyptus now 

accounts for 26% of the country’s forest, which translates to 850,000 hectares (ICNF 2021).  

 

Table 6.1: Evolution of eucalyptus plantations in Portugal | Source: Alves, Pereira, e Silva 2007 

It is still one of the most widespread species in Portugal nowadays, bringing several ecological 

benefits, such as capturing carbon dioxide that reduces greenhouse gases (Produtores Florestais 

2023). For each hectare, approximately 11.3 tons of carbon dioxide is captured annually, the 

equivalent of a car’s emissions traveling 109 kilometers (Produtores Florestais 2023). 

6.2 Eucalyptus Characteristics 

Eucalyptus plantations can be managed through coppice or high-stem regimes. Coppice is the 

most common in Portugal, where the trees are periodically cut at ground level. This approach 

takes advantage of the eucalyptus’ ability to regenerate quickly, allowing for 2 to 3 harvest 

cycles, each with a duration of 10 to 15 years. With one of the fastest growths among all tree 

species, the eucalyptus is particularly valuable for pulp and paper production industries (Caldas 

et al. 2022), as it allows for multiple harvests within short periods of time. In contrast, the high-

stem regime allows the trees to grow to a desired height, involving fewer growth cycles. The 

trees are harvested exclusively for high-quality wood after 25 to 30 years (Marques et al. 2012). 
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Moreover, eucalyptus trees are highly adaptable to diverse environmental conditions, including 

suboptimal soil types where other species might struggle. The trees have a robust root system 

that enables them to access deep water reserves, which is essential to survive in drier regions. 

However, eucalyptus generally performs best in humid climates, which is why plantations are 

most concentrated along Portugal’s coastline, where conditions are conducive to optimal 

growth (Alves, Pereira, and Silva 2007; ICNF 2021) as can be seen in Figures 6.1 and 6.2. 

               

Figure 6.1 – Distribution of eucalyptus plantation in 

Portugal 2005-2006 | Source: Alves, Pereira, e Silva 2007 

Figure 6.2 – Distribution of eucalyptus plantations in 

Portugal 2018 | Source: Direção-Geral de Território

6.3 Growing Cycle 

As coppice is the most common regime, this study will focus on that specifically. The growing 

cycle begins with land preparation – soil loosening and weed control –, planting and 

fertilization. This initial step is crucial for root development and tree growth, once it enhances 

aeration, infiltration, water retention and nutrient availability in the soil, which are essential 

conditions for a healthy growth. During planting, it is important to space the trees 3.5 meters 

apart between rows and 2 meters apart between each tree, always respecting the maximum 

density of 1,400 trees per hectare (Caldas et al. 2022). A post-planting assessment occurs during 

the first year, allowing for the replanting of trees that died during the planting process. This 

assessment ensures adherence to the initial forestry plan. Between the second and sixth year of 
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growth, cleaning and controlling the unwanted vegetation around the eucalyptus takes place 

and is crucial for maintaining low biomass density and preventing fire hazards. Additionally, 

fertilization is applied during this period. Lastly, when the trees reach approximately 10 to 15 

years of age, they are harvested and the cycle starts all over again (Biond, "Rearboreação"). 

This cycle is repeated for the second and third rotations, with shoot selection taking place 

shortly after each harvest. Shoot selection is the process of selecting and retaining the best 

shoots that grow after each harvest while removing the others. This ensures that the remaining 

shoots have optimal conditions to grow, promoting high-quality for future harvests.  

6.4  Related Work and State of Art 

The sustainable management of eucalyptus plantations has gained importance due to the 

species’ significance in fire prevention, ecological benefits, and economic impact. Representing 

5% of Portugal’s exports (The Navigator Company 2020, 5) and being one of the most efficient 

species for carbon sequestration (Behera et al. 2020, 79), eucalyptus has prompted extensive 

studies to model its growth. These models enable more accurate forecasts of forest productivity, 

support the optimization of management strategies, and maximize economic returns. 

In general, forest species exhibit a logistic S-shaped growth curve (Figure 6.3) characterized by 

a rapid initial phase with convex growth, followed by a linear phase with a constant yearly 

growth rate, and concluding with a slower concave phase as the species mature (Goes 2012, 8). 

 

Figure 6.3 – Logistic Growth Function | Source: Goes, 2012 
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This growth pattern has been found to fit eucalyptus well (Mhamdi et al. 2022), but other 

models have also been proposed. G. A. Chapman and R. A. Richards have developed the 

Chapman-Richards nonlinear growth function that describes the biological growth patterns of 

various species, one of which the eucalyptus (Zhao-gang and Feng-ri 2003). This function 

models height and diameter forecasts, demonstrating strong predictive performance for these 

variables (Carvalho et al. 2020). Other theoretical models have been created to predict height 

growth, such as the Smalian, Gompertz, Lundqvist-Korf, and Weber functions, as well as the 

logistic, Lundqvist-Korf and Gompertz functions for diameter growth (Mhamdi et al. 2022).  

To analyze the performance of all these growth models, some studies have taken place to 

evaluate their accuracy. A study in Tunisia examined growth models for seven eucalyptus 

species, concluding that the Gompertz function was effective for modeling the diameter growth 

while the Chapman-Richard was suitable for height evolution forecasts (Mhamdi et al. 2022). 

Apart from this, a study in India explored how these models behaved in eucalyptus predictions 

and concluded that the logistic growth model was suited for the eucalyptus growth estimations 

especially at harvesting periods (Malik et al. 2003). Finally, research on individual trees’ growth 

models was undertaken in Brazil, finding that the Lundqvist-Korf model provided the most 

accurate estimate for both the diameter and height growth (Martins et al. 2014). 

As can be seen by these studies, there is no agreement on the best model to use, which can be 

justified by the different types of eucalyptus species being studied and the contrasting 

atmospheric characteristics of the forests they are in. As such, and for the purpose of this study, 

the function that presents the best results for both diameter and height should be considered. 

According to the book Modeling Forest Trees and Stands, the Chapman-Richard growth 

function presented the best results and will be used for this study (Burkhart and Tomé 2012). 

There is however a disadvantage on the use of this equation, which is the mandatory knowledge 

of the stands’ age. This can become a problem as there are regular- and irregular-aged stands. 
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Regular-aged stands are characterized by a group of trees of the same age, with features so 

similar among themselves that stand models are preferred in comparison to tree models (Peng 

1999). On the other hand, the irregular-aged stands are composed of different aged trees with 

different values for diameter and height, making it more difficult to apply these equations. This 

added complexity level of irregular-aged stands makes it difficult to predict height and 

diameter, as there is no age or station quality index to assign to the stand (Kiernan et al., 2008). 

To overcome this problem, as the Chapman-Richard function is dependent on the stands’ age, 

Portuguese professors of Instituto Superior de Agronomia proposed a growth model that is 

independent of the stand’s age, as can be seen in Table 6.2 (Tomé et al. 2006). 

 

Table 6.2 - Dependent and independent growth functions | Source: Goes, 2012 

The main association representing the pulp and paper industry in Portugal, known as Biond 

(Biond), prefers independent age models for both regular and irregular eucalyptus stands (Goes 

2012, 19). This preference is justified by the presence of irregular stands on 262,000 hectares 

in Portugal, a figure that has been increasing in recent years due to the impact of wildfires. 

Nevertheless, some data needed to be studied to estimate the equation’s parameters. Francisco’s 

thesis gathered data on eucalyptus in Portugal from the Inventário Florestal do Eucalipto (IFE) 

conducted by Biond, the Direção Geral dos Recursos Florestais, and Altri Florestal. With this 
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data, it was possible to predict the equation’s parameters and apply the growth model (Goes 

2012). Calculating wood volume is now straightforward with height and diameter predictions. 

It is also important to calculate the eucalyptus biomass. For that, some equations developed by 

forestry experts are available, to calculate wood, bark, branches and leaves (Tomé et al. 2007). 

The combination of growth and financial models result in an enhanced accuracy, as the growth 

model feeds the financial model, presenting tailored optimizing management strategies (Cunha 

and Fontes 2004). The StandsSIM simulator, developed by researchers at the Instituto Superior 

de Agronomia, represents the practical integration of these models (Simflor Platform 2024). 

This combination enables users to model growth patterns and evaluate financial outcomes 

simultaneously, with sensitivity to climate variables, costs, and silvicultural practices. Thus, the 

simulator can be tailored to reflect the specific characteristics of Mação. Its wise use can 

efficiently aid in organizing forest lands to prevent wildfires while also allowing for a 

comparison of the Net Present Value (NPV) for different management strategies in eucalyptus. 

6.5  Methodology and Approach 

The objective of this section is to develop a growth and economic model for even-aged 

eucalyptus plantations that can be integrated into LAND IT’s platform, introduced in Section 

3. With information users have about their plantations, the model aims to calculate the expected 

profit from wood and biomass over the tree’s lifetime.  

As the eucalyptus trees are treated collectively as a stand, the model can calculate the volume 

and profit for one tree and multiply by the total number of trees, which is called a stand model. 

This model does not describe individual trees but the whole stand, requiring less information to 

predict the stand’s growth (Peng 2000). The stands models are advantageous because they rely 

solely on stand parameters, such as the dominant height – average height of the tallest trees in 

a stand – and basal area – area of the trunk at 1.3 meters above the ground. Additionally, as the 
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models provide little information about individual trees within the stand, they are of great utility 

in pure plantations, where only eucalyptus are planted (Vanclay 1994). 

Given that users will likely only have information of the current age of their plantation, it was 

important to include predictive models for the tree’s height and diameter at that specific age. 

This is because both height and diameter are mandatory to calculate wood volume and, 

consequently, estimating profit. As such, two models were developed – an age-dependent, for 

users that only have information on the stand’s age, and an age-independent model, for those 

that have the current height and diameter of the stand. While the age-dependent model receives 

harvest age and returns the expected height and diameter, the age-independent model receives 

the current height and diameter and predicts those values through yearly increments. 

Both models were first introduced by Frank J. Richards, and since the functions are generic for 

all forest species, they contain several parameters to be estimated, ideally using data from the 

location in which the model is applied (Richards 1959). Moreover, it would be valuable to have 

data from different site indexes to predict growth across different productivity soils in Mação.  

Given the lack of data specific to Mação, an alternative solution was found in the estimates 

provided by Francisco Goes (Goes 2012), who calculated these parameters using data from 

Portuguese companies, such as Biond and Altri. Although this approach is not ideal, since it 

does not use data directly from Mação, it was the only available data source. While this decision 

addressed the data limitations, it also reduced the model’s accuracy when applied specifically 

to Mação, as the utilized data does not fully reflect the municipality’s unique characteristics. 

As such, upon careful consideration, conversations with forestry specialists, and the recognition 

of already established simulators for eucalyptus, such as StandsSIM and Globulus that have 

been developed with data and expertise, it became clear that replicating their capabilities was 

not necessary for this project. By integrating these robust simulators, their existing 
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functionalities could be leveraged without the need for further duplication of efforts. As a result, 

it was decided to pursue an alternative approach that offers more potential for positive outcomes 

that was the integration of the StandsSIM simulator (Simflor Platform 2024) into LAND IT. 

This shift in focus allowed users to benefit from its capabilities in a user-friendly environment. 

Several meetings with the creators of StandsSIM simulator were conducted to understand the 

rationale behind the model and how it could be translated into an API. Section 4.1 presents an 

extensive explanation of the simulator and the outcomes of several meetings with their creators. 

As the simulator requires a significant amount of information, explained in Section 4.1.2, which 

was not to be directly received from LAND IT users, consulting forestry specialists in Mação 

became critical. They were able to provide insights into which values were fixed across all lands 

in the region. For instance, it became clear that Mação only sells wood, and the costs associated 

with land preparation, plantation, maintenance, harvesting, and sale are uniform across their 

AIGPs, making these parameters fixed information for the model. With all the required data 

collected, the creation of a dynamic API began, leaving the duration of all three rotations, 

number of hectares, management schedule, number of trees per hectare, and wood selling price, 

as changeable parameters. The API development is further explained in Section 6.6. 

With the API developed, further consultation with forestry specialists provided valuable 

insights on Mação’s management schedule. Testing the model using this information led to 

predictions of financial parameters and an evaluation of the project’s economic viability. Lastly, 

sensitivity analysis was performed to compare the current management schedule with the 

optimal strategy, culminating in recommendations for maximizing returns.  

6.6  Developed Models 

With all the literature present in Section 6.4, it was possible to program a model in Python, that 

predicted both tree growth and profit. Two growth models were considered, with age-dependent 
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and -independent equations. The detail of these models, including equations selected and 

rationale is in the Appendix VI.1. As such, this section will only focus on the integration of 

StandsSIM into LAND IT through an API. Its development was divided into processing user 

inputs, running the simulation, and analyzing and presenting the outputs. 

6.6.1 Inputs 

The first stage was to create a mechanism to handle user inputs, enumerated in Section 4.1.2. 

For that, a class was created to structure and validate the input data. This class was responsible 

for ensuring that all input variables had the correct data type and were properly formatted to be 

integrated into the simulator. The input variables are wood price, management schedule, 

number of trees, number of hectares and duration of each of the three rotation cycles.  

6.6.2 Simulation 

The second stage was to automate the API to update the necessary input files for the StandsSIM 

simulator with the user’s data. A set of functions was created, each one to modify a specific 

input file, automating the process of inserting user data into the simulation’s framework. These 

functions handle the management schedule – chosen by users based on a predefined list 

customized to the practices Mação’s forestry experts perform –,  the duration of each rotation 

cycle and its sum to update the final cut age, the wood selling price and total number of hectares. 

6.6.3 Outputs 

To program the outputs of the API, meeting with forestry experts to understand the key metrics 

valued was essential. These specialists emphasized the importance of financial indicators, such 

as total inflows and outflows of money, the Net Present Value (NPV) and Equivalent Annual 

Annuity (EAA) of the project. Although Mação does not currently sell eucalyptus biomass, the 

output was programmed to also display revenues from both wood and biomass. For now, wood 

revenues represent the total cash inflows, as they only sell wood, while biomass revenues are 
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zero. However, if Mação begins selling biomass, the API is prepared to handle those values. 

The combined wood and biomass revenues would then correspond to the total cash inflows. 

They also requested graphical outputs showing changes over time for parameters such as the 

dominant height, number of trees, basal area, wood volume and its increment, biomass, EAA, 

and NPV. These outputs provide users with the most relevant information for decision-making. 

6.7  Results’ Analysis  

6.7.1 Assessing the profitability of the proposed management approach of Mação 

With the API developed, the NPV and EAA can be accurately predicted for the low, average 

and top soil productivities, represented by Mação 5, Mação Med and Mação 95. The outputs of 

each of these site indexes can be approximated to those expected in Mação’s plantations. So, 

the NPV of a land in Mação with a site index close to that of Mação 95 (dominant height of 

25,86) is expected to be similar to the predicted values of Mação 95. 

Eucalyptus plantations in Mação operate on three-rotation cycles with durations of 13, 11, and 

11 years for each rotation, respectively. Additionally, they are certified eucalyptus producers, 

increasing wood selling price to €34. The planting density is 1,250 trees per hectare, with a 

management schedule of land preparation and beat-up in the first year, regular fertilization and 

vegetation control, and shoot selection in the second year of each rotation.  

6.7.2 Output and analysis of the results 

Using the information presented above as input, the API calculates the predefined output 

variables for three different site index scenarios: low (Mação 5), average (Mação med), and 

high (Mação 95). The results are summarized in Table 6.3.  

 

Table 6.3 – Simulator results for three base site indexes 
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As anticipated, higher site indexes lead to greater wood volume and, consequently, Net Present 

Value and Equivalent Annual Annuity. Moreover, total cash outflows are constant among all 

site indexes as the price of the performed operations does not depend on land productivity. This 

relationship highlights the crucial role of land quality in eucalyptus profitability. 

In this specific simulation performed with the management schedule used by Mação, lands with 

low productivity have a negative NPV and EAA. This means that lands expected to grow stands 

with dominant height of 15.44 meters, should not plant eucalyptus. The initial investment and 

costs incurred during the tree’s lifespan are not outweighed by wood revenues. 

This does not apply for the other site indexes, as they have positive a NPV and EAA. For 

average site indexes, denoted by Mação med, the NPV is €1,576 and EAA €84.4. So, for stands 

expected to reach a dominant height of 20.69 meters, the project is expected to be lucrative. As 

for high productive soils represented by Mação 95, the NPV is €5,184.3 and the EAA is €277.8. 

As expected, planting in more productive lands is more profitable, as more wood is produced. 

For instance, wood revenue is expected to generate €5,446.5, €10,605.9 and €18,731.6 for each 

site index respectively, representing an increase of 95% from Mação 5 to Mação med, and 77% 

from Mação med to Mação 95. This shows the importance of selecting optimal plantation sites.  

Moreover, the API was also programmed to present charts that illustrate the timely variation of 

several output variables. This is advantageous because it provides users with a clear visual 

representation of trends and changes over time, helping in their decision-making process. 

As the eucalyptus is harvested twice before the final cut, the stands’ dominant height, number 

of trees, basal area, and wood volume reach zero in these years. This is shown in Figures 6.4 

and 6.5 where the parameters reach zero at ages 13 and 24, the end of each rotation. 
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The growth dynamics of the dominant height provides valuable insights into site productivity. 

Figure 6.4 shows the almost sigmoid growth behavior of this parameter, indicating that higher 

site indexes achieve faster growth rates and higher dominant heights. This clearly reflects the 

influence of site quality on tree growth. Overall, the conclusion taken is that the dominant height 

does not decrease over time or with tree cuts and increases with diminishing returns.  

 
Figure 6.4 – Dominant Height over time for all site indexes 

Additionally, a graph on the number of trees and basal area over the years was created. As the 

site index only influences the productivity (wood volume produced) rather than tree density, 

the number of trees is the same for all site indexes. As time goes by, the number of trees 

decreases, as the simulation accounts for a mortality rate of 15%. For the basal area, high 

productive lands grow trees faster and with higher dimensions, which increases the basal area 

of a stand. A more visual and in-depth explanation is present in the Appendix VI.2.  

