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Resumo 

 

As alterações climáticas, a segurança do abastecimento energético e o esgotamento das reservas de 

combustíveis fósseis são problemas bem conhecidos que determinam a necessidade de procura de 

alternativas viáveis e sustentáveis de produção de energia. Estas alternativas incluem a eficiência 

energética e a geração de energia a partir de fontes renováveis. Contudo, a infraestrutura energética 

mundial foi desenhada para as tecnologias convencionais, baseadas em combustíveis fósseis que 

desde há muito proporcionam grandes quantidades de energia de forma económica. Esta flexibilidade 

dos combustíveis fósseis permite a produção de energia a qualquer momento que seja necessário. 

Por outro lado, a intermitência das fontes de energia renovável como por exemplo o são a energia 

eólica ou a solar fazem com que estas não sejam flexíveis. A sua natureza intermitente introduz 

barreiras à sua elevada penetração no sistema elétrico, tais como a dificuldade de corresponder a 

sua produção com a procura por parte da população. Além disso, em algumas regiões do globo as 

reservas de água são escassas, e a situação pode piorar devido às alterações climáticas. Como tal, é 

importante estudar se é possível obter uma relação sinergética entre estes dois setores. O objetivo 

deste estudo é desenvolver uma ferramenta tecno-económica para analisar cenários específicos de 

penetração de energias renováveis, focando essencialmente no setor elétrico e da água e 

considerando a integração das tecnologias de conversão de energia mais apropriadas. Finalmente, a 

ferramenta desenvolvida é aplicada à ilha de Porto Santo, na Madeira. 

 

Palavras chave:  

Energia em ilhas, Planeamento energético, Sistemas elétricos isolados, Integração de energias 

renováveis, Fontes de energia renovável intermitentes, Dessalinização 
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Abstract 

 

Climate change, security of energy supply and fossil fuels depletion are well-known issues that 

determine the need of finding pathways for sustainable energy generation. These pathways include 

energy efficiency and renewable energy generation. However, the worldwide current energy 

infrastructure was designed for conventional technologies, based on fossil fuels that have provided 

large and cheap energy storage. This flexibility of fossil fuels enables the generation of energy 

whenever is required. Moreover, variable renewable energy sources (RES) as wind or solar are not 

flexible since energy generation from these sources is intermittent. This intermittent nature introduces 

barriers to the penetration of energy from these sources into the power supply system, like the 

struggle to match demand with supply. Moreover, in some regions of the globe the water supply is 

limited, and the situation should become worse due to climate change. Hence, it is important to study 

if there is a significant synergetic relation that can be obtained by coupling these two sectors. The 

objective of this study is to develop a techno-economic modelling tool to conduct an analysis of 

specified renewable energy penetration scenarios, focusing mainly on the power and water sectors 

and considering the integration of the most suitable RES conversion technologies. Finally, the 

developed modelling tool is applied to the island of Porto Santo, in Madeira. 

 

Keywords: 

Energy in Islands, Energy Planning, Isolated Power Systems, Renewable Energy Integration, 

Intermittent Renewable Energy, Desalination 
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1. Introduction 

1.1 The 3 E’s 

Great challenges are lining ahead of us. The key to understand and cope with those challenges calls 

for the ability to put things into context. Indeed, our energy supply is a very important issue because 

without energy we can do virtually nothing. However, this energy sphere cannot be treated 

independently. In fact, there are 3 E’s closely interconnected, which are the energy, economy and 

environment. Before the agricultural revolution (which occurred at about 10,000 BC) our energy supply 

was extremely limited and hence was too our technology and development. From that point forward 

and for the first time we could finally control our food supply (human energy source) and thus a major 

onward step was given. First cities were born, as more people gathered in the same place. The 

economy emerged too, however our access to energy was still reduced and so the economy was too 

rudimentary (a barter-based one). Only thousands of years later we saw the next major advancement 

with the industrial revolution. The transition from biomass to coal (energy) along with the invention of 

the steam engine (technology) led to this second major progress. Barely after it, when oil was 

discovered in substantial amounts and with easy access, the economy was transformed again as oil 

and liquid fuels quickly became our predominant source of energy. With that, we had the largest 

growth of our society in the last 150 years. Figure 1.1 underlies this pattern. 