Moreover, a graph on wood volume over time was plotted (Figure 6.5). As expected, the 

decrease in number of trees during the second and third rotations leads to lower wood volumes. 

Also, higher site indexes result in faster wood production and greater total quantities. Once 

more, harvest years 13 and 24 null the wood volume. 

Lastly, charts for financial parameters – EAA and NPV – were plotted to compare the three site 

indexes. Figure 6.6 shows the cumulative NPV behavior over time. As most costs occur in the 

first years due to land preparation, planting, and fertilization, the NPV is negative during these 
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years. Moreover, as the total costs are the same across all site indexes (Table 6.3), the NPV 

until the first harvest at year 13 is the same for all site indexes. As the cycle progresses, the 

NPV rises further during the second and final cut, reaching the final value presented in Table 

6.3. Overall, as higher site indexes generate more wood volume and at a faster rate (Figure 6.5), 

the NPV is greater for Mação 95, whereas it remains negative for Mação 5. This behavior is 

the same for the yearly NPV and EAA that can be analyzed in the Appendix VI.2.  

  

Fig 6.5 – Wood Volume Over Time for all Site Indexes Figure 6.6 – Sum of NPV over time for all site indexes

6.8  Sensitivity Analysis  

When analyzing economic models such as StandsSIM, it is crucial to perform a sensitive 

analysis to understand the impact of each input parameters. As per this, the following analysis 

aims to assess each input individually and identify the optimal combination of factors. To 

achieve this, both univariate and multivariate analysis were conducted, with Tableau graphs. 

6.8.1 Univariate Analysis 

The univariate analysis isolates each input and varies its value within a realistic range to observe 

its impact. For a correct analysis, the NPV will be studied in projects with the same duration 

and the EAA when this does not apply. The main objective is to compare the results obtained 

to Mação’s current strategy that is as follows: three rotations with 13, 11, and 11 years, a wood 

price of €34, a plantation density of 1,250 trees per hectare, and a beat-up rate of 15%. 
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6.8.1.1 Final Cut Age 

The duration of each rotation was adjusted between 8 and 14 years, corresponding to a final cut 

age of 24 to 42 years. In addition, as Mação performs shoot selection two years after harvest, 

this was kept unchanged. Given the varying project lifetimes, the EAA was calculated for each 

combination of rotation years and each site index. To visualize these findings, the sum of each 

rotation was plotted with the EAA. However, for a correct comparison, as Mação performs 

silvicultural operations until year 32, final cut ages lower than 32 years were not considered. 

Figure 6.7 shows that, for low site indexes (Mação 5), extending the final cut age yields better 

results. This is justified by lower site indexes producing less wood and so, there is a need to 

extend the eucalyptus lifespan to gather more wood and increase revenues. The same trend 

happens in Mação med, representing average site indexes, however with a less step trend line. 

Lastly, high productive lands benefit from shorter rotation durations as sufficient wood is 

produced early to cover costs. While expanding the project one additional year results in more 

wood produced (Figure 6.7), the increment gains are diminishing. As such, the negative sloped 

trend line shows that prolonging the eucalyptus lifetime reduces the EAA.  

The red points in all graphs represent Mação’s strategy. For Mação 5 the EAA is always 

negative, meaning that eucalyptus should not be planted. For average site indexes, Mação yields 

an EAA of €84.4 and could increase it to €88, if the final cut age is performed between age 37 

and 40, rather than 35. In high soil productivities, Mação is yielding an EAA of €277.8 and 

could increase to €303, if final cut was performed at ages 32 or 33. However, because final cut 

age is the sum of rotation durations, an analysis on those was undertaken. 

An individual visualization of each scenario in Figure 6.9 is presented in the Appendix VI.3. 
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Figure 6.7 – Final Cut Age VS EAA for all site indexes 

6.8.1.2 Rotation Duration 

The rotations' duration was adjusted using the same ranges as Section 6.8.1.1, enabling analysis 

of the most profitable duration with shoot selection performed two years after harvest. 

Figures 6.8, 6.9 and 6.10 compares the EAA yield for each site index, showing the relationship 

between the duration of the first and second rotations. Agreeing with conclusions taken in the 

previous section, lower site indexes yield higher annual profit when rotations are longer. 

Contrarily, high site indexes maximize their EAA in shorter rotations, as wood produced is 

more than enough to cover costs. These graphs have a darker color in combinations with higher 

EAA, and label of the maximum EAA yield when combining the third rotation. 

This rational is the same for studying changes on only the first rotation, or even when adding 

the second (Figures 6.8, 6.9, 6.10) or third. For a more in-depth analysis with graphs similar to 

these, comparing only the duration of the first rotation, adding the second and finally the third 

is in the Appendix VI.3. 
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Figure 6.8 – Rotation 1 and 2 VS EAA for Mação 5 

 

Figure 6.9 – Rotation 1 and 2 VS EAA for Mação med 

 
Figure 6.10 – Rotation 1 and 2 VS EAA for Mação 95 

6.8.1.3 Number of Trees 

Eucalyptus plantations have a maximum density of 1,400 trees per hectare. Considering this, 

the analysis used values from 1,000 and 1,400 trees per hectare, with increments of 10. 

As shown in Figure 6.11, increasing the number of trees planted leads to a higher NPV in all 

site indexes. Therefore, planting 1,400 trees instead of the base 1,250 may lead to an increase 

€52 per hectare on lower site index lands. For mean and top site indexes the increase is €116 

and €190, respectively. Both these numbers and the Figure 6.11 demonstrate that increasing 

tree density has a minor impact on the project’s overall profitability. 
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Figure 6.11 – NPV for different number of trees planted per hectare 

6.8.1.4 Beat-Up Rate 

Beat-up is the process of replacing dead trees after planting, and its value represents the 

percentage of planted trees that are expected to die during this process. The standard beat-up 

rate is 15%, though factors such as weather, diseases and soil conditions can influence it. The 

analysis was conducted by varying the beat-up rate between 5%, 10%, 15%, and 20%. With the 

current management schedule applied by Mação, Figure 6.12 shows that , the beat-up rate has 

a minimal impact on NPV. A table for a more numerical view is in the Appendix VI.3. 

 

Figure 6.12 – Beat-up Rate VS NPV for all site indexes 
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6.8.1.5 Management Schedule – Shoot Selection 

Upon meetings with Mação, it was easy to understand that they use the same management 

schedule for all lands. However, studying small changes in this schedule could be important to 

analyze the influence of some practices and their regularity in the NPV. As such, an analysis 

was done with shoot selection being performed between the first and fourth year of the second 

and third rotation. Figure 6.13 show that performing shoot selection 1 year after harvest is the 

most profitable strategy for all site indexes, contrasting with Mação’s strategy of second year. 

 

 Figure 6.13 – Management Schedule VS EAA for all site indexes 

 

6.8.2 Multivariate Analysis 

To identify the optimal combination of inputs, a multivariate analysis was performed by 

simultaneously varying all parameters within the same range chosen in the univariate analysis. 

This analysis confirmed that, for all site indexes, the optimal strategy was to plant 1,400 trees 

per hectare, decrease beat-up rate to 5%, and perform shoot selection 1 year after harvest. Table 

6.4 shows the rotation years that maximize profit in each site index, corresponding NPV values 

and percentage increases compared to the base scenario. Adopting the schedule that maximized 

NPV, Mação would increase its EAA in 94.22%, 13.2% and 14.8% for the low, average and 

top site indexes, respectively. However, this might not be the best strategy. 
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Table 6.4 – NPV for base and recommended management schedule 

6.9  Conclusion - Recommendations 

Based on the sensitivity analysis conducted in Section 6.8, recommendations for optimizing the 

management schedule of Mação's eucalyptus plantations are presented below. As low site 

indexes yield negative NPV, only recommendations for mean and high will be conducted. 

6.9.1 Beat-Up Rate 

While reducing beat-up rates can improve profitability, associated costs such as improving 

seeding quality, soil preparation, planting techniques and weed control, will outweigh the 

minimal increase in NPV. Environmental factors such as weather, animal damage, and natural 

disasters further complicate efforts to reduce beat-up rates. Therefore, maintaining current 

practices, which result in a 15% beat-up is recommended as the most cost-efficient approach. 

6.9.2 Tree Density 

While planting 1,400 trees per hectare generates the highest NPV, the wildfire risk in Mação 

makes a lower density of 1,250 trees per hectare more attractive. This approach reduces biomass 

and flammable material, lowering the likelihood and impact of fires. Moreover, reduced density 

decreases competition for resources, enhancing individual tree growth.  

6.9.3 Final Cut Age, Rotation Duration and Management Schedule – Shoot Selection 

Due to Mação vulnerability to wildfires, cutting trees earlier is preferred to decrease this risk. 

Taking this into consideration, for Mação med and Mação 95 the combinations with earlier 

final cut are presented in Figure 6.14 and 6.15. All scenarios have a tree density of 1,250, beat-

up of 15% and perform shoot selection during the first year after each harvest, as it is the best. 
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Figure 6.14 – Recommendations for Mação med 

 
Figure 6.15 – Recommendations for Mação 95 

6.9.4 Proposed Management Strategy 

The recommended strategy for Mação’s eucalyptus plantations based on the findings of this 

study, aims to maximize profitability while ensuring sustainable plantation management, is: 

- Decreasing final cut age with one of the combinations presented in Figure 6.14 and 6.15. 

- Plant 1,250 trees per hectare is the best trade-off between profitability and fire risk. 

- Keep the same management schedule that translates into a beat-up rate of 15%. 

- Perform shoot selection in the first year after each harvest. 

6.10 Limitations 

The API model presented little limitations, mostly related the unavailability of data. 
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The absence of site indexes for each AIGP prevented a more tailored forecast for each land 

parcel. Having access to such site-specific information would have enhanced the precision of 

the model's predictions and tailor the final output for each AIGP. However, the use of 

percentiles to estimate site conditions has provided a viable solution, enabling an approximated 

result. This mimics the outcomes that would have been obtained with the site-specific data.  

Another constraint of the model arises from the treatment of some costs as fixed inputs. This 

assumption overlooks the reality that prices fluctuate over time and can vary across different 

locations, due to differing service providers, and different terrain characteristics. These factors 

could affect the accuracy of financial predictions and reduce the overall reliability of the model. 

Moreover, the StandsSIM simulator assumes that scaling the simulation by hectares results in 

directly proportional financial and productivity outcomes. However, economies of scale may 

lead to unproportional relationships, which reduces the accuracy of the model's predictions. 

Lastly, the StandsSIM simulator requires the eucalyptus management schedule to be consistent 

in the second and third rotations, meaning that the operations and years at which those were 

performed need to be the same. This proves to be a limitation as simulations with operations 

taking place in different ordinary years, within the second and third rotations, are not supported. 

6.11 Future Work 

The StandsSIM simulator is capable of handling complex scenarios, including irregular-aged 

stands. However, the API does not yet support these specific features. Enhancing the API to 

accommodate this scenario would fully leverage the simulator’s advanced capacities, providing 

more comprehensive results. Additionally, data regarding existing eucalyptus stands in Mação 

was not available in time to be integrated into the API. Addressing this is critical for LAND IT 

users to simulate both new and existing stands effectively. These updates would ensure that all 

available features in StandsSIM are integrated into the API to being used by LAND IT users.
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7. The Case of Cork Oak 

7.1  Cork Oak in Portugal 

The cork oak is part of the native Portuguese forest (Biodiversity 2024). In the past, in many 

regions, the cork oak was overlooked in favor of other species to take the most advantage out 

of fertile lands (Quercus 2024). As a result, the area covered by the original forest was reduced 

(Quercus 2024). In the Natura 2000 Network Sectoral Plan the cork oak got recognized as a 

protected species (Biodiversity 2024) and is currently protected under the Portuguese 

legislation (Decreto-Lei n.º169/2001, de 25 de maio de 2001). 

According to the most recent “Inventário Florestal Nacional”, in 2015, approximately 23% of 

Portugal's forest area is made up of cork oaks (ICNF 2015). It covers 720,000 hectares, which 

represents about one third of the total world cork oak forest (Amorim Cork Composites 2024). 

The cork oak agroforestry systems, known as “montados”, are most present in Alentejo as 

represented in Appendix VII.1. Over 600,000 hectares of cork oak are located in this region 

(Biodiversity 2024). 

An analysis of the latest “Inventário Florestal Nacional”, present in Table 7.1, indicates that 

both the area and the number of trees in pure stands has not changed significantly from 1995 to 

2015. Although, in 2005, the number of trees decreased to 36 million trees. The area of dense 

pure stands decreased, while there was an increase in the area of stands with lower cover (ICNF 

2015). 

Table 7.1 - Development of the Cork Oak Stands according to the latests “Inventário Florestal” (ICNF) 
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In case the market for cork recedes, there is an increasing risk for everything it represents, since 

those forests are mainly viable because of their economy (Amorim Cork Composites 2024). 

The sustainability of the cork oak forests has been threatened worldwide, specifically with the 

occurrence of several wildfires in the last decades (AFINET 2019), with the same happening in 

Mação territory as discussed in Section 2.  

Regarding the current presence of the cork oak in Mação, it is sparse, with only a few small 

areas identified in the POSA of the analyzed AIGPs. The analyzed areas show limited presence 

of cork oak forests and agroforestry systems where cork oaks coexist with other agricultural 

cultures. However, in Mação the cork oak is now lizastarting to be more valued and, according 

to POSP, for the future an increase in the number of cork oak forests and agroforestry systems 

is planned. This is visible in Table 7.2. 

Table 7.2 - Actual and Planned Cork Oak Forests and Agroforestry Systems with Cork Oak in 4 AIGPs in Mação 

7.2  Cork Oak Characteristics 

The cork oak has a big lifespan that can vary from 300 to 500 years (ICNF 2012). However, its 

longevity decreases with the cork harvesting (Silva and David 2020), living on average around 

200 years, when its production cycle finishes (APCOR 2024). 

Cork oaks can reach 20 meters high; their canopy is broad and irregular, has solid and twisted 

branches and its thick trunk tends to branch at a low high (ICNF 2012). All year has green 

foliage and can adapt to different soil types (ICNF 2012). It also shows good resistance to 

summer drought but is more sensitive to frost (ICNF 2012). 
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The cork oak is a natural fire retardant, due to the slow combustion of the cork that has thermal 

and weak combustion properties (Amorim Cork Composites 2024). Cork is a natural raw 

material extracted from the tree in a manual process of harvesting. Cork also has the 

particularity of being reusable and once transformed, cork can re-enter the production process 

(APCOR 2024). It consists of suberin (45%), responsible for the elasticity of the cork, lignin 

(27%), that is an insulating compound, polysaccharides (12%), that help define the texture of 

the cork, tannins (6%), responsible for the color, and seroids (5%), that guarantee the 

impermeability of the cork (Amorim Cork Composites 2024). 

7.3  Growing Cycle 

The trees reach maturity for exploitation between 110 and 130 years, with the primary objective 

of cork production (ICNF 2012). Normally cork is harvested at the end of spring and during 

summer, since in windy or rainy conditions the cork does not come off the trees and can 

potentially cause harm to the tree (APCOR 2024). In the process of harvesting, it is not required 

to cut down the tree and so there is no harm to the tree's normal development, allowing new 

cork to regrow (APCOR 2024).  

In the first harvest, “Desbóia”, the cork is commonly known as virgin cork, which has a very 

irregular structure, making it difficult to work with (Silva and David 2020). Due to the 

legislation, there are strict rules regulating the harvesting and maintenance of the trees (APCOR 

2024). A young tree can only be stripped when the trunk has reached a perimeter of 70 

centimeters, measured at 1.3 meters from the ground (Decreto-Lei n.º169/2001). It is also not 

allowed to harvest the tree above a height equal to twice the perimeter of the trunk in the first 

harvesting, or no more than three times for a mature cork oak (Decreto-Lei n.º169/2001). The 

legislation does not allow cork to be removed from branches of the trees with less than 70 

centimeters in perimeter as well (Decreto-Lei n.º169/2001). 
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After the first harvest, the following are carried out at intervals of at least 9 years (Amorim 

Cork Composites 2024), since it is forbidden to harvest the cork at intervals lower than 9 years 

(Decreto-Lei n.º169/2001). In the second extraction, called “Secundeira”, it is produced a cork 

with a more regular softer structure, but still not with the highest quality (Silva and David 2020). 

Starting on the third harvesting, the cork starts having higher levels of quality and is known as 

“Amadia” or “Reproduction” Cork (Silva and David 2020). However, it is difficult to predict 

the quality, since it depends on several factors, such as the climate, soil and genetics (Paulo 

2024). This results in a considerable difference in cork prices between cork oak trees (Paulo 

2024). The cycle described, from the planting until each of the harvests, is described in Figure 

7.1. 

 

Figure 7.1 - Growing Cycle of the Cork Oak 

7.4  Related Work and State of the Art 

The existing literature on cork oak in Portugal highlights the importance of ensuring the 

productivity and sustainability of cork oak stands. The articles in review provide detailed 
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analysis of specific factors influencing its growth and the optimal conditions for its 

development. The functioning of SUBER 5.0 model and the simulator were also analyzed in 

detail. 

According to Paulo, Palma, et al. (2014), certain climatic variables are more associated with 

site index values, while some soil variables significantly influence soil water availability 

throughout the year. The developed models highlight water availability and the soil's capacity 

to retain it as critical factors for productivity. Among climatic variables, evaporation and frost 

showed the strongest correlation with site index values and, additionally, soil variables such as 

lithology, texture, depth, thickness of the A horizon (mineral layer at or below the surface, rich 

in organic matter (Owens and Rutledge 2005)), and soil classification were found to have a 

substantial impact on soil water availability. This study demonstrates that the existing cork oak 

stands are in optimal regions. 

Sánchez-González, Tomé and Montero (2005) developed height and diameter growth models 

for dominant cork oak trees in Spain, defining a site index for these areas. These models 

increased the knowledge of the growth of this species and enabled improvements in the 

planning and management of cork oak stands. Diameter growth allowed the estimation of the 

minimum time required for a tree to reach 20 cm in diameter at breast height, approximately 

corresponding to 70 centimeters in perimeter, the point at which cork can be extracted for the 

first time. It made it possible to predict the time required for regeneration and cork production. 