 

Figure 1.1 – The 3 E’s cycle 

Historically this has always been true. From a better source of energy (wood to coal and later coal to 

oil) comes a higher shared value (economy). This, in turn with the passage of time (∆t) translates into 

a better knowledge (technology). And finally, a better technology gives us the possibility to rearrange 

raw materials, resources (environment) and energy in a way that they were never before, advancing 

us as a society. The problem is that some collateral effects emerge during the process. This is what is 

today known as climate changes and unprecedent natural events tell us they are very real.  

In 2015, the Climate Change Agreement (Paris Agreement) was signed and countries committed to 

reduce their emissions. The biggest aim is to limit the increase of the global average temperature 2ºC 

above pre-industrial levels [1]. Unfortunately, 2016 was the hottest year since the first records of 1880 

[2]. On the other hand, a substantial portion of the world population lives in coastal zones [3] and while 

the sea levels rising rate per se might not seem so alarming, that combining with increasing incidence 
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of extreme weather events can just be the right match for unprecedented floods to cause billions in 

material damage. Moreover, another major consequence of these climate changes are the 

perturbations to the hydrological cycle which in turn affects the water system and our access to 

potable water sources [4]. The side-effects from technology use can be described as shown in Figure 

1.2. 

 

Figure 1.2 – The side-effects of technology use 

This cycle competes with the previous and the one that prevails can very well dictate our future. There 

is only a window of time to act before irreversible patterns start to gain momentum and that is why 

urgent actions are needed. According to [5] the electrical, heat and transportation sectors are among 

the largest greenhouse gas (GHG) emitters. That is why an increasingly enthusiastic movement is 

being seen in the renewable energies sector and electric vehicles. However, the time scale required to 

shift an entire industry from one energy source to another is not immediate, or at least it has not been 

historically. In 2016, from the global final energy consumed, the renewable share represented about 

19% and 24% in terms of renewable electricity from the total of 24,000 TWh of worldwide consumed 

electricity [6,7].  

On the other hand, the transport sector is composed of about 1,200 million vehicles in the world [8] of 

which a little over 2 million are fully electric vehicles (EV) [9], or only 0.2% of the total. Despite most 

cars still use liquid fossil fuels as the energy source, one car today produces on average as many 

pollutant elements as one hundred cars did in the 1970s [10]. Particulate matter and NOx2 capture 

technology evolved tremendously in diesel engines as regulation pushed for higher standards as 

particulate matter filters can now reduce emissions from diesel vehicles by over 99% [10]. 

The U.S. Energy Information Administration points in their 2016 report [11] that there will be a huge 

growth in energy demand particularly from non-OECD countries like China and India. According to this 

report, it is expected that by 2040 the renewable share of the total global electricity consumed will be 

roughly 30%. Still, renewable technologies will be the fastest growing source of the electrical sector 

followed by natural gas. Regarding the transport sector and for the same year of 2040 it is expected 

that liquid fuels remain as the dominant source of energy. However, this may very well be proved 

                                                           
2 Responsible for millions of premature deaths worldwide every year. 
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wrong, depending on the choices that are made from now on particularly in non-OECD developing 

countries. In annex A (Figures A.1 and A.2) it can be found two very distinct energy paths until 2040 

and 2050. 

It is also remarkable to note that the renewable energy sector can be a big driver of the economy. 