It was also concluded that height is more reliable than diameter for measuring the site index, as 

it is less influenced by stand density or some forest management practices. 

Some years later, Paulo, Tomé and Tomé (2011) developed a generalized height–diameter 

model that can be applied to cork oak trees both harvested and not harvested, with a diameter 

at breast height over cork larger than 2.5 cm in Portugal. The study focused on comparing two 
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models: a nonlinear fixed effects model (NLFEM) and a nonlinear mixed effects model 

(NLMEM). The results showed that the NLMEM had higher precision and flexibility than the 

NLFEM, particularly for young trees. This makes the NLMEM more suitable for varying 

conditions and allows it to be used simultaneously for both young and mature trees, eliminating 

the need for separate models. 

The inclusion of variables such as density and height significantly improved the precision of 

the predictions. The relationship between height and diameter demonstrated high variability 

among individual trees, reflecting the species' high genetic diversity and the influence of 

practices like pruning. The study concluded that both stand density and dominant height are 

important factors for accurately predicting tree height. 

Estimations of the volume and biomass of cork oak trees were developed by Paulo and Tomé 

(2006). These equations are based on simple measurements of diameter at breast height and tree 

height, making them particularly valuable for use in forest inventories. This revealed to be 

important for cork oak, since it was a species with limited historical data available for such 

estimations. 

Another methodology developed by Paulo and Tomé (2010), predicts mature cork biomass for 

cork oak trees at any age t, also based on measurements taken at a specific point in time. Its 

applications include sustainable management, economic analyzes, and carbon stock 

monitoring. The method also facilitates predictions outside the most common 9 year cork 

extraction interval. 

Additionally, Almeida, Tomé and Tomé (2010) developed a model to predict individual tree 

cork caliber based on measurements taken at a specific point in time. This model can be used 

for forecasting cork caliber evolution and its impact on production, by allowing the 

maximization of high-quality cork production while reducing waste. Later, Paulo and Tomé 
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(2014) developed an equation system specifically with the purpose of estimating virgin cork 

production in young stands, with a particular focus on thinning and the first cork harvesting. 

This system helps forest managers and landowners in predicting virgin cork yields, enhancing 

planning and management practices. 

To calculate the probability of a cork oak tree being thinned in a regular stand, Paulo and Tomé 

(2005) developed a distance independent logistic model. It was found that larger diameter trees 

are less likely to be thinned, while those closer to the stand's average diameter have a higher 

probability of remaining. Naturally, it was concluded that higher thinning intensities increase 

the likelihood of a tree being removed.  

A model developed by Fonseca, et al. (2017) evaluates the maximum potential stocking level 

in cork oak stands. The developed self-thinning model suggests that traditional density 

guidelines are conservative and underestimate the potential of the species. Higher densities than 

currently recommended are viable, addressing potential growing cork demand and supporting 

sustainability.  

The environmental impacts associated with cork production and extraction in Portuguese cork 

oak stands were assessed by González-García, Dias and Arroja (2013) using Life Cycle 

Assessment (LCA). Lower cork yields were found to worsen the environmental profile, as 

forest operations maintain the same intensity. Cleaning and pruning significantly increase 

impacts, while cork harvest itself has a low impact but is linked to mechanized activities like 

transportation and storage. It is recommended the adoption of management practices that reduce 

the frequency of maintenance operations in less productive areas and simultaneously improve 

the environmental sustainability of cork oak stands.  

As seen previously, one of the integrated models in the sIMfLOR platform was the SUBER 

model, version 5.0 which was developed by Paulo (2011). This model aligned with the 
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sIMfLOR platform can support decision-making processes by simulating forest management in 

the long term. This is explained in further detail in Section 4.2. 

7.5  Methodology and Approach 

The main objective was to create an economic model for cork oak to be incorporated into the 

LAND IT platform. The process started by reviewing the existing literature to identify the 

existing and most updated growth functions needed for reliable predictions.  

When creating an economic model, it is important to follow the existing rules and regulations 

for cork oak harvesting, with those affecting the timing of the first and subsequent harvests.  

The cork oak's longevity is also an important factor to be considered in an economic analysis, 

as it allows for multiple cycles of cork production over its lifetime.  

The initial idea was to build a model that could calculate cork production and financial 

outcomes for each tree individually and then to aggregate the results to represent the entire 

stand. However, the complexity of the existing growth and cork yield functions requires the use 

of specific data, such as measurements of tree diameter, height, or cork caliber. However, this 

data is not always accessible for every stand. The missing data represents a limitation for 

accurate modelling and consequently compromises the accuracy of the predictions. 

Additionally, the genetic variability of the cork oak creates significant differences in the 

different individual tree’s growth and cork characteristics within a stand. 

Given these limitations and the existence of SUBER 5.0 model integrated in the sIMfLOR 

platform, with proven equations, make them more effective for managing cork oak stands. As 

a result, the focus shifted to integrate these tools into the LAND IT platform through an API.  

For the specific context of the cork oak in Mação, as the cork oak stands are almost inexistent 

in the region and have no data available, the objective is to estimate the productivity of new 
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stands. To achieve this, the approach for newly established stands available on the SUBER is 

used. 

7.6  Integration and Application of the SUBER 

With the literature presented in this previous section, a growth and economic model in Python 

and the details regarding this modulation can be found in the Appendix VII.2 Section. Due to 

the previously mentioned reasons, the approach changed so, in the present section, only the 

development of the API that will integrate SUBER into LAND IT will be explained. 

7.6.1  Inputs 

The inputs are defined from the already existing inputs in SUBER simulator and managed by 

the API. Through the API, users can input data in an organized way and support scenario 

evaluation and optimization of cork oak management practices. The selected inputs, explained 

in Table 7.3, were the ones identified as the most relevant and important factors to consider 

when planning a new cork oak stand.  

 

Table 7.3 - Defined Inputs for the SUBER Integration in the API and their Default Values used on the Analysis 
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For the cork price an analysis was made, considering the price trends observed between 2008 

and 2022 in the “Cork Market Bulletins” from UNAC and recorded in their annual “Cork 

Market Surveys”. Due to limited information on cork price ranges for different calibers and 

quality levels, the cork from the second harvest is grouped into the same price category as 

"amadia" cork.   

In line with information provided by the municipality of Mação, the operations considered, its 

schedule, and the operation’s cost are currently implemented in Mação. Due to the low number 

of cork oaks trees compared to other forestry cultures presence in Mação, in some cases the 

costs were indeterminate, and the used costs were defined by “Comissão de Acompanhamento 

para as Operações Florestais” (CAOF). This is seen further in detail in Appendix VII.3. 

7.6.2 Simulation Process 

The simulation process starts with the integration of validated inputs through the API, with the 

API automating the configuration of these inputs. Then, the simulation follows a structured 

sequence. 

During the simulation process cork production is a central aspect.  At the start of each year, if 

cork harvesting occurs, it is considered the harvesting height to ensure maximum cork 

productivity. Then, considering for each year if the cork is harvested or not, cork production is 

evaluated, with the model calculating the total yield and revenues for each of those years.  

At the end of each year, the model calculates the stand variables, both at the start and end of the 

projection year with the cycle being repeated for all projection years. The whole simulation 

process is explained in Section 4.3.2 in more detail. 
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7.6.3  Outputs 

Once the simulation has been executed over the defined years, producing estimates of tree 

growth, cork yield, and economic returns, the model generates outputs, accessible through the 

API. The selected outputs are represented in Table 7.4. 

  

Table 7.4 - Defined Outputs for the SUBER Integration in the API 

7.7  Results 

This section analyzes how different combinations of inputs impact the results, with the goal of 

understanding how various factors can influence and improve profitability. The analysis of the 

results includes both univariate and multivariate approaches, to understand the individual and 

combined impact of the inputs in analysis. 

7.7.1 Univariate Sensitivity Analysis 

For the univariate sensitivity analysis, the following three inputs were analyzed individually: 

trees planted, harvest interval and tree age at first harvest. These represent key controllable 

inputs in cork oak management that significantly influence the results. Other inputs, such as 

cork price, are externally driven and not subject to direct management. The default values 

considered for the analysis were explained previously and are in Table 7.3. The analysis is 
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conducted for a production cycle of 200 years to account for the natural variations that may 

occur over time in cork oak stands. 

Regarding the operation related inputs, their impact on long-term dynamics is more limited 

compared to the chosen inputs for the analysis.  Except for the cork harvesting, with a direct 

impact on revenues, the rest of the operations did not have a significant impact on the revenues. 

The operations are directly related to its costs, having a major impact on the expenses, although 

mostly restricted to the first years of the simulation. For this reason, in the analysis, it is not 

considered a variation for each operation.  

Regarding the baseline values of each individual variable in the analysis, were used 100 trees 

planted, an approximated value of the national average; a tree age at first harvest of 25 years, 

an approximated age for the maturity required for its first cork extraction (age that can vary due 

to genetic variability among trees); and a harvest interval of 9 years, the minimum allowed by 

law and the most common. During the univariate analysis, these values were varied individually 

to assess their impact. 

7.7.1.1  Trees Planted 

As seen in Section 7.1, the average number of cork oaks per hectare is 78, with this being one 

of the values considered in this analysis. However, a range from 50 to 1,000 (with intervals of 

50) was also defined to assess the potential of increasing the tree’s density. In this analysis 

another goal was to assess the impact of the planting density on the evolution of tree numbers 

over the years and then on the revenue. 

For the national average of 78 trees per hectare, the Net Present Value is negative throughout 

the years analyzed: -€511 for 200 years, -€1,017 at 100 years, and –€1,976 at 51 years. This 

indicates that the national average number of trees for a hectare never becomes profitable. 
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Analyzing Figure 7.2, for 700 trees per hectare, the Net Present Value is positive, reaching 

€10,148 at 100 years and €14,705 at 200 years. Between 100 and 200 years, the Net Present 

Value increases by approximately 45%, reflecting a significant improvement over this period. 

The similar happens for 750 trees per hectare, with the Net Present Value being also positive, 

and reaching €10,390 at 100 years and €14,777 at 200 years. For this density, between the 100 

and the 200 years of the analysis, the Net Present Value has an increase by around 42%. These 

two values correspond to the planting densities that have the biggest Net Present Value. 

 

Figure 7.2 - Net Present Value Evolution Across 200 years for Different Planted Trees Densities 

At 51 years (a year where a harvest operation occurs), the Net Present Value ranges between 

€915 (for 1,000 trees per hectare) and €1,277 (for 750 trees per hectare), with 700 trees per 

hectare registering €1,002. Between 51 and 100 years, the Net Present Value for 700 and 750 

trees per hectare increases considerably. Comparing this to the values above, it is evident that 

the Net Present Value has a higher increase between the year 51 and year 100, than in later 

years. This corresponds to the period cork oak start reaching their maturity for exploitation, and 

also to a period where the density of operations is lower. 

This is explained by the evolution of tree numbers within the stand, present in Figure 7.3. The 

decrease observed in year 2054 corresponds to a thinning year, during which the stand density 
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is intentionally reduced. Thinning improves the growing conditions for the remaining trees by 

reducing competition, enhancing their productivity and longevity. The planting densities with 

more trees lived along the years are the ones that provide best growing condition for the trees, 

consequently the ones that have better conditions for the cork production and generate more 

revenues. That is precisely the case of the highlighted densities of 700 and 750. 

 

Figure 7.3 - Live Trees in the Stand Evolution Across 200 years for Different Planted Trees Densities 

The Figure 7.4 also supports this idea. After 200 years, 93 trees (13.3% of the initial tree density 

of 700 per hectare) and 97 trees (12.93% of the initial tree density of 750 per hectare), remain 

alive from the initial planting. In contrast, for densities above 800 trees per hectare, the 

percentage of trees still alive falls below 10%. The higher initial densities, despite planting 

more trees, may not provide the necessary conditions for cork oak development. The results 

confirm that densities of 700 and 750 trees per hectare have the best balance, ensuring both 

survival and productivity of the stand over time. 
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Figure 7.4 -Percentage of Tress Alive After 200 Years by Planted Trees Densities 

7.7.1.2  Harvest interval 

For the harvest interval a range of 9 to 20 years was defined. From the analysis to Figure 7.5 it 

is clear that shorter cork harvesting intervals result in a higher Net Present Value. Specifically, 

the 9-year interval is the highest with a Net Present Value of €497, calculated for the default 

scenario of 100 trees planted per hectare. This result demonstrates the economic advantage of 

shorter harvesting cycles, as more frequent cork extraction leads to higher cumulative revenue 

over time. 

 

Figure 7.5 - Net Present Value Evolution Across 200 years for Different Harvest Intervals 
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This result is mainly justified by the amount of “amadia” cork extracted over the years, 

responsible for the greater part of the revenues. In shorter harvesting intervals, although the 

cork yield per extraction is smaller, the cumulative amount of cork extracted from the stand 

over 200 years is greater. For a 9-year interval, the total “amadia” cork extracted reaches 1,785 

arrobas at 200 years. In comparison, the cumulative cork yield is significantly lower in earlier 

periods: 501 arrobas at 100 years and only 71 arrobas at 51 years. This information is 

represented on the tables on Appendix VII.3. 

The difference becomes even more pronounced when comparing shorter and longer harvesting 

intervals. Over the same period, particularly when the Net Present Value is negative, fewer 

harvests occur in scenarios with longer intervals. For these scenarios, this results in reduced 

returns from cork extraction during initial periods of the stand's life cycle. 

The 9-year harvesting interval proves to have more advantages both in the short term, by 

providing quicker returns, and in the long term, through higher cumulative cork yields. This 

trend is further confirmed in the figures for revenues, expenses, and profit presented on 

Appendix VII.3 

7.7.1.3  Tree Age at First Harvest 

The tree age at first harvest was also subject of analysis, with a range of 10 to 40 years to be 

considered. However as observed in the results, in Figure 7.6, there is no clear pattern relating 

this variable to the Net Present Value. However, it is important to highlight that when analyzing 

the amount of cork extracted over 200 years by tree age at first harvest class, a consistent pattern 

emerges. The results, visible in the Appendix VII.3, show that higher amounts of cork extracted 

per tree age at first harvest class aligns with intervals of 9 years, which corresponds to the 

default harvest interval used in the simulations. This suggests that the harvest interval and its 
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timing have a greater impact on cork extraction dynamics than the tree age at first harvest itself 

as it was observed in the previous section. 

 

Figure 7.6 - Net Present Value Evolution Across 200 years for Different Planted Tree Age at First Harvest 

7.7.2 Multivariate Sensitivity Analysis 

This multivariate sensitivity analysis evaluates the combined impact variables in analysis, 

providing a better understanding of how the simultaneous changes of the variables influence 

the results. In the analysis of the best combinations of the variables for the total number of trees 

lived, the densities of 700 and 750 trees per hectare, independently of the tree age at first 

harvest, have more trees lived. A lower harvest interval is predominant. The best scenario has 

117 live trees after 200 years. This scenario has 750 trees planted, the first harvest occurs at 22 

or 33 years and has a harvest interval of 11 years. 

The results show similar trends for the best combinations of the variables for the maximization 

of the cumulative “amadia” cork extracted. The highest cumulative “amadia” cork yields reach 

10,313.044 arrobas. These scenarios also maintain a relatively high number of live trees (103). 

It is possible to conclude that a higher number of living trees does not necessarily mean more 

revenue. The number of living trees impact but it is also important to consider the extracted 
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cork and that depends on the growing conditions of the stand. The tables presenting the best ten 

combinations for “amadia” cork extracted and the lived trees after 200 years can be found in 

Appendix VII.3. 

Regarding the different variable combinations for maximizing Net Present Value and the 

analysis was made across time horizons of 50 (Table 7.5), 100 (Table 7.6) and 200 years (Table 

7.7).  The ten best combinations are in the Appendix VII.3. 

 

Table 7.5 - Best 3 Combinations of Variables to Maximize NPV For 50 Years, Table 7.6 - Best 3 Combinations of Variables 

to Maximize NPV For 100 Years and Table 7.7 - Best 3 Combinations of Variables to Maximize NPV For 200 Years 

 For the 50-year horizon the best scenarios involve planting 900 trees per hectare, with a tree 

age at first harvest of 32 or 23 years, and a harvest interval of 9 years. These combinations have 

a Net Present Value of €791.55, reflecting the shorter time frame for returns. 

For the 100-year horizon planting 700 trees per hectare becomes the best option, with a tree age 

at first harvest of 35, 26 or 17 years and a harvest interval of 9. These combinations have a Net 

Present Value significantly increasing to €10,737.39, demonstrating the advantage of 

considering an extended production cycle.  

For the 200-year horizon, the results indicate that planting 700 trees per hectare, with a tree age 

at first harvest of 17, 35 or 26 years and a harvest interval of 9 years, maximizes profits. Once 

again, the best scenario has an increasing Net Present Value that reaches €15,112.09. 
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7.8  Conclusion - Recommendation 

The results provide important insights into optimizing both the productivity and economic 

viability of cork oak stands. Firstly, it is evident that the current number of trees per hectare in 

Portugal does not reach its potential, presenting a clear opportunity to increase stand densities. 

The findings suggest that planting a density of 700 or 750 trees per hectare is an ideal target for 

maximizing cumulative "amadia" cork yield and, consequently, stand profitability. If the focus 

is on short-term profit, then this density can be increased even further. However, this would 

compromise the optimal growing conditions of the stand and would not maximize the profits 

in the long-term. 

As analyzed, thinning is especially important in densely planted stands, as it helps ensure better 

long-term sustainability. While older trees at first harvest produce more cork, the tree age at 

first harvest has limited influence on stand structure and cork yields over the production cycle. 

It is recommended to find a balanced approach for this input. According to the literature, 

harvesting trees at a significantly younger age may compromise optimal growth, whereas 

delaying the first harvest too long can postpone revenue generation. 

Regarding harvest intervals, shorter intervals allow for more frequent cork extraction, 

maximizing cumulative revenue. However, they also lead to higher operational costs. Despite 

this, shorter intervals consistently have higher Net Present Value making them more 

economically advantageous. Based on these findings, a harvest interval of 9 years, the minimum 

allowed under Portuguese legislation, is recommended to balance economic benefits and 

sustainability. 