Regarding the U.S. jobs sector, it is stated in [12] that by rebuilding the U.S. energy infrastructure and 

modernizing the grid, while diversifying the energy mix and reducing the energy consumption in both 

the U.S. built environment and motor vehicles, America’s labor markets are being revitalized by new 

energy and transportation technologies and States such as California and Texas, which have 

abundant solar and wind resources have shown impressive employment gains, despite some losses 

linked to low fossil fuel prices. On the other hand, coal-dependent states such as West Virginia and 

Wyoming have seen declines in employment since 2015. 

It appears that the big question to answer is: do we have enough time to deal with climate changes, 

given the fact that these are so slow in terms of time scale that it will only be needed another 

technological leap to solve all these environmental problems or are we really running out of time, and 

decisive measures are needed to ensure a sustainable future for our species? Transforming the entire 

energy and electrical structure to a green and renewable one will require time, patience and prudence. 

However, doing nothing is not an option either as the evidence is too strong to risk our future.  

1.2 A smart energy future 

Because climate (global) change is a reality, there is a need to go smart. There is a need to be smart 

on how we will (re)design the energy and non-energy systems. In the next decades, extremes will be 

the new normal as some regions of the globe will experience increasingly elevated temperatures while 

others increasingly lower ones. The same will apply for precipitation levels and other climate key 

indicators. These climate changes greatly affect the water system and how it is thought and built, and 

that is why its integration in the energy system must constitute a priority in some regions. Desalination 

plants may have to be installed in places that were never in need of due to drought and increased 

evapotranspiration levels. The energy and non-energy infrastructure may profit a great deal if well 

integrated, emerging robust and smart enough for the coming future. 

When the electrical grid was built, electricity demand was very modest and mostly localized. The grid 

was (and still is) basically a just-in-time system where electricity is produced from fossil fuels in 

thermal power plants (PP) whenever was needed. Just over a century later, the world become an 

electrified environment as the overall energy demand skyrocketed. However, higher demands also 

imply higher supplies of fossil fuels which directly mean more GHG emissions and that is why the grid 

needs improvements to accommodate all these changes, both with the integration of renewable 

energy sources (RES) and with energy efficiency developments.  

Smart grids can be the enabler of this transition. A smart grid can be defined as an intelligent and 

digitized energy network delivering electricity in an optimal way from source to consumption. This is 

achieved by integrating information, telecommunication and power technologies within the energy 

system and benefits include better energy efficiency and overall reliability and resilience of the energy 
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network. In a smart grid system, smart meters are used to enable a two-way communication, as these 

devices are installed in domestic houses and will communicate to the utility in real time. These will 

benefit both the domestic population that will better screen their energy consumption levels while also 

having the option to control the electrical appliances through remote control and for utilities by 

improving the efficiency of their energy generation system according to better demand pattern 

knowledge, thus reducing their operating costs. 

Yet smart meters are only the first step in building a smart grid. Other devices and technologies will be 

also needed. For instance, a robust and reliable communication system must emerge, that will 

connect all the appliances (internet of things) to achieve maximum communication in real time. 

Because of that, there will be an exponentially greater amount of information in circulation and thus a 

bigger need to store and process it (big data and decentralized technologies). Finally, a great deal of 

processing power will also be needed in this intelligent system (Moore’s law and quantum-computing). 

These and other smart technologies will be essential to ensure this transition however several 

obstacles stand in the way. For instances, in 2016, 95% of the world total electricity consumed was 

supplied either from thermal power plants or hydro power [6]. Only hydro power is a renewable energy 

source, however they both share a very important characteristic. In a case of a sudden frequency 

disturbance in the electrical grid, which is not uncommon, these two technologies (especially the 

thermal power plants) based on large rotating masses instantly and automatically provide the 

necessary inertia to restore the grid’s balance and prevent it from collapse. This is very important in 

terms of maintaining electricity quality and security standards, and it is something that other RES (e.g. 

wind or solar) technologies cannot offer since they both use non-synchronous inverters. To recognize 

how important this is, in the U.S. and according to [13] the electricity system is 99.97% reliable, yet it 

still allows for power outages and interruptions that cost Americans at least $150 billion each year. 