Considering everything, in cork oak stand management the results emphasize the importance 

of careful planning and balanced management to achieve both short term profitability and long-

term viability in cork oak stand management. 
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7.9  Limitations 

There are some limitations that should be considered when interpreting the results. One 

significant limitation is the limited data sources available for cork oak stands. As a result, the 

analysis may not represent possible tree age diversity and characteristics present in a single 

stand, due to the cork oak’s genetic variability.  

The analysis relies on growth models to project tree and stand development over time. While 

these models are valuable tools, they are inherently simulations and may not fully represent the 

complexity of the cork oak populations. Additionally, flaws in the economic outputs from 

SUBER were identified and had to be addressed manually. 

The analysis is also based on historical price trends for cork and wood, assuming constant prices 

throughout the simulation period of 200 years. It does not account for potential future variations 

in market conditions, and for such a large period of simulation it is important to consider shifts 

in demand and production costs.  

7.10 Future Work 

The limitations highlight the importance of improving the data availability and consequently 

incorporate into the analysis to better reflect the complexities of cork oak management. Future 

integrations of existing cork oak stands should have accurate measurements of stand 

characteristics. 

Future work should also focus on improving the API’s flexibility, enabling it to handle more 

scenarios and stand characteristics for the specific case of the cork oak. This should include the 

introduction of variables that consider the genetic variability of cork oaks, allowing its 

comparison, since it represents a difference from this species compared to others. It would also 

be necessary to align this with the SUBER, since contrary to other forest management models, 

SUBER allows just the simulation of a single scenario simultaneously. 
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8. The Case of the Olive Tree 

8.1  Olive Tree in Portugal and Mação 

Portugal has become one of the most important regions for growing olive trees, due to its 

favorable climatic conditions. Thus, the olive tree has not only become a crucial element of 

Portuguese countryside, but also an economic pillar, mainly due to the olive oil’s production, 

which is recognized for its high quality (Jordão 2014). As a result, Portugal is the fourth-largest 

olive oil producer in the EU, accounting for around 5% of total production (European 

Commission 2024), which reflects strong investment in modern olive growing systems and the 

strategic importance of olive tree in the national economy.  

The olive tree is widely cultivated in Portugal, with the main producing regions in the Alentejo 

and Trás-os-Montes. Alentejo is a region that stands out for its high productivity, which is the 

result of the introduction of more modern olive groves, potted and hedge, explained later. This 

region, which covers around 50% of the country’s olive area, is responsible for approximately 

80% of national olive oil production, benefiting from the Alqueva irrigation perimeter, which 

has led to exponential growth in olive oil production since the early 2000s (BPI Research 2023). 

Other regions such as Trás-os-Montes, Beira Interior, where the district of Mação is located, 

and Ribatejo maintain more traditional practices, with a focus on preserving quality and local 

varieties. Figure 8.1, clearly shows that different olive grove management techniques, but also 

different soil and climatic conditions result in significant variations in productivity, as an 

example, while Alentejo has an average production of 4833kg/ha, regions such as Between 

Douro and Minho have considerably lower values, such as 1379kg/ha, which represents almost 

four times less production than Alentejo (INE 2023). 
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Figure 8.1 - Average production by agricultural region. (INE 2023) 

High national production reinforces the critical role of the olive oil sector in the Portuguese 

economy. Since 2011, Portugal has been a net exporter of olive oil, and in 2023 exports reached 

around €1.06 billion, while imports totalized €505.74 million (Comtrade Plus 2024). This 

positive trade balance, which exceeded €552 million, highlights the competitiveness of 

Portuguese olive oil on the global market. Analyzing Figure 8.2, we can observe that olive oil 

exports significantly outstrip imports, with a considerable difference between the lines. This 

performance is sustained not only by the increase in production, but also by investment in 

modern technology in the plant, ensuring that Portuguese olive oil has high quality and is highly 

competitive (BPI Research 2023). 

 

Figure 8.2 - Olive oil imports and exports in Portugal (Comtrade Plus 2024)  

To obtain a more detailed understanding of the distribution and impact of olive cultivation in 

Portugal, it is essential to look at specific areas where the activity is extremely important. In 

this sense, the Mação region stands out not only for its vast expanse of land dedicated to olive 
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cultivation, but also for being a clear example of the importance of the crop, with approximately 

50% of the cultivated agricultural area. 

The olive tree is predominantly present compared to other crops such as vineyards, strawberry 

trees and lemon trees (Matias 2023). By analyzing Figure 8.3, we can observe that in the four 

AIGP’s under study, Carvoeiro, Castelo, Ortiga, and Amêndoa, the olive tree stands out in 

relation to the other crops. This improves the understanding of the olive tree’s economic 

contribution to local agriculture, but also its central role in the region’s rural identity. 

 

Figure 8.3 - Distribution of agricultural crops in four AIGPs in Mação (Municipality of Mação) 

After emphasizing the economic importance of the culture in the region, it is also important to 

consider its ecological value, since the culture also makes a significant contribution to 

environmental sustainability. The valorization of biomass, using waste such as branches and 

leaves from pruning, enables the production of renewable energy and other valuable products, 

reducing environmental contamination and minimizing CO2 emissions. Separately, Traditional 

rainfed olive groves, which dominate in Mação, represent the most resource-efficient 

cultivation system, requiring minimal external inputs, which makes them inherently more 

sustainable, supporting local biodiversity and improving the resilience of rural ecosystems. 

Together, these practices underscore the olive tree's pivotal role in promoting sustainability in 

regional agriculture (Sales et al. 2022). 
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8.2  Olive Growing Systems 

The olive tree’s life cycle is influenced by environmental factors, such as temperature and the 

availability of water, which determine yields and the overall sustainability of olive growing. 

The impact of these factors varies according to the cultivation system used, which rises to three 

completely different olive groves: traditional, potted and hedge, which are going to be analyzed 

ahead. 

8.2.1 Traditional Olive Grove 

The traditional olive grove is characterized by low density, between 80 and 100 trees per 

hectare. In this growing system, the trees are planted with wide space, which allows the 

development of extensive canopies and deep roots. The trees start producing between 5 and 7 

years, reaching 100% productivity around 10 and 12 years, and can live and produce for quite 

a long time, up to 100 years, with consistent production cycles of up to 25 years (AGRO.GES 

2021). 

According to Mação’s Municipality, this system is the most widely used in the region, where 

tradition and environmental sustainability are priority factors. This growing system has the 

advantage of preserving the soil structure, maintaining biodiversity and using fewer external 

resources, which make it ideal for areas that value sustainable practices. However, productivity 

is lower compared to other modern types of olive groves, and climatic variations usually have 

a significant impact, since the system depends solely on seasonal rainfall (Oliveira 2022). 

8.2.2 Potted Olive Grove 

Potted Olive Grove has a higher density than traditional groves, between 200 and 500 trees per 

hectare. In terms of the planting method, the trees are spaced less widely apart and are irrigated 

in order to optimize growth and production. In this way, the olive tree starts producing earlier, 

between 3 and 4 years old, reaching its peak productivity at 8 years, with lifespan of 25 years 
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(AGRO.GES 2021). The fact that this growing system is irrigated allows more efficient growth 

management and significantly higher productivity. 

This system is mostly used in regions such as Alentejo, where Alqueva irrigation project has 

helped to maximize the potential of plantings (Ferreira 2020). In Mação’s case, the transition 

from traditional to potted olive grove is considered to increase productivity and consequently 

economic income, although investment in irrigation system is one of the challenges that need 

to be considered (Pereira 2014). 

8.2.3 Hedge Olive Grove 

The Hedge olive grove is the most up-to-date and has a density between 1600 and 2000 trees 

per hectare. In this olive grove, trees start producing around 3 years old and reach maximum 

production at 5 years, earlier than in the two previous olive groves, although their lifespan is 

the shortest, between 12 and 15 years (AGRO.GES 2021). 

The main advantage of this system is its high productivity and efficient harvesting, which is 

completely mechanized, reducing labor costs. Although it is the type of olive grove with the 

highest production values, it requires investments in technology and demanding resource 

management, as well as having a significant environmental impact, especially in terms of water 

consumption and soil composition (Silva 2022). 

In order to make easier to compare the three types of olive groves, Figure 8.4 shows the main 

differences between the characteristics of each olive grove, the planting density, the age at 

which production starts, the age at which maximum production is reached and the longevity of 

the tree, as well as the irrigation method and the main olive tree varieties that are most suitable. 
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Figure 8.4 - Characteristics of the three types of olive groves (AGRO.GES 2021). 

For each olive grove, the best main varieties chosen are most adapted to the conditions and 

characteristics of each growing system. In traditional olive grove, “Galega”, “Cobrançosa”, 

“Cordovil” and “Verdeal” are the most used due to their resilience to drought conditions and 

low water requirements. For potted and hedge olive groves, varieties such as “Arbequina”, 

“Picual” and “Arbosana” are the most suitable, as they have a positive response to the irrigation 

method, which results in mechanized harvesting and more efficient production, but also a 

significant reduction in labor costs. 

8.3  Related Work and State of the Art 

During the research, several models were analyzed to estimate olive grove production, to use 

them later in the simulation; however, each model has limitations that could make its practical 

application unfeasible. 

8.3.1 Linear Regression Model based on Root System 

The Root-based Linear Regression Model is based on the characteristics of olive tree’s root 

system to predict yield, using three variables: Root Weight Density, that represents the tree's 

ability to absorb water and nutrients; Root Length, that correlates with the surface area for 

nutrient absorption; and Root Biomass, that indicates the overall health and vigor of the tree. 

This model is useful for management practices that seek to improve root growth; however, it 

assumes a constant linear relationship between root growth and yield, which may not be verified 
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in different soil types and climatic conditions. In addition, measuring root characteristics on a 

large scale can be laborious and costly (López-Bernal et al. 2018). 

8.3.2 Yield Estimation using Weight and Number of Fruits 

The Yield Estimation Model using weight and the number of fruits consists in a simple formula 

that multiplies the number of fruits per tree by the average weight of each fruit. In this way, the 

model provides a direct and practical estimate of production, especially useful in smaller groves 

or in experimental studies. Despite this, the model assumes uniformity in the fruit of all trees 

and disregards variations caused by age, management practices and environmental factors, 

which once again limits its application (Fernández et al. 2021). 

8.3.3 Trunk Cross-Sectional Area (TCSA) Model 

In this model, production is estimated based on the cross-sectional area of the trunk, considering 

that a larger trunk generally indicates a more resilient and productive tree. This method is useful 

in orchards where tree size reflects potential production, but it does not consider factors such 

as pruning and irrigation that can influence productivity, nor differences in age or even specific 

characteristics of each variety (Martin-Verdedor et al. 2020). 

8.3.4 Tree crown area method (TCA) 

This method, as the name suggests, uses the area of the tree's crown as an indicator of 

production, assuming that a larger crown increases the tree's photosynthetic capacity. TCA is 

particularly advantageous in potted or hedge olive groves, where the size of the canopy is more 

uniform and controlled. However, it assumes that whenever the canopy is larger, production is 

also higher, disregarding effects such as excessive pruning and shading. Furthermore, 

measuring the crown is very challenging in irregular trees (Oliva et al. 2022). 
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Each model examined had limitations that restricted its applicability for accurate and practical 

olive grove production forecasts. As a result, detailed and specific information on the olive crop 

was gathered, and a customized simulation was developed to meet the specific needs and 

conditions of the olive grove, intended for later integration into the LAND IT platform. 

8.4  Methodology 

The extraction of the data needed to build the model and the simulation of olive grove 

production was carried out using a structured methodology that was articulated in different 

stages. The main objective was to ensure that the information collected was specific, taking into 

account the variation in maintenance costs and productivity. 

The first step involved identifying credible sources of information. To this end, contact was 

made with the company Fitolivos, recognized for its expertise in foliar nutrients and bio 

protection of agricultural crops, including olive trees. 

With the help of Fitolivos, it was possible to establish contact with a professional with 

consolidated experience in olive cultivation. This expert contributed to a detailed analysis of 

the model's needs, emphasizing the importance of adjusting cost and production data based on 

variables such as the age of the trees and the cultivation system used (traditional, potted or 

hedge). The exchange of knowledge at this stage was crucial for identifying errors in the data 

and directing the next stages of the research. 

Based on the guidance provided, it was decided to carry out further research with agricultural 

consultancies, Consulai and AGRO.GES, both recognized for their consultancy experience in 

the agricultural, food and rural sectors. Both consultancies were contacted to collaborate in 

providing data and after a detailed presentation of the study's needs, a response was obtained 

from AGRO.GES. 
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After analyzing the requests, the consultant provided detailed information on annual 

maintenance costs, productivity and other essential parameters. Finally, the data was analyzed, 

taking into account the specific challenges of growing olive trees in different systems and stages 

of development. The methodology adopted ensured the integration of practical and theoretical 

information from experts and a renowned agricultural consultant, resulting in a model adjusted 

to the real conditions of the olive sector. 

8.5  Developed Model 

The goal of the developed model was to create a practical tool for assessing the economic 

viability of different cultivation systems. The model is based on carefully collected inputs, 

combines information with olive tree’s lifecycle and presents clear and intuitive outputs that 

allow an objective assessment of the results. 

8.5.1 Inputs 

The model’s inputs have been organized into three main categories, as can be observed in 

Annex VIII.1: (1) those provided by AGRO.GES, (2) those defined by the user, and (3) those 

obtained via the European Commission’s API, making it possible to personalize the simulation 

calculations according to real information and user-adjustable criteria. 

The inputs provided by Category (1) focuses on olive groves in Portugal, highlighting 

modernization and sustainability in Alentejo’s region, especially the Alqueva irrigation area. 

These inputs from AGRO.GES include three essential elements for the simulation purposes: 

annual maintenance costs, installation costs, and the annual yield production. 

Annual maintenance costs (€/ha) cover detailed operational expenses such as pruning, 

fertilization, irrigation, herbicide use and vegetation management, and harvest and transport of 

olives, varying according to the type of cultivation system. Figure 8.5 shows how these 
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expenses are distributed. In the traditional system, the highest costs are related to harvest and 

transport of olives, while in the potted and hedge systems, the most significant costs are 

concentrated in fertilization, irrigation and phytosanitary treatments. 

 

Figure 8.5 - Distribution of Maintenance costs for the three cultivation system's types (AGRO.GES 2021). 

On the other hand, olive grove’s installation costs (€/ha) include land preparation, planting, 

trellising and the irrigation system, reflecting the initial investments needed to implement two 

cultivation systems, potted and hedge. Unlike these modern systems, traditional growing 

systems generally don’t have significant installation costs as they rely on existing trees and 

traditional farming practices, that’s why it’s not shown in the representation below. In this way, 

Figure 8.6 highlights the differences between potted and hedge groves, showing that the costs 

of the hedge olive grove are higher, due to its higher density and complex structure, compared 

to the potted olive grove. 

 

Figure 8.6 - Installation costs' distribution for potted and hedge olive groves (AGRO.GES 2021). 

Lastly, the Annual yield (kg/ha) mainly varies with the type and age of olive grove. Figure 8.7 

highlights the yield differences between the three systems: traditional system exhibit a slower 

productivity, only starting production in year 5 with steady yield of 2,000kg/ha thereafter; 

potted system begin production earlier in year 4 with 2,500 kg/ha, quickly increasing to 9,000 
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kg/ha by year 8 and maintaining this peak; and hedge system show the fastest growth, achieving 

significant yields as early as year 3 with 5,400 kg/ha, reaching 12,000kg/ha by year 5, and 

sustaining this high productivity through year 10. 

 

Figure 8.7 - Annual Yield Production by Year (Kg/ha) (AGRO.GES 2021). 

Additionally, the simulation can be tailored to specific needs through Category (2), which 

include five key variables: the cultivation system (traditional, potted, or hedge), the age of the 

olive grove, the simulation duration in years, the cultivated area, and the selling price of table 

olives. Adjusting the cultivation system and the cultivated area ensures the data reflects the 

unique characteristics of each olive grove. Additionally, factoring in the age of the olive grove 

aligns costs and yields with the various stages of the crop's lifecycle, improving the simulation's 

accuracy and relevance. 

According to the European Commission table olive's price shows a general increase, between 

2020 and 2023, in the main European and productive countries, which can be observed in Figure 

8.8. Italy consistently leads with the highest prices, Greece shows some fluctuations, with a 

peak in 2021, followed by a decline in 2022 and a sharp recovery in 2023, Portugal, on the other 

hand, has maintained moderate growth, with relatively low prices. 

 

Figure 8.8 - Evolution of table olives' price (European Commission) 
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Lastly, data obtained through Category (3) that provides up-to-date information on the average 

price of olive oil (€/kg), a variable automatically adjusted in the simulation based on periodic 

reports from the European Commission, allowing a precise analysis of the olive oil price, 

ensuring the simulation keeps pace with market fluctuations. Figure 8.9 shows the olive oil’s 

evolution between 2010 and 2024, with Croatia standing out with a sharp increase, especially 

from 2022 onwards. The other countries, such as Greece, Italy, Spain and Portugal had more 

gradual increases. In Portugal, the price raised the most in 2021, reaching around €6/kg in 2024. 

 

Figure 8.9 - Evolution of olive oil price by year (European Commission) 

Despite the successive increase in prices, recent sources, such as El País, expect a significant 

increase in olive and olive oil production in Spain, which is expected to grow by around 50%  

(El País 2024). This increase in supply could put downward pressure on olive and olive oil 

prices, resulting in a stabilization or reduction of prices in Europe, which is extremely important 

for future forecasts. 

8.5.2 Simulation 

The simulation model evaluates the economic performance of olive groves by accounting for 

installation costs, annual maintenance costs, and productivity, tailored to the specific type of 

cultivation system, and olive grove’s age, as seen in Annex VIII.2. Installation costs are applied 

exclusively in the first year, reflecting the initial investment required for establishment, such as 

planting and system setup. These are combined with maintenance costs for the first year to 

capture the total initial financial effort. 

https://euc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=en-US&rs=pt-PT&wopisrc=https%3A%2F%2Fnovasbe365.sharepoint.com%2Fsites%2FFacultyLANDITModels-SBE%2F_vti_bin%2Fwopi.ashx%2Ffiles%2F83b307a21d354321bb2ea387ccb9bf96&wdpid=744aeff9&wdenableroaming=1&mscc=1&hid=95EB6DA1-201D-0000-37BB-B195EBC05CD4.0&uih=sharepointcom&wdlcid=en-US&jsapi=1&jsapiver=v2&corrid=9701d856-9940-a094-857e-703e3e7ec65a&usid=9701d856-9940-a094-857e-703e3e7ec65a&newsession=1&sftc=1&uihit=docaspx&muv=1&cac=1&sams=1&mtf=1&sfp=1&sdp=1&hch=1&hwfh=1&dchat=1&sc=%7B%22pmo%22%3A%22https%3A%2F%2Fnovasbe365.sharepoint.com%22%2C%22pmshare%22%3Atrue%7D&ctp=LeastProtected&rct=Normal&wdorigin=Other&csc=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush#EUCOMISSION
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On the other hand, maintenance costs are incurred annually and vary according to the 

cultivation system, the area cultivated, and the grove’s lifecycle stage. The simulation 

recognizes three main stages: (1) Establishment Period, during which trees are maturing, there 

is no productivity, and maintenance costs are relatively high to support growth; (2) Peak 

Productivity, when the grove reaches maximum production potential with regular maintenance 

costs; and (3) Decline or End-of-Life, when productivity drops and maintenance costs are 

minimized. 

The model dynamically adjusts costs and yield based on the grove's age and type, using specific 

functions for each cultivation system to reflect their unique characteristics. For example, 

traditional groves have a longer establishment phase and steady productivity, while hedge 

systems reach peak production faster but have a shorter productive lifespan. 

8.5.3 Outputs 

The simulation model focuses on key financial outputs that provide valuable insights for 

producers and investors, which ensures a comprehensive understanding of olive grove 

economic viability. These outputs include: (1) Annual Operating costs that encompasses 

maintenance costs incurred each year, as well as installation costs during the first year; (2) 

Annual Revenue calculated based on the income from table olives (80% of production) and 

olive oil (20% of production), using average market prices given by the user and the European 

commission respectively; and (3) Financial Metrics, like cumulative profit, that enable a holistic 

assessment of grove’s financial performance throughout its lifecycle, in order to capture the 

relation between investment, operational costs, and revenue generation. The production 

percentages (80% table olives and 20% olive oil) were determined by the Municipality of 

Mação and reviewed by a professional from Fitolivos. To facilitate practical observation, 

Annex VIII.3 clearly represents the selected outputs. 
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8.6  Sensitivity Analysis 

A sensitivity analysis is a critical step to evaluate the robustness of the developed model for 

olive cultivation, because it allows for a comprehensive understanding of how variations in key 

input variables influence the overall outcomes, such as operational costs, revenue and 

profitability. The analysis spans a 25-year timeframe, which corresponds to the productive 

lifespan of traditional and potted olive groves, ensuring a consistent comparison even as the 

hedge olive grove concludes its shorter productive cycle at 15 years. By focusing on parameters 

directly influenced by user decisions, such as the type of olive grove, the cultivated area, and 

the average olive price; the sensitivity analysis assesses their individual impact on the model’s 

performance, which ensures that the simulation remains both realistic and adaptable to varying 

conditions, providing insights for strategic decision-making. 

8.6.1 Univariate Analysis 

The univariate analysis focuses on three main variables, type of olive grove, cultivated area, 

and table olive’s price because they are primary drivers of model’s outcomes’ variation. Each 

of these variables plays a different role: the olive grove type determines directly the 

correspondents' operational costs and productivity values; the cultivated area scale these costs 

and influences economies of scale, and the average olive price defines the potential revenue. 

Together, these parameters capture the most critical interactions between user-defined choices 

and the economic viability. 

8.6.1.1 Type of Olive Grove 

The traditional olive grove stands out for its low operational costs driven by minimal reliance 

on external inputs, like irrigation or fertilization. Figure 8.10 shows the costs remain stable and 

relatively low throughout the 25-year period, which makes this system a highly sustainable for 
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long-term investments, however the start of production year is delayed compared to the other 

systems, requiring patience before seeing significant returns. 

The potted olive grove represents a middle ground between the traditional and hedge systems, 

because its moderate installation and maintenance costs reflect the higher input requirements 

compared to the traditional, such as irrigation and pruning. While these costs stabilize after the 

first years, they remain consistently higher than those of the traditional grove. The potted olive 

grove benefits from earlier production compared to traditional grove, which makes it attractive 

for medium-term economic goals. 

The hedge olive grove has the highest installation costs, due to its high-density planting and 

reliance on mechanized systems, however the operational costs stabilize at a level higher than 

both the traditional and potted systems, as can be observed in Figure 8.11. The hedge grove’s 

key advantage lies in its accelerated production cycles and efficiency, despite its productive 

lifespan ends after 15 years, which limits its long-term economic viability. 

 

Figure 8.11 - Evolution of Annual operational costs through 25-year period for 50 hectares 

The analysis of the operational costs reveals clear trade-offs among the three olive grove 

systems; the traditional grove is the most cost-efficient, with low operational costs and long-

term sustainability, however its delayed production might discourage those that aim for faster 

returns. On the other hand, hedge grove is the most expensive due to high initial investments 

and mechanization, delivers high production quicker but is limited by its 15 -year productive 



Individual Part – Margarida Sobral de Matos Cardoso Pinto 

 

 98 

lifespan. Lastly, the potted grove balances the two systems before, offering earlier returns than 

traditional system with moderate costs, which makes it a versatile option. 

8.6.1.2 Hectares 

The operational costs of the three olive grove systems were analyzed across three different 

cultivated areas (15ha, 50ha and 100ha). This analysis provides insights into how costs scale 

with the size of the operation, which can be analyzed in Figure 8.12. 

For traditional olive groves, operational costs are stable across all areas of cultivation, with 

slight decrease in costs per hectare as the cultivated area increases, which reflects the minimal 

dependency on installation cost and technological advanced techniques, despite its high 

dependence on labor costs. 

In the potted grove system, operational costs are higher than in traditional groves but follow a 

similar stability over time. Figure 8.12 shows that the costs per hectare slightly decrease with 

increasing area showcasing the benefits of economies of scale. 

The hedge system demonstrates the most substantial scaling effects; despite the initial 

investment is the highest across all cultivated areas, the per-hectare operational costs decrease 

with larger areas, also represented in Figure 8.12. This reflects the high level of mechanization, 

which becomes more cost-effective, despite the shorter productive. 
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Figure 8.12 - Evolution of annual operational costs through 25-year period for 3 different areas 

8.6.1.3 Average Olive Price 

The cumulative profit was chosen as the key metric because the average olive price influences 

directly the revenue, which is a major component of profitability. To conduct this analysis, the 

cumulative profit was evaluated across three olive grove systems, while considering the same 

cultivated area of 50 hectares. 

Starting with traditional olive grove, in this system the cumulative profit increases steadily with 

higher average olive prices. Figure 8.13 shows the linear impact of price, with higher price 

points, like €2/kg, resulting in significantly higher profits compared to lower prices. 

Potted groves show a more pronounced sensitivity to average olive price due to their higher 

production levels, compared to traditional groves. In this system, the cumulative profit increases 

more sharply as the price rises. 

Hedge groves demonstrate the highest sensitivity to average olive prices due to their high 

productivity during shorter lifecycle. As we observe, Figure 8.13 shows that the cumulative 

profit rises rapidly at higher price points, despite after a 15-year lifespan the profits stabilize, 

due to the limited long-term viability of this system. 
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Across the three olive grove’s types, the cumulative profit increases linearly with higher 

average olive prices, highlighting its significant impact on profitability. Figure 8.13 shows that 

traditional groves are the least sensitive to price changes due to their lower production, which 

makes them suitable for stable or low-price markets; potted groves achieve higher profits at 

moderate price levels while benefiting from scalability, and hedge groves generate the highest 

profits at elevated price points, especially in larger areas, though their shorter productive life 

constrains long-term returns. 

 

 

 Figure 8.13 - Evolution of cumulative profit through 25-year period for 50 hectares 

8.6.2 Multivariate Analysis 

In the multivariate analysis, only the type of olive grove and cultivated area were variable, 

however the average olive price was fixed, as the univariate analysis demonstrated a consistent 

linear relationship between olive price and profit. This choice simplified the analysis to focus 

on understanding the impact of grove type and scale on cumulative profits. 
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The potted olive grove consistently emerges as the most profitable option, because it achieves 

the highest cumulative profit across all cultivated areas. For 15ha the profit is approximately 

€313,000 increasing sightly to €318,000 for 50ha and €321,000 for 100ha, these values 

demonstrate that potted system not only provides the greatest overall profitability but also scales 

effectively with increasing cultivated area. 

The hedge olive grove ranks second in profitability, with cumulative profits of approximately 

€254,000 for 15ha, €258,000 for 50ha, and €260,000 for 100ha. This system doesn’t match the 

performance of the potted system but offers a moderate profit and remains scalable as the 

cultivation area expands, so it provides a viable alternative for scenarios where high-density 

mechanized systems are preferred. 

On the other hand, traditional olive grove consistently yields the lowest profits across all 

cultivated areas; with cumulative profits €64,000 for 15ha, €65,000 for 50ha, and €66,000 for 

100ha, despite being the system with lower operational costs. However, the traditional grove 

limited production capacity and delayed returns make it the least economically competitive, 

even when cultivated area is bigger. Despite that, this system is suitable in situations where the 

input dependency is lower and long-term sustainability is prioritized over profitability. 

This analysis, observed in Figure 8.14, demonstrates the differences of profitability between 

the three types of olive grove, standing out the potted system in terms of cumulative profit for 

25 years. In the case of Municipality of Mação, the preference expressed is for the installation 

of a potted olive grove in all AIGPs, with the aim of balancing profitability and sustainability 

throughout the production cycle. 
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Figure 8.14 - Cumulative Profit in the last productive year (25-year period for Traditional and Potted, and 15 for Hedge) 

8.7 Conclusion -  Recommendations 

8.7.1 Potted Olive Grove  

The potted olive grove is the ideal option for Mação if the municipality’s primary objectives 

are to balance longevity and sustainability, because this system delivers the highest cumulative 

profit over its 25-year productive lifespan. Furthermore, the potted grove scales effectively 

across different cultivated areas, which shows stable profitability even when the area increases. 

Additionally, the moderate inputs requirements and long-term economic viability is ideal for 

producers who value sustainability alongside profitability, aligned with Mação’s goals to foster 

productive and resource-efficient agricultural practices while maintaining economic returns. 

8.7.2 Hedge Olive grove with replacement 

Mação could adopt a hedge olive grove system with replacement after its lifespan of 15-year, 

if the main purpose be based on profit’s maximization. In this scenario, a new grove is 

replanted, resulting in a cumulative profit of approximately €514,000 over the same 25-year 

timeframe, exceeding profits of both potted (€318,000) and traditional (€65,000) systems. The 

hedge system's mechanized and high-density planting yields rapid production and high 

profitability during each cycle, however, requires a larger initial investment and careful 
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management for replanting after 15 years. Thus, this approach is best suited for producers who 

can accommodate higher operational demands and aim to achieve maximum financial returns. 

8.8  Limitations 

Despite the model’s practical utility, it has some limitations that arise from the assumptions 

made during the model’s development and the scope of data used, so addressing these issues in 

future versions could improve the model’s accuracy and usefulness. 

One notable limitation is that the model is based on general data for all Portugal regions, 

overlooking specifics like Mação’s microclimate, soil conditions, and farming practices, which 

results in a reduced accuracy when assessing localized scenarios. 

The model excludes key factors such as agriculture subsidies, government incentives, and 

policy impacts, that could significantly vary the costs, and in turn profitability, which limits the 

model’s ability to assess economic viability in regions influenced by policy-driven factors. 

Lastly, the model assumes a uniform price for olive oil, disregarding the differences arising 

from the characteristics and costs associated with the different cultivation systems. 

8.9  Future Work  

A future direction is the development of a regionalized data model tailored to Mação, this model 

would integrate the region’s characteristics, such as its microclimate, soil composition, and 

traditional growing system, improving accuracy of economic assessments for olive cultivation. 

The process would involve collecting localized data through contact with farmers, cooperatives, 

and institutions in Mação. Some examples of tools that provide detailed inputs are surveys, 

climatic data, soil analysis, and remote sensing technologies. These efforts would refine cost 

structures, capture variations in productivity, and account for specific challenges, such as 

irrigation and logistic costs. 
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9. The Case of Solar Panels 

9.1 Introduction 

The initial plan for the photovoltaic research involved creating a model to simulate the 

economic feasibility of installing a specified number of solar panels in Mação over time. 

However, this approach was hindered by a severe lack of localized data on solar panel 

productivity, terrain usability, and other crucial factors specific to Mação. Without robust, 

region-specific data, it proved challenging to develop reliable simulations for energy output and 

to generate meaningful economic projections. 

This realization led to a shift in focus toward evaluating pre-designated sites within Mação's 

OIGP, identified in part through consultations with the OIGP team. Although these areas were 

selected based mainly on important criteria such as slope and south-facing orientation, a more 

comprehensive site assessment was necessary to determine their suitability and long-term 

economic potential for utility-scale solar installations. 

9.2 Fundamental Concepts 

9.2.1 What are Solar Panels?  

A solar panel is a device designed to convert solar energy into electricity through photovoltaic 

(PV) cells, which capture sunlight and create an electric current by establishing a charge 

differential between two layers. This process enables the conversion of solar energy into 

electricity by exploiting the photovoltaic effect. Solar panels play a crucial role in sustainable 

energy systems, with their PV cells enabling the direct transformation of solar radiation into 

usable electrical energy. To maximize energy output, it is essential to position solar panels in 

locations with high solar exposure, for direct, unobstructed sunlight (National Grid. 2023).  
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9.2.2 How a Solar Panel Works 

A photovoltaic solar panel is made from cells composed of semiconductor materials like silicon 

(National Grid. 2023). When photons (particles of sunlight) come into contact with the panel, 

they cause electrons in the silicon atoms to become dislodged and move from the negative to 

the positive side, creating an electron flow, which generates a direct current (DC). 

From Alharbi, F. H., & Kais, S. 2020 it important to note that not all solar energy is converted 

into electricity. Consequently, only a portion of the energy can be harnessed by the panels to 

generate electricity, as there are losses due to electrical and physical factors within the panel.  

9.2.3 Types of Solar Panels  

Monocrystalline Solar Panels 

Monocrystalline solar panels are made from a single, continuous silicon crystal, giving them a 

sleek, black appearance. They are highly efficient, often exceeding 20%, and perform well in 

low-light conditions (Aurora Solar. (2024)). 

Polycrystalline Solar Panels  

These panels are made by melting silicon crystals together, creating a blue look. They are less 

efficient than monocrystalline panels, achieving 15-17% efficiency (Aurora Solar. (2024)). 

Thin-Film Solar Panels  

Thin-film panels are created by depositing thin layers of photovoltaic material, such as 

cadmium telluride or amorphous silicon, onto substrates like glass or plastic. They are 

lightweight, flexible, and suitable for non-traditional applications, including curved surfaces 

or portable solar products. These panels have lower efficiency, typically 10-12%, but their 

low production cost and adaptability are significant advantages (Aurora Solar. (2024)). 
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Equation 9.1 – Solar Panel Efficiency Formula 

Equation 9.2 – Solar Panel Power Output Formula 

9.2.4 Efficiency and Technological Advancements 

The efficiency of solar panels has steadily improved over the years due to advancements in 

photovoltaic technology. Early solar panels had relatively low efficiency rates, often below 

10%, but modern panels can achieve efficiencies of 25% or more. Innovations in materials, 

such as the use of monocrystalline silicon and the development of multi-junction cells, have 

contributed to these improvements (Lafayette College. 2014. ).  

9.2.5 Utility-Scale Solar Panel System Energy Production Formulas 

Utility-scale solar panel systems rely on several key formulas to estimate their energy 

production. The Efficiency of a solar panel can be calculated using the panel power, irradiance 

(G) and panel’s surface area (A), shown in Equation 9.1: 

(1) 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
Module Power (kW)

𝐺×A
 

 

 The Energy Production per Panel formula calculates the energy output from a single solar panel 

using its efficiency, the local solar irradiance (G), and the panel's surface area (A), shown in 

Equation 9.2: 

(2) 𝐸panel = Efficiency × 𝐺 × 𝐴 

 

This formula is used to estimate how much energy a single panel can generate. Finally, the 

Total Energy Output for the System formula helps scale this to the entire system, considering 

the total number of panels (N) and the average sunlight hours (H), show in Equation 9.3: 

(3) 𝐸system = 𝑁panels × 𝐸panel × 𝐻 

 Equation 9.3  – Total Energy Output Formula 
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These formulas are pivotal for assessing the performance and operational efficiency of utility-

scale solar power installations (Photonic Universe. 2024) (Anker Solix. 2024).  

9.2.6 How Produced Energy is Delivered to Consumers  

The energy delivery process involves a pipeline from production to the consumer, with grid 

operators playing a central role. Initially, energy is produced, often by sources such as solar, 

wind, hydroelectric, or fossil fuel plants and transmitted over long distances at high voltages to 

reduce losses (GridX. 2024). Grid Operators distribute power through high or low voltage 

networks directly to homes being part of the pipeline of energy production to consumption, 

explained in Figure 9.1, and serve as the middleman who maintains the operation of the grid, 

monitoring its performance, ensuring it operates within capacity. In Europe they are split into 

Transmission System Operators (TSO) and Distribution System Operators (DSO). 

 

Figure 9.1 – Pipeline from energy production to consumption | Source: (GridX. 2024) 

Transmission System Operators are responsible for the transmission of electricity from 

generational plants via the power grid to regional distributors, dealing with very high voltages. 

On the other hand, Distribution System Operators grids usually consist of low and medium 

voltage networks (6-50 kV) like renewables, transporting electricity to the end user (GridX. 

.2024). 

In Portugal REN serves as a Transmission System Operator (TSO), while E-Redes takes the 

role of Distribution System Operator (DSO), differentiating in the levels of voltage in their 
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substations - E-Redes allows up to 150 kilo Volts (kV), while REN has substations at 150, 220 

and 400 kV (Portugal/Energia/Subestações).  

9.2.7 Photovoltaic Market in Portugal 

The Photovoltaic (PV) market has seen increasingly high growth in Portugal. Referencing 

Santos, B. 2022, Portugal’s cumulative PV capacity reached 2.19 GW by the end of June 2022, 

with Solar being the technology with the greatest growth in installed capacity, going from 299 

MW in 2013 to 2192 MW in 2022. According to (REN. 2024. ), Between January and August 

2024, 75% of the electricity consumed in Portugal came from renewable sources, with 

hydropower accounting for 33% of the energy, wind power for 26%, solar for 10%, and biomass 

for 6%. Natural gas supplied 8% of consumption, while the remaining 17% corresponded to 

imported energy. Nearly half of Portugal's solar energy production is concentrated in the 

Alentejo region, which represents 12% of all electricity consumed in that area. 

9.2.8 How Photovoltaic Farms Sell Energy 

Historically, in order to incentivize investments in the renewable energy sector, governments 

have provided financial incentives, like subsidies or guaranteed prices per MWh, to increase 

supply (ABN AMRO Bank. 2022. ). However, in recent years, the number of subsidies given 

by governments has been decreasing. To hedge against decreasing incentives from governments 

and avoid the price competition and volatility of global markets, renewable energy providers 

are increasingly using Power Purchase Agreements (PPAs) – A typically long-term contract 

between buyers and sellers of energy, under a pre-defined price.  

PPA structures can take a Pay-As-Produced approach, where a fixed price is paid for produced 

volumes, up to a predetermined amount (ABN AMRO Bank. 2022. ). In this case, the risk is on 

the buyer as the producer is not under any obligation to deliver a specific volume.  
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9.3 Related Work and State of the Art  

The development of solar photovoltaic (PV) farms requires a comprehensive understanding of 

both technical and economic factors that determine site suitability and long-term profitability. 

Researchers in the field have employed advanced methodologies, such as Multi-Criteria 

Decision-Making (MCDM) frameworks - structured methods used to evaluate and prioritize 

multiple conflicting criteria when making decisions, analyzing the trade-off and ranking the 

alternatives -, Geographic Information Systems (GIS) models - systems used to capture, store, 

analyze, and visualize spatial or geographic data -, and economic feasibility tools, to optimize 

PV site selection and economic evaluation. These approaches help identify areas with optimal 

solar resources, evaluate topographic and infrastructure conditions, and estimate financial 

returns under different scenarios. 

In Hasti et al. 2023., the authors study the potential of the Kurdistan Province, in Iran, for Solar 

Photovoltaic farms by using geographic information systems-based modelling techniques and 

the comparison of using confidence levels in the analysis. In their work, they use a Multi 

Criteria Decision-Making (MCDM) framework placing factors influencing site selection in two 

main categories - meteorological and topographic conditions; and non-meteorological 

constraints such as human infrastructure, energy-grid accessibility, legal protections, and 

urbanization. The paper reviews different MCDM approaches that have been employed in the 

context of renewable energy site selection. Techniques such as the Analytical Hierarchy Process 

(AHP), Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and the 

Dempster-Shafer Theory, utilized to incorporate uncertainty, by combining evidence from 

various sources, providing a more robust assessment of site suitability compared to traditional 

methods that do not account for uncertainty. In their methodology a two-stage framework was 

used. In the first stage, a fuzzy system, a technique that helps to homogenize and process input 

parameters. Then, the fuzzy outputs are processed using the AHP model and Dempster-Shafer 
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theory to evaluate the suitability of different sites. The results include a comparison between 

the suitability maps generated using the fuzzy_AHP method (which does not consider the 

probability that an interval contains the true parameter value, otherwise called confidence level) 

and those produced using the fuzzy_DS method (which incorporates different confidence levels 

of 95%, 99%, and 99.5%). One of the significant findings is that as the confidence level in the 

fuzzy_DS method increases, the area identified as suitable for solar PV farms decreases. This 

indicates that higher confidence levels lead to more conservative estimates of suitable locations, 

reflecting the uncertainty in the input data. In the end of the analysis, it’s emphasized that the 

southeastern region of Faro has favorable conditions, such as adequate solar radiation and 

appropriate land use, making it an ideal candidate for solar energy projects. 

Furthermore, recent studies have underscored the importance of adopting robust, data-driven 

methodologies that minimize subjective bias and enhance predictive accuracy. One such 

approach is presented in the work of Li, X et al. 2023. which developed an Interaction Linear 

Model combined with GeoDetector – a statistical tool to analyze and measure how factors 

influence a target variable - to improve PV siting in China. This approach skips traditional 

subjective weighting and focuses on how different factors, like slope or direct radiation, and 

their combined effects, influence site suitability. For example, instead of just ranking slope and 

radiation separately, it considers how good they, together, make a site more PV suitable. In the 

analyzing accuracy increased by 8% over a basic linear model and identified the region of 

Xinjiang, compared to the other two candidates, as an optimal region for solar PV farms due to 

its high determinant power in the interaction-based evaluation system. 

Aside from selecting the location, it is of pivotal importance to assess the economic feasibility 

of a photovoltaic farm, to understand its effectiveness in the long run. The work of Kim, Y et 

al. 2022. studies the economic feasibility of potential PV farms in three locations in Kentucky, 

USA, in terms of Cumulative Cash flow (Sum of amount of cash generated or spent over time) 
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and Payback Time (Time to recover cost of investment, in years) by using the Cost of 

Renewable Energy Spreadsheet Tool (CREST), as well as estimating the output power (kWh) 

annually, for the three sites. The CREST is a tool used to assess and calculate the costs 

associated with renewable energy projects, made by the National Renewable Energy 

Laboratory, a U.S. government research organization. Similarly to the previously reviewed 

studies, the authors use MCDM framework with the main site-choosing criteria being terrain 

and solar irradiance, but also incorporate Cost and Size (Average property cost, state and county 

taxes, and upfront costs) as well as Infrastructure (Existence of coal powered plants, dams, 

transmission lines, substations, etc.). For the modelling, the authors used three main tools, 

PVWatts and System Advisor Model (SAM) for the mathematical modelling, and CREST for 

the financial modelling. The analysis can be summarized in three steps: (1) Used PVWatts, 

Google Earth, topographical maps, and other relevant maps to study which of the three sites 

gathered the best weather, topographic and orography criteria. (2) Enter parameters into SAM’s 

detailed PV Model to estimate annual power output (TWh) and graph generation. (3) Enter 

variables requested by the financial model, which include degradation rate, income tax rates 

and incentives. CREST’s output includes cash flows, market value, revenue, operating 

expenses, debt service, reserves, pre-tax cash flow, federal taxable income, state taxable 

income, federal tax benefits/liability, state tax benefits/liability, after tax cash flow, payback 

time, after tax IRR, debt service coverage, etc. Out of all these, cumulative cash flow and 

payback time were the primary decision factors. Out of the three possible locations described 

in the paper, Smithland, Hickman and Falls of Rough, the Hickman Farm appears to generate 

the most TWh and has the largest profit. However, Falls of Rough generates the most money 

per MWh at over $11,300 per MWh produced. Therefore, while all the farms were determined 

to be profitable based on the rough estimates using CREST, Hickman is the largest producer 

and has the largest net profit. Falls of Rough would be the most profitable percentage wise. 
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These models prove that solar is not only feasible but could potentially be profitable. They show 

a return on investment within 6 years, positive profit margins, and annual generation of over 

2.2 Terawatt Hours (TWh).  

The studies reviewed highlight various advanced methodologies for solar photovoltaic (PV) 

site selection and economic evaluation. Methods like Multi-Criteria Decision-Making 

(MCDM), Geographic Information Systems (GIS), and economic feasibility tools, such as 

CREST, offer solid frameworks for assessing both technical and financial factors. MCDM 

techniques, such as Analytical Hierarchy Process (AHP) and Dempster-Shafer Theory, provide 

structured decision-making by integrating multiple conflicting criteria. GIS models enable 

spatial analysis and visualization of optimal areas, while economic tools like CREST assess 

financial viability through metrics like cumulative cash flow and payback time. The use of these 

tools minimizes subjective bias, enhances predictive accuracy, and accounts for uncertainty. 

However, these methods also have some limitations like data quality and the complexity of 

integrating multiple criteria can make results sensitive to data inaccuracies. For example, higher 

confidence levels in the Dempster-Shafer method led to more conservative estimates of suitable 

sites, which may overlook potentially viable areas. Additionally, while MCDM frameworks 

and economic tools like CREST provide valuable insights, they often require significant 

computational resources and expertise.  

The following methodology uses a similar approach to prior work on PV feasibility 

assessments, including a thorough analysis based on pre-defined criteria, modelling using 

Geographic Information Systems and an economic modelling spreadsheet similar to CREST. 

However, it is uniquely focused on the Mação region, where there is limited data on solar panel 

feasibility and potential economic impact. Unlike established regions with extensive studies on 

PV system viability, Mação remains largely hindered in terms of available information on 
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suitability for utility-scale solar installations. By applying an established methodology to an 

under-researched area, this paper seeks to fill the gap on solar energy output potential and 

economic assessment specific to Mação.  

9.4 Methodology and Approach 

This section outlines the structured approach employed to assess the feasibility of a utility scale 

solar park. Starting with site selection criteria explanation, followed by a comprehensive 

analysis of all available polygons in the OIGP based on site selection criteria, the approach 

applies techniques to evaluate potential locations. Following site availability and initial 

exclusion factors, this thesis then narrows down potential options before moving into 

assessments of the final three sites. After the potential sites are laid down, a comprehensive 

financial analysis is shown with revenues and expenditure, being the focus that supports the 

final selection, integrating both quantitative metrics and qualitative considerations. 

9.4.8 Site Selection Criteria for Maximizing Solar Panel Performance 

In this site selection analysis, defining criteria is split into 5 different sections, inspired by the 

work of Rediske, G. et al. 2018. : Socio-environmental, Location, Climate, and Orography. 

9.4.1.1 Socio-environmental Criteria  

Socio-environmental criteria elaborate on how the land is used currently and, in the future 

(Rediske, G. et al. 2018. ), which can be evaluated by the POSA and POSP of the respective 

OIGP. There must be some precautions taken when considering land use as reserves, forests, 

water bodies, humid areas and urban/populated areas are all restrictions to the creation of a 

utility-scale solar park.  

Further, the agrological capacity should also be considered, as land with great agricultural 

potential should be utilized for the aforementioned purposes. Moreover, areas with high 

vegetation index, should be avoided, because the shaded areas resulting from tall vegetation 
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can hinder the allocation/efficiency of solar panels, resulting in lower energy production 

(Rediske, G. et al. 2018. ).  

9.4.1.2 Location Criteria  

Location criteria address potential problems like the proximity to a substation, which can impact 

the costs by having to build longer infrastructure to connect them (Rediske, G. et al. 2018. ). 

Furthermore, the nearby substation also needs to have the capacity to receive the energy 

produced by the solar farm.  

Another important factor to consider is the proximity to roads, as on one side, the absence of 

nearby roads can hinder the transportation of necessary materials and infrastructure (Rediske, 

G. et al. 2018. ). However, if roads are located within the selected site, fencing will need to be 

constructed around them, which increases costs.  

Additionally, a pre-defined distance must be maintained between the fence and the solar panels, 

reducing the area available for photovoltaic installation (MacDonald, M. 2017). Furthermore, 

the site must not have water courses running through it, as they increase the risk of flooding in 

an event of bad weather and soil erosion, which can lead to displacement of foundations (Liu, 

H et al. 2023. ).  

Finally, literature says it’s very important to distance any prospective solar park from residential 

or environmentally protected areas as these can destroy habitats and/or affect urban growth 

(Rediske, G. et al. 2018. ). 

9.4.1.3 Climate Criteria  

The first important climate-related criteria is solar radiation, typically measured in Global 

Horizontal Irradiance (GHI). As per the efficiency equation presented above, the output of a 

solar panel is a function of its wattage rating and the solar irradiance. As such, the amount of 

energy a solar panel can produce is directly proportional to the amount of solar energy that its 
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surface receives on any given period. Literature utilizing GIS and MCDA confirm solar 

radiation as the primary factor influencing the long-term viability of a solar farm (Alhammad, 

A. et al. 2022).  

Another important factor is the average temperature, given that the operating temperature of 

the cells in a PV panel is one of the key determinants of efficiency. According to Khan, M. et 

al. 2017. whenever the temperature of the solar panel increases above the operating temperature 

(25 degrees Celsius), the band gap of the semiconductor material in solar cell decreases, 

resulting in the drop of efficiency and maximum power output.  

Duration of sunlight, or the time of insulation, represents how long energy is received from the 

sun, on any given time period (Rediske, G. et al. 2018. ). Conversely, when there is no 

insulation, none or very reduced energy production happens. Moreover, and tied to duration of 

sunlight, accounting for cloudiness is also important, as an overcast sky severely affects PV 

Efficiency.  

9.4.1.4 Orography Criteria  

Recent studies (Freeing Energy. 2021. ) suggest that around one hectare of land is needed for 

every 1 MW of solar power capacity, particularly for crystalline silicon panels. Furthermore, 

Slope of the terrain is a dealbreaker for many terrains, especially those with zones above 20%, 

as they present several challenges like structural stability, shading issues and potential soil 

erosion problems (Heo, J. et al. 2021.).  

Finally, orientation, or the cardinal direction to which the piece of land faces. The orientation 

of the site will limit the solar radiance solar panels receive (Rediske, G. et al. 2018. ). The 

general understanding is that the solar panels facing south (in locations north of the equator) 

will receive the most sunlight (De Rooij, D. 2023. ). However, recent studies have proven 

differently: according to a new study from Pecan Street Research Institute (Katherine Tweed. 
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2013.), West-facing solar panels produced 49 percent more electricity during peak demand 

compared to south-facing panels, concluding that the optimal direction is Southwest.  

With the selection criteria established, this study now moves to analyzing the initial 16 polygons 

available in Mação’s OIGP. 

9.4.2 OIGP Initial Site Analysis  

The site selection analysis was conducted in three phases. In the initial phase, a basic orographic 

analysis was performed, including slope and perimeter evaluations. In the second phase, the 

remaining sites were assessed based on additional relevant criteria, resulting in the 

identification of four final sites. In the third phase, the final sites were reviewed, with the help 

of a specialist team, to gather measurements of the terrain and assess potential PV output. 

9.4.2.1 First Phase of Analysis 

For this analysis, QGIS, a versatile geographic information system (GIS) software, was 

employed to view, edit, print, and analyze geospatial data across various formats. This tool 

facilitated the evaluation of sites according to Mação’s OIGP, which initially identified 16 

polygons across nine OIGP - Aboboreira, Amêndoa, Cardigos, Carvoeiro, Castelo, Envendos, 

Mação, Ortiga, and Penhascoso - as potential locations for photovoltaic (PV) development.  

From the 16 identified polygons, two sites in Cardigos were excluded: one already designated 

for a wind farm and the other due to a predominant steep slope, making it unsuitable for PV 

development across most of its area. The three sites in the municipality of Aboboreira were 

excluded from the final selection due to their limited dimensions, measuring only 3, 5, and 6 

hectares, which do not align with the land area requirements to satisfy the energy output demand 

in Mação, according to Eng. António Louro. In Envendos, two out of the three potential sites 

were similarly excluded:  One due to its reduced dimension of 3 hectares, and the other due to 

being under the ownership of the Portuguese electric power distribution company, EDP 
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Renováveis. Lastly, within the municipality of Mação, the northernmost site was removed due 

to its pronounced slope, which complicates construction and energy efficiency.  

9.4.2.2 Second Phase of Analysis 

In phase 2, a deeper analysis, considering the majority of the criteria presented above, was 

conducted on 9 remaining polygons, to be presented to Eng. António Louro, specialist in the 

forestry sector and current forest manager for the Mação’s OIGP. Using the aforementioned 

criteria and Geographical Information Systems (GIS) for the research, and a further discussion 

with Eng. António Louro, the following sites were excluded: 

Polygon 2, the largest polygon in Penhascoso, despite having 13 Ha of usable terrain, much of 

this potential is hindered by high slopes (See appendix IX.1). In addition, polygon 3, the 

southernmost site in Penhascoso, was excluded for the increased number of external roads 

passing through it, thus reducing the usable area for PV. Furthermore, Polygon 4, the only one 

in Carvoeiro, is situated on a hill, hence having a high slope (with some parts reaching 40%), 

making it hard for a Solar Farm (See Appendix IX.2). Polygon 7, in Envendos, has many water 

courses running through it, making the terrain unstable, as mentioned in the location criteria. In 

Mação, Polygon 8 consists of an area of just 6 Ha, small compared to some of the other potential 

sites. It is also situated close to an urban area, which can have further complications, as 

mentioned in the socio-environmental criteria. Finally, Polygon 9 has a large amount of water 

bodies close to it, as well as being situated very close to an urban area. 
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Table 9.1 1 - Quantitative Criteria for remaining 9 polygons 

9.4.3 Final Site Selection Simulations 

In the final phase, with the assistance of Professor Álvaro Rodrigues, Business Development 

and Operational Adviser, and Eng. Tiago Barata, at GENERG, a comprehensive evaluation of 

the three remaining sites was conducted using PVSyst and PVCase, software tools used in the 

design, simulation, and optimization of solar photovoltaic (PV) systems. With the 

aforementioned sites defined, Meteonorm, a source for solar and meteorological data, was used 

to retrieve solar radiation and wind speed in the area of Mação. Next, using the extracted data 

and in-house cartographic resource as inputs in PVCase, a detailed simulation of the yearly 

potential power output of the sites was generated, allowing for a robust estimate of production. 

Finally, the power output was used to calculate the financial potential of the PV farm in each 

site, based on the cost estimate provided by GENERG, combined in an Excel spreadsheet. 

For this simulation and power output simulation, the following premises were considered: 

(1) 2x7 string PV modules (2 vertical, 7 horizontal) of 665Wp each with 20% angle; 

(2) Site is unusable if slope of terrain is above 10% in north-facing zones, and 20% elsewhere; 
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(3) Exclusion zones were considered where waterbodies were found (with a setback of 3.0 m), 

existing access roads (with a setback of 2.0 m), and municipal roads (with a setback of 4.0 m); 

 

Figure 9.5 - Labels for Polygon Use Figures 

9.4.3.1 Polygon 5 (Castelo) 

Polygon 5 has a usable solar panel area of 42,381.5m2 (4.238 Ha) out of 142,205.54m2 (14.22 

Ha), representing 29.8% area coverage and a perimeter of around 5100m. This 71.2% difference 

from the total area stems from the fact that 21.18% of its area has a slope of above 20%, and 

another 0.67% of its area faces North and has a slope of above 10% (Appendix IX.3). The rest 

of the unusable area is made up of restrictions from water courses and road access, as well as 

the 5m mandatory distance from fencing all around, as seen below in figure 9.6. 

 

Figure 9.6 – Polygon 5’s Total Terrain Use 

Overall, following the PVCase output, this site supports the use of 1017 2x7 PORTRAIT 665W, 

totaling 14 238 PV modules. Thus, total output power (MWp), the product of the number of 

modules by their capacity would be 9468 kWp (9.47 MWp).  
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9.4.3.2 Polygon 6 (Castelo) 

The other polygon in Castelo has a total usable PV area of 24,670.46m2 (2.47 Ha) out of 

224,501.41m2 (22.4 Ha), representing a coverage area of 10.989%. According to the analysis, 

59.5% of the terrain has a slope above 20% and according to PVCase data, 11% of the total 

area faces north and has a slope above 10%, making it unusable (Appendix IX.4). The rest of 

the unusable area is composed by access water courses and external roads, as well as their 

setback distances, as seen in figure 9.7. 

 

Figure 9.7 – Polygon 6’s Total Terrain Use 

Overall, this site supports the use of 592 2x7 PORTRAIT 665W, totaling 8288 PV modules. 

Thus, Total output power (MWp), would be 5511 kWp (5.51 MWp).  

9.4.3.3 Combining Polygon 5 and Polygon 6 

Given the close distance between the two sites (Figure 9.8), in conversation with Eng. Tiago 

Barata and Professor Álvaro Rodrigues, the possibility of building a PV park in the two 

locations and connecting them came up. After running the simulations for this idea, using the 

same tools, the simulated PV Farm totaled 22533 665W modules (777 strings x 29 in series), 

with a total PV power of 14984 kWp (14.98 MWp) (For a more detailed analysis on the 

simulations check appendix Figure IX.6, IX.7, IX.8, IX.9, IX.10, IX.11, IX.12, and IX.13).   
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Figure 9.8 - Map of Castelo's Sites and Substation 

9.4.3.4 Polygon 1 (Ortiga) 

 

Figure 9.9  - Map of Ortiga's sites and Substation 

This polygon (Figure 9.9) has a total usable PV area of 67,743m2 (6.77 Ha) out of 242,117.15m2 

(24,21 Ha), representing a coverage area of 27.96%. Overall, 13.89% of the terrain has a slope 

above 20% and according to PVCase data, 9.19% of the total area faces north and has slope 

above 10%, making it unusable (Appendix IX.5). Furthermore, as is visible in figure 9.10, this 

polygon has an increased amount of water courses and road accesses, causing a significant area 

to be hindered by the 5m mandatory distance from fencing. Overall, this site supports the use 

of 752 string x 29 bifacial 665W modules in series, totalling 21808 PV modules. Thus, total 

output power (MWp), would be 14502 kWp (14.5 MWp). (For a more detailed analysis on the 

simulations check appendix Figure IX.14, IX.15, IX.16, IX.17, IX.18, IX.19, IX.20 and IX.21).   
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Figure 9.10 - Polygon 1’s Total Terrain Use 

While the combination of the two sites in Castelo yielded a marginally higher total PV power 

(14.98 MWp compared to 14.5MWp), there is still an important detail to consider before 

looking at the financials. As mentioned in the first sections, the PV park grid connection is 

made through a cable connection to a substation. The site in Ortiga has E-REDES’ substation 

Belver at a distance of 3km, while the two in Castelo have substation Pracana at a distance of 

16km, which will result in higher costs.  

9.4.4 Cost Assessment  

To assess the Engineering, Procurement and Construction (EPC) cost - total capital needed to 

build the solar farm – and other costs, estimates for parameters were provided by GENERG 

using internal market analysis and industry averages.   

9.4.4.1 Economic Feasibility of the Castelo Solar Park  

The total main cost of the solar PV project is €12.42 million, averaging €0.83 per Wp. The 

largest expense is the delivery and installation of balance of plant (BoP) - costs to support the 

infrastructure and systems of a power plant needed to deliver the energy-, materials and 

equipment, totaling €5.08 million. PV module supply, including handling, amounts to €1.65 

million. Civil works cost €869,000, while studies, design, and engineering account for 

€554,000. Interconnection-related expenses, due to the distance of 16km to the substation, totals 
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€3.25M. Other miscellaneous costs amount to €1.66 million (For a more detailed breakdown 

on the costs for Castelo’s joint solar park, check appendix IX.22 and IX.23) 

The overall investment value is equal to the total cost (€12.42m + €1.66m = €14.08m), divided 

by the Direct Current (DC) Capacity, the aggregated rated power output of the solar panels, 

14,984 kWp. Thus, the investment for the project is €945,824.0/MWp.  For the capital structure 

to accomplish the investment value, in conversation with Eng. Tiago Barata, a Debt-to-Equity 

ratio of 65% (Total debt equal to €614,785.60) was established, as per industry averages, with 

a debt maturity of 15 years, paying 4.5% interest. The values for taxes and inflation were pre-

defined at 23.5% and 2.0%, respectively.   

Finally, to compare the two projects the €/MWh was calculated for the project to break even, 

in this case, to get a 0% Total Internal Return (TIR) on Equity. This value at maturity (25 years), 

holds when the MW/h price was fixed to €38.00 (Meaning that a PPA of €38.00/MWh is the 

minimum price to break even on the project at maturity). This value is otherwise called the 

Levelized Cost of Energy (LCOE) and is pivotal when assessing PV projects. (Check appendix 

IX.24 for information on the debt, investment, LCOE and IX.25 for the income statement). 

9.4.4.2 Economic Feasibility of the Ortiga Solar Park  

The main project cost is €9.28 million (€0.64 per Wp). Key expenses include €1.6 million for 

PV module supply, €4.92 million for BoP materials and installation, and €841,000 for civil 

works. Studies, design, and engineering cost €537,000, while interconnection expenses amount 

to €660,000, much less than Castelo’s due to a 3km distance to the substation, rather than 16km. 

Other costs, like land acquisition, and contingencies, total €1.66 million (For a detailed 

breakdown on the costs for Ortiga’s solar park, check appendix IX.26 and IX.27).  

The overall investment value is then equal to the total cost (€9.28m + €1.66m = €10.94m), 

divided by the DC Capacity, the aggregated rated power output of the solar panels, 14,502 kWp. 
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Thus, the investment for the project is €735,834.38/MWp. For the capital structure, the same 

Debt-to-Equity ratio of 65% (Total debt equal to €478,292.35) with a debt maturity of 15 years, 

paying 4.5% interest. The same values for taxes and inflation were also used (23% and 2.0%, 

respectively). In this case, to get a 0% Total Internal Return (TIR) on Equity, the LCOE is lower 

than in the Castelo PV Park, at €31.3 Megawatt/Hour (Meaning that a PPA of €31.3/MWh is 

the minimum price to break even on the project at maturity). (Check appendix IX.28 for 

information on the debt, investment, LCOE and IX.29 for the income statement). 

9.4.4.3 Conclusions and Price Sensitivity Analysis on ROE 

The final sites reflect the culmination of an in-depth analysis of the initial pool of 16 candidates. 

Both projects exhibit robust financial structures and competitive investment metrics. Even so, 

Ortiga shows a slight advantage with a lower Levelized Cost of Energy (LCOE) of €31.3/MWh, 

compared to Castelo’s €38.0/MWh, suggesting a more favorable break-even price over its 25-

year operational lifespan. Figure 9.11 illustrates the sensitivity of Return on Equity (ROE) to 

variations in the €/MWh price defined in the Power Purchase Agreement (PPA), with the Q1 

2024 average of €44/MWh (Future Energy GO. 2024) highlighted (Appendix IX.30 shows a 

simple overview of both projects’ outcome). 

 

Figure 9.11 - Sensitivity Analysis of PPA price to ROE in Ortiga and Castelo 
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At this PPA value, Ortiga’s 25-year project yields a projected ROE of 6.7%, compared to 

Castelo’s 2.6%. While both sites present strong potential, this analysis underscores the 

advantages Ortiga holds, due to the close distance to the substation, yielding much lower 

interconnection costs and thus higher ROE.  

9.5 Limitations 

While there is a solid foundation for this analysis, outputting detailed results, the simulations 

are made by software that is not publicly available, meaning that, to replicate this study for 

other sites, it would require the use of the software and simulators that were provided by 

GENERG, which are not publicly available, thus limiting any additional analysis in the region. 

9.6 Conclusion - Recommendations and Future Work 

The sites analyzed in this section were initially selected from the predefined solar panel 

locations in Mação’s OIGP. Future research could explore other areas of Mação using similar 

methodologies to identify additional potential sites that could feasibly undergo POSP 

modifications, potentially meeting similar or even superior orographic criteria. Regarding the 

two final proposed sites, which demonstrate strong financial viability, it is recommended that 

a comprehensive study be conducted by relevant entities, such as E-REDES, GENERG, and 

the AZR, to further validate the project's potential as a sustainable source of revenue for 

Mação. 
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Appendix 

Appendix II - Mação 

          

Figure II.1: COS Map | Source: Matias 2023 

    

Figure II.2: COS Area distribution 
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Figure II.3: Hypsometry in Mação 

 

Figure II.4: Map Hypsometry in Mação | Source: Matias 2023 
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Figure II.5: COS Hypsometry in Mação  

                 

Figure II.6: COS Map Mação | Source: Matias 2023 
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   Figure II.7: Current Land Use Map in four specific AIGPS        

 

Figure II.8: Proposed Land Use Map in four specific AIGPs 
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Appendix IV – StandsSIM  

 

Figure IV.1 – Online Simflor Interface 

 

 

Figure IV.2 – StandsSIM output file: output_dd 

 

 

Figure IV.3 – StandsSIM output file: output_npv 
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Figure IV.4 – StandsSIM output file: output_yieldtabl 

Appendix V – The case of Maritime Pine 

Appendix V.1: Growing Cycle 
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Figure V.1: Diameter and height variations in maritime pine (Matias, 2023) 

 

 

 

Appendix V.2: Developed Models - Growth and Economic Model 

 

The first goal was to develop a mathematical model to predict growth and economic return from 

maritime pine stands. This model aimed to simulate the lifecycle revenue generated from wood, 

resin and biomass, using user-provided data, such as the management that would be practiced 
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in terms of thinning and final cut processes, as well as some characteristics of the stand itself, 

more properly, its age.  

To begin, equations for calculating wood volume and biomass weight were adopted from 

existing research. For wood volume, Equation 1 was used, 

(1) 𝑃𝑣𝑢𝑑𝑖 = 𝑒
−1,41300∗(

𝑑
𝑖
4,3488

𝑑4,3188)
, with 𝑑𝑖 = 𝑑 (−2,1823 ∗ (

ℎ𝑖

ℎ
− 1) + 0,8591 ∗ (

ℎ𝑖
2

ℎ
− 1))

0.5

 

Equation 1: Equation selected for estimating the merchantable wood volume of Maritime Pine (excluding stump and bark) 

(Tomé et al. 2007) 

In this equation,  represents the diameter of an individual tree, in centimeters, measured at 1.30 

m heigh  ℎ is the total height of the tree, 𝑑𝑖 In this equation, 𝑑 represents the diameter of an 

individual tree, in centimeters, measured at 1.30 m height, ℎ is the total height of the tree, 𝑑𝑖 is 

the diameter measured at height ℎ𝑖 and 𝑃𝑣𝑢𝑑𝑖 is the proportion of volume without bark and 

stump, up to the topping diameter 𝑑𝑖. 

For biomass, separate Equations 2, 3 and 4 were applied to estimate the weight of the tree’s 

bark, branches and needles, 

(2) 𝑤𝑏 = 0,0114 ∗ 𝑑1,8728 ∗ ℎ0,6694, 

(3)  𝑤𝑏𝑟 = 0,00308 ∗ 𝑑2,75761 ∗ (
ℎ

𝑑
)

−0,39381

 

(4)  𝑤𝑙 = 0,09980 ∗ 𝑑1,39252 ∗ (
ℎ

𝑑
)

−0,71962

 

Equations 2, 3, 4: Equations for estimating biomass weight (Tomé et al. 2007) 

 

where (2), (3) and (4) represent the weight of the biomass, in kg, of the tree’s bark, branches 

and needles respectively.  
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When it comes to resin’s production, no equation was found, however, in average, trees with 

higher resin production were taller and thicker than trees with lower production (Rodríguez-

García et al 2014), which means that both height and diameter are variables that have an 

influence in the amount of resin that can be extracted from a maritime pine. 

While developing the model, several limitations were found, the primary one being the fact that 

there was no reliable age-dependent equation that accurately modeled the progression of height 

and diameter over the life cycle of Pinus pinaster. Accurate predictions for these attributes are 

essential because they directly influence calculations of wood volume, biomass weight, and 

resin production, which are the primary revenue sources for maritime pine stands.  

Moreover, the initial modelling intention was to treat each tree individually, since that is how 

maritime pine stands are treated, however this approach required a more precise modelling that 

could capture the variations in individual growth patterns, which was not possible due to the 

lack of data.  
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Appendix V.3: Results Analysis 

Dominant Height 

 

 

Figure V.2: Dominant Height over time for three site indexes 

Number of trees 

 

Figure V.3: Number of trees over time for Mação 5 
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Figure V.4: Number of trees over time for Mação Med 

 

Figure V.5: Number of trees over time for Mação 95 
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Basal area and Wood Volume 

Basal area consists in the total cross-sectional area of all tree trunks, at 1.3 meters above ground, 

per hectare and is a key measure for forest management and health assessment, since it indicates 

forest density, productivity and competition among trees. 

As expected, in Figure V.6 is visible that Mação 95 scenario has the highest wood volume, 

while Mação 5 has the lowest. The growth in wood volume accelerates significantly after the 

initial phase and the lowest values, coordinated in all three scenarios, represent harvesting 

operations.  

Moreover, higher productivity sites generally result in higher tree density and faster growth, 

consequently, leading to a higher basal area. In contrast, lower site indexes show the slowest 

growth in basal areas, with slower growth rates and fewer economic viable trees. These facts 

are clearly represented in Figure V.7, Mação 95, the higher productivity scenario, has high basal 

area, while Mação 5 shows a clear slowest growth in basal area over the time. 

 

Figure V.6: Wood volume over time for all site indexes           
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Figure V.7: Basal area over time for three site indexes 

EAA, NPV and NPV Sum 

 

Figure V.8: EAA over time for three site indexes 

 



 

 159 

 

Figure V.9: NPV over time for three site indexes 

 

 

Figure V.10: Cumulative NPV over time for three site indexes 
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Appendix V.4: Sensitivity Analysis 

Number of trees 

 

Figure V.11: Sensitivity Analysis of NPV with number of trees per hectare, for all three scenarios 

 

Table V.1: Summary of Sensitivity Analysis of NPV with Number of Trees per hectare 
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Beat-up Rate 

 

Table V.2: Summary of Sensitivity Analysis of the NPV with different Beat-up percentages 

 

 

Figure V.12: Sensitivity Analysis of NPV with Beat-up percentages 
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Final Cut ages 

 

 

Figure V.13: Sensitivity Analysis of the NPV with different Final cut ages 

 

Management Schedules 

 

Figure V.14: Sensitivity Analysis of NPV with management schedules, Mação 5 
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Figure V.15: Sensitivity Analysis of NPV with management schedules, Mação med 

 

Figure V.16: Sensitivity Analysis of NPV with management schedules, Mação 95 

 

 

Table V.3: Summary of the Sensitivity Analysis of the NPV with different management schedules 

Multivariate sensitivity analysis 
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Figure V.17: Multivariate Analysis: Final Cut Age vs. Max EAA. 

 

Figure V.18: Multivariate Analysis: Visualization of every combination of trees between the optimal and 

practiced schedules for all three productivity scenarios. 
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Figure V.19: Multivariate Analysis: Max NPV - Harvesting years vs. Trees per Hectare, Mação 5 

 

Figure V.20: Multivariate Analysis: Max NPV - Harvesting years vs. Trees per Hectare, Mação med 
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Figure V.21: Multivariate Analysis: Max NPV - Harvesting years vs. Trees per Hectare, Mação 95 

 

Table V.4: Summary of Multivariate Sensitivity Analysis 
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Appendix VI – The case of Eucalyptus  

Appendix VI.1: Developed Models - Growth and Economic Model 

 

The first approach was to develop a predictive growth and financial model. To start the model, 

Tomé et al. (2007) presented a selection of equations to estimate and predict all parameters 

needed for the model. eucalyptus’s wood is commercialized without the stump and the bark. As 

such, the function to calculate the volume of wood produced is given by equation 5. 

(5) 𝑃𝑣𝑢𝑑𝑖 = 𝑒
−0.6022∗(

𝑑𝑖
4.7767

𝑑4.4125)
 where 𝑑𝑖 = 𝑑 (−𝛽0 ∗ (

ℎ𝑖

ℎ
− 1) + 𝛽1 ∗ (

ℎ𝑖
2

ℎ
− 1))

0.5

 

Equation 5 – Volume of wood produced | Source: Tomé et al. 2007 

In this context, d represents the diameter in centimeters, h the height of the tree in meters and 

𝛽 needs to be estimated with data. 

i. Age-Dependent Model 

As for that with regard to age, developed by Richards (Richards 1959) is given by equation 6. 

(6) 𝑌𝑖 = 𝐴(1 −  𝑒−𝑘𝑡𝑖 )
1

1 − 𝑚 

Equation 6 – Estimations based on the tree’s age 

 

In this equation, 𝑌𝑖 represents the variable to be estimated at time t, 𝐴 is the asymptote – 

maximum value that 𝑌𝑖 can reach –, 𝑘 is the growth rate, 𝑚 is the shape parameter and 𝑡 is the 

tree’s age. Therefore, by inputting the age at which the tree is harvested, this equation returns a 

prediction of the height and diameter of the tree, which can then be used to calculate the wood’s 

volume production.   
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The unknown parameters were estimated by Francisco Goes (Goes 2012) and the final 

equations used to estimate the diameter in centimeters and height in meters are, respectively 

equations 7 and 8.

(7) 𝐷𝑖 = 114.49(1 − 𝑒−0.02𝑡𝑖)
1

1 − 0.183451  

Equation 7 – Diameter estimations based on the tree’s age 

(8) 𝐻𝑖 = 71.74(1 −  𝑒−0.019280𝑡𝑖)
1

1 –(−1.432148) 

Equation 8 – Height estimations based on the tree’s age

ii. Age-Independent Model 

On the other hand, the function that does not consider age calculates both wanted parameters 

as an annual growth compound. So, if the user knows the current diameter and height of the 

tree, the equation calculates the values for the upcoming years annually until the harvest year. 

The general function was developed by Richards (Richards 1959) and is represented by 

equation 9. 

(9) 𝑦𝑖+1 = 𝐴 (1 −  𝑒−𝑘(1 – 
𝑦𝑖

𝐴⁄ )
1−𝑚

)

1

1 – 𝑚
 

Equation 9 – General age-independent equation to estimate height and diameter as a compound 

For the diameter, this function is referred to as Richards-k, and the parameters were estimated 

by Francisco Goes (Goes 2012) as presented in equation 10. 

(10) 𝑑𝑖+1 = 114.495975(1 −  𝑒−𝑘(1 −  
𝑑𝑖

114.495975
⁄ )1 − 0.183454)

1

1 − 0.183454 

Equation 10 – Diameter estimations independent of the tree’s age 

where k is defined as shown in equation 11. 

(11) 𝑘 = 0.031391 + 0.001838 𝑝𝑢𝑟𝑜 −  0.000516𝐺𝐿 + 0.002904
1

𝐺
−  0.000408 𝑇𝑒𝑚𝑝 𝑚𝑒𝑑 max 𝑚𝑚𝑞 −  0.008075𝐺𝑝𝑒𝑟𝑐 

Equation 11 –Estimation of the parameter k 

For the height, the equation 12 is known as Richards-m with parameters also estimated by 

Francisco Goes (Goes 2012). 
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(12) ℎ𝑖+1 = 71.735833(1 −  𝑒−0.019280(1 −  
ℎ𝑖

71.735833
⁄ )1−𝑚)

1

1 − 𝑚  

Equation 12 – Height estimation independent of the tree’s age 

where m is defined by equation 13: 

(13) 𝑚 = −1.432148 − 0.135726 𝑎𝑙𝑡𝑜 𝑓𝑢𝑠𝑡𝑒 + 0.039946𝐺𝐿 − 0.223946
𝑁𝑣𝑖𝑣

1000
+ 0.073757 𝑇𝑒𝑚𝑝 𝑚𝑒𝑑 + 0.188293 𝐺𝑝𝑒𝑟𝑐 

Equation 13 – Estimation of the parameter m 

Finally, the biomass calculation was also included with the equations presented in Figure VI.1, 

present in the appendix, developed by Tomé et al. (2007).  

 

Figure VI.1 – Equations to estimate the eucalyptus’ biomass (Tomé et al. 2007) 

 

With the wood produced from the tree and its biomass, the only thing left is to multiply those 

values by the corresponding selling price, inputted by users. That will return the profit collected 
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at the final harvesting of the stand per hectare. Multiplying this value by total hectares planted 

and the users get the total profit of their plantations. 

 

Appendix VI.2: Results Analysis 

Number of trees 

Figures VI.2, VI.3 and VI.4 show that regardless of the site index, the number of trees remains 

the same for all scenarios. This result was expected, as the site index only influences the 

productivity (wood volume produced) rather than tree density. This graph fully illustrates the 

process of shoot regeneration in eucalyptus coppicing practices. As explained in Section 6.3, 

after harvest, the stumps left in the ground regenerate by producing multiple new shoots, leading 

to a sharp increase in tree numbers during years after harvest, 14-15 and 25-26. Then, during 

years 15 and 26, shoot selection is performed, reducing the number of shoots per stump back 

to the values seen during the first rotation.  

 
Figure VI.2 – Number of trees over time for Mação_5 
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Figure VI.3 – Number of trees over time for Mação_med 

 

Figure VI.4 – Number of trees over time for Mação_95 

Basal area 

Another graph depicting basal area is shown in Figure VI.5. It represents the cross-sectional 

area of trees at 1.3 meters and is commonly used to describe a stand’s density. In Mação, higher 

site indexes correspond to larger basal areas, justifying their superior productivity. After each 

harvest at 13, 24 and 35 years, the basal area is zero because there are no stumps. Shoot selection 

happened in year 15 and 26, represented by the fluctuation in those years. The observed 

decrease in the basal area during the second and third rotation can be justified by the decrease 

in number of trees, seen in Figures VI.2, VI.3 and VI.4.  
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Figure VI.5 – Basal Area over time for all site indexes 

EAA 

Figure VI.6 shows that the EAA remains consistently negative for all site indexes until the first 

harvest at year 13, as the  total costs are the same across all site indexes. As higher site indexes 

generate more wood volume and at a faster rate, the EAA is greater for Mação 95, whereas it 

remains negative for Mação 5. As the cycle progresses, the EAA rises further during the second 

and final cut. Contrarily, Mação 5 remains unprofitable throughout the entire lifecycle, with a 

consistently negative EAA, highlighting that planting in low site indexes should not be 

considered. 

The graph for yearly NPV is illustrated in Figure VI.7. As most costs occur in the first years 

due to land preparation, planting, and fertilization, the NPV is negative during these years in all 

site indexes. Moreover, yearly NPV becomes negative in years with silvicultural operations and 

remains null except for harvest years, when revenue is generated.  

Although NPV turns positive during harvest years – years 13 and 24 – in Mação 5, these gains 

are insufficient to outweigh the negative NPV incurred during initial years. Additionally, the 
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NPV in the second rotation is lower than in the first due to fewer trees and reduced wood volume 

(Figure VI.2, VI.3, VI.4.) 

Overall, the analysis confirms that higher site indexes yield significantly better financial 

outcomes, and plantations in low site indexes, like Mação 5, should be avoided. 

 

Figure VI.6 – EAA over time for all site indexes 

 

Figure VI.7 – Yearly NPV over time for all site indexes 
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Appendix VI.3: Sensitivity Analysis 

Final Cut Age 

 

Figure VI.8 – Final Cut Age VS EAA for Mação 5 

 

Figure VI.9 – Final Cut Age VS EAA for Mação med 
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Figure VI.10 – Final Cut Age VS EAA for Mação 95 

 

Rotation Duration 

 

Figure VI.11 – Rotation 1 duration VS EAA for Mação 95 

 

Figure VI.12 – Rotation 1 duration VS EAA for Mação med 

 

Figure VI.13 – Rotation 1 duration VS EAA for Mação 95 
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Figure VI.14 – Rotation 1, 2 and 3 durations VS EAA for Mação 5 

 

Figure VI.15 – Rotation 1, 2 and 3 durations VS EAA for Mação med 

 

Figure VI.16 – Rotation 1, 2 and 3 durations VS EAA for Mação 95 
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Beat-up Rate 

 

 

Figure VI17. – NPV for different beat-up rates 
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Appendix VII - The Case of Cork Oak  

Appendix VII.1: Coark Oak Characteristics 

 

 

Figure VII.1 - Distribution Area of “Montados” in Continental Portugal (Matias 2008) 

Figure VII.2 - Cork Oaks in Ortiga, Amêndoa, Castelo and Carvoeiro (according to POSA) 
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Figure VII.3 - Proposed Cork Oaks in Ortiga, Amêndoa, Castelo and Carvoeiro (according to POSP) 
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Figure VII.4 - Growing Cycle of the Cork Oak 

 

Appendix VII.2: Developed Models - Growth and Economic Model 

Baseline Economic Model for the Cork Oak 

The baseline economic model serves as an initial model for the cork oak. It consists of a 

simplified approach designed to simulate the growth and yield of individual cork oak trees and 

its revenue, specifically the revenues generated from the cork extraction.  
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Key Parameters 

The baseline economic model developed for a single cork oak uses specific parameters to 

simulate a cork oak growth and its economic results. For this model, other biomass beyond cork 

were not considered. The focus was on understanding the impact of cork extraction on revenues, 

since this is main purpose when planning a new cork oak stand.  

For this model, growth rates are also important because they define the tree's yearly expansion. 

Furthermore, in this model the cork oak's age has a significant impact on both the quality and 

quantity of cork, especially when distinguishing between virgin cork and “amadia” cork. The 

cork extracted on the second harvest for the model is also classified as “amadia”, since 

determining its quality and price and how much it distinct is challenging with no concrete data 

available on that. 

The management practices also play an important role in shaping this model. The operations 

include the harvest interval and the year of the last harvest, if it is not the first harvest and the 

tree have been harvested before, or the planting year, in case it is the first harvest. Other input 

is the maximum number of harvests, which determines how many times a cork oak can be 

stripped during its lifetime, in this context represents for how long the cork oak will generate 

revenues. 

In this initial model, the virgin cork price indicates the value (€ per kg) of cork from the first 

harvest, and the “amadia” cork price, for the following harvests, were the only considered 

factors to calculate the revenue of an individual cork oak tree. 

Logic and Functionality 

To simulate the economic returns of cork oak management it is important to estimate the cork 

yield and the corresponding revenues over multiple harvests during the tree’s lifespan. The 

process is split into two main parts: calculating the cork weight and determining the revenues. 



 

 182 

The sequence of harvests and their calculations follow the management practices mentioned 

above. If the cork oak is being harvested for the first time, the starting year is calculated by 

adding 25 years to the planting year, with this being the considered age for the tree to have a 

sustainable development. For subsequent harvests, the starting year is determined by adding the 

harvest interval to the year of the previous harvests. 

After the starting year is determined, the model progresses through each harvest by 

incrementing the year by the harvest interval and updating the harvest count. This process 

repeats until the maximum number of harvests is reached, calculating, for each harvest, the cork 

weight and revenue using the appropriate equations. 

For virgin cork the weight is calculated using equation: 

(1) 𝑊𝑣 = −2.56859 + 0.02740 × ℎ𝑑 + 0.00074351 × 𝑐2 

Equation 6.1 - Virgin Cork Oak Estimation for an Individual Tree(Tomé 2004) 

In the equation, hd is the height of cork harvest (in meters), and c is the trunk circumference at 

1.3 meters over cork (in meters). For the “amadia” cork the weight is calculated using the 

equation: 

(2) (0.0618 × 𝑑𝑢1.0418 × ℎ𝑑0.6527 × 𝑐𝑡{0.4588)} × (1 − (
𝑤 cos 𝑡𝑎

100
) ×

𝑐𝑡

𝑐𝑡9
) +

(0.0618 × 𝑑𝑢1.0418 × ℎ𝑑0.6527 × 𝑐𝑡0.4588) ×
𝑤 cos 𝑡𝑎

100
 

Equation 6.2 - Amadia Cork Weight Estimation for an Individual Tree (Tomé 2004) 

In this equation du is the diameter at 1.30 meters (in centimeters), hd is the height of cork 

harvest (in meters), ct is the cooked cork caliber (in millimeters), and wcosta is the percentage 

weight of cork back. Revenues for each type of cork are then calculated by multiplying the 

respective weights by the market price: 

(3)  𝑅𝑣 = 𝑊𝑣 × 𝑃𝑣  

Equation 6.3 - Revenue for Virgin Cork Extracted from an Individual Tree 
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(4) 𝑅𝑎 = 𝑊𝑎 × 𝑃𝑎  

Equation 6.4 - Revenue for Amadia Cork Extracted from an Individual Tree 

In these two equations, P is the price per kilogram. Overall, this baseline model integrates 

growth dynamics, cork harvest schedules, and market factors to estimate cork yields and 

revenues, providing a comprehensive view of the economic potential throughout a cork oak's 

lifecycle.  

Limitations 

This model differs from the SUBER, particularly in how it handles growth dynamics. Cork oaks 

have considerable genetic and environmental variability, and while this model captures the 

specifics of one tree, it struggles to consider differences between trees. The use of simplified 

growth equations, which rely on fixed parameters and assumptions, may not fully capture the 

complexity of cork oak growth.  

Moreover, this model only considers revenues and does not consider the costs related to forestry 

operations like planting, maintenance, and thinning. Because of this, the model does not provide 

a full economic assessment, ignoring the costs that have a significant impact on overall 

profitability. 

SUBER addresses these limitations by considering genetic and environmental variability, using 

more detailed growth equations, and considering both revenues and costs. Its approach at the 

stand level and its ability to adjust growth and cork harvest schedules dynamically make it a 

completer and more realistic tool for managing cork oak forests. 
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Appendix VII.3: Sensitivity Analysis 

Table VII.1 - Operations used in the Analysis, Years that Occur and their Costs 

 

Figure VII.5 - Net Present Value Evolution Across 100 Years for Different Planted Trees Densities 

 

Figure VII.6 - Cumulative Virgin and “Amadia" Cork Extracted Evolution Across 200 Years for Different 

Planted Trees Densities 
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Figure VII.7 - Cumulative Revenues and Expenses Evolution Across 200 Years for Different Planted Trees 

Densities 

 

 

Figure VII.8 - Cumulative Profit Evolution Across 200 Years for Different Planted Trees Densities 
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Figure VII.9 - Cumulative “Amadia” Cork Extracted Evolution Across 200 Years for Different Harvest Intervals 

 

Figure VII.10 - Cumulative Expense and Revenue Evolution Across 200 Years for Different Harvest Intervals 
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Figure VII.11 - Cumulative Total Profit Evolution Across 200 Years for Different Harvest Intervals 

 

 

Figure VII.12 - Cumulative “Amadia” Cork Extracted by Tree Age at First Harvest 

Table VII.2 - Best 10 Variable Combinations for Maximizing Live Tress for 200 Years 
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Table VII.3 - Best 10 Variable Combinations for Maximizing Cumulative ”Amadia” Cork Extraction for 200 

Years 

Table VII.4 - Best 10 Variable Combinations for Maximizing NPV for 50 Years 

Table VII.5 - Best 10 Variable Combinations for Maximizing NPV for 100 Years 
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Table VII.6 - Best 10 Variable Combinations for Maximizing NPV for 200 Years 
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Appendix VIII – The Case of Olive Tree  

Appendix VIII.1 – Inputs of the Developed Model 

 

Figure VIII.1 – Inputs of the developed model’s structure 

 

Appendix VIII.2 – Simulation of the Developed Model 

 

Figure VIII.2 – Simulation Structure 
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Appendix VIII.3 – Outputs of the Developed Model 

 

 

Figure VIII.3 – Outputs of the developed model’s structure 

 

 

 

 

Appendix IX – The Case of Solar Panels   

Appendix IX.1: Initial Selection  

 

Figure IX.1 - Polygon 4's (Carvoeiro) Hipsometry (%) Visualized 
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Figure IX.2 - Polygon 2's (Penhasocos) Hipsometry (%) Visualized 

Appendix IX.2: Final Selection  

 

 

 

 



 

 193 

 

Figure IX.3 - Area of Polygon 5’s terrain with slope above 20% 

 

Figure IX.4 - Area of Polygon 6’s terrain with slope above 20% 
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Figure IX.5 - Area of Polygon 1’s terrain with slope above 20% 

Appendix IX.3: Final Sites Simulations   

 

 

Figure IX.6 - Castelo’s Joint Sites Project Summary 
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Figure IX.7 - Castelo’s Photovoltaic Modules' Characteristics 

 

Figure IX.8 - Castelo’s Losses due to Direct current (DC), soiling and others 
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Figure IX.9 – Castelo’s Alternative Current (AC) Losses 

 

Figure IX.10 – Castelo’s PV Energy Production Data 
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Figure IX.11 – Castelo’s Summary of Monthly Irradiation, Temperature, Production and Performance 

 

Figure IX.12 - Castelo's System Output Power Distribution 
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Figure IX.13  – Castelo’s Loss Diagram 

(Ortiga) 

 

Figure IX.14 – Ortiga’s Project Summary 



 

 199 

 

Figure IX.15 – Ortiga’s Photovoltaic Modules' Characteristics 

 

Figure IX.16 – Ortiga’s Losses due to Direct current (DC), soiling and others 

 

Figure IX.17 – Castelo’s Alternative Current (AC) Losses 
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Figure IX.18 – Ortiga’s PV Energy Production Data 

 

Figure IX.19 – Ortiga’s Summary of Monthly Irradiation, Temperature, Production and Performance 

 

Figure IX.20 – Ortiga’s System Output Power Distribution 
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Figure IX.21  – Ortiga’s Loss Diagram 
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Appendix IX.4: Cost Assessment  

 

Figure IX.22 - Castelo's Engineering, Procurement and Construction Costs Summary 
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Figure IX.23 - Castelo's Other Costs 
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Figure IX.24 - Castelo's Debt, Investment and Cost at LCOE  

  

Figure IX.25 - Castelo's Income Statement at LCOE 
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Figure IX.26 – Ortiga’s Engineering, Procurement and Construction Costs Summary 
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Figure IX.27 – Ortiga’s Other Costs 

 

Figure IX.28  – Ortiga’s Debt, Investment and cost at LCOE  
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Figure IX.29  - Ortiga’s Income Statement at LCOE 

 

 

Figure IX.30  - Project’s Simple Overview 
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