When all these technology barriers and constraints became resolved, virtual power plants (VPP) can 

finally emerge. The VPP concept allows utilities to aggregate costumers and producers by type and 

location, instead of treating all costumers as one. A VPP is basically a combination of dispersed 

generation (usually RES) and storage units that participate in the power market independently for the 

sole purpose of trading their electricity and minimizing system costs. By doing so, better forecast, 

reliability and system flexibility emerge, and main benefits include lower costs of producing electricity 

since the demand peaks are better managed and demand response strategies are more efficiently 

applied. Also, less losses incur in the transport and distribution system since electricity does not 

necessarily need to originate from distant power plants, instead it could come from a nearby producing 

or stored source. Finally, since there is a full integration of the energy system, the spinning reserve, an 

important security parameter which is basically the amount of power that is not being used (thus acting 

as a reserve) but can be immediately used if needed, will be also higher, ensuring the overall security 

and stability of the power system [14,15]. 

In addition to all of this, public acceptance is a very important factor too. Once the prices of the 

renewable energy sector dictate that it really makes economic sense to go for 100% renewable, a 

better technology, energy system, economy and resource consumption emerges. Here, the collateral 
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effects created by this new system could be in the form of freedom and data protection issues as well 

as potential medium to long-term negative health effects due to an exponential increase of 

electromagnetic fields, as small sensors and computers appear to be pretty much everywhere and in 

constant communication. 

A cornerstone to the future of a balanced, secure and reliable energy system starts with these smart 

grids, which will reduce the cost of energy and allow for higher renewable penetrations and hence 

environment preservation. And by the time that the renewable energy sector will really be capable of 

showing profitable budgets and thus security for the investors, the overall economic boost and job 

creation can finally become an unquestionable reality. A mix of RES operating in this new and more 

efficient grid can be the best solution for this energy transition from fossil fuels to a greener and more 

efficient energy, environment and economic sphere. Ultimately, the grid will be (artificially) intelligent 

enough to run by itself: by distributing and controlling the entire energy supply in accordance to the 

best, real-time information. The entire system is thus fully automated and connected and 

communicates with itself. With this, in theory, maximum optimization and efficiency can be achieved. 

1.3 Objectives 

As it became clear from the two previous sections, action is needed. There is a real urgent need to go 

green and not just in the energy sector but in all sectors. This study focuses specifically on the 

electrical sector (an energy sector) and on the water sector (a non-energy sector), as there is an 

absolute need to secure fresh water reserves due to climate changes. To improve these systems, it is 

important to study the integration of RES in the electricity supply in a realistic and scalable way. To 

that end, an energy modelling tool was fully developed from scratch, which was then applied to Porto 

Santo island, in the Madeira Archipelago, where there are great ambitions in terms of renewable 

energies. The biggest motivation for the development of this new tool relates with some limitations in 

the use of other tools (in terms of their technical functioning and licensing). The specific research 

objectives are as follows. 

Is it possible to design an energy modelling tool that, for a given renewable penetration (input), 

proposes the best mix (in terms of minimizing system costs) of the renewable energy system?   

Is it realistic to have a 100% RES penetration scenario and achieve total decarbonization of the power 

sector in Porto Santo? If yes, what are the required costs and time scale to achieve that and if not, 

what is the limit for RES? 

Is there any synergistic relation that can be obtained from the coupling of the power and water 

sectors? 

Different scenarios were studied to answer these questions. The main goal was to study several 

possible configurations so that the implementation of the most suited ones would incur in economic 

and environmental savings, as well as raising the quality of the energy and water services provided in 

the island. Also, the EnergyPLAN modeling tool, which is an internationally recognized energy tool that 
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has been used in renewable energy analysis of several countries over the years [16], was used to 

compare and validate the results obtained from this new developed energy tool.  

1.4 Present contribution 

This study introduces two main aspects. First, the development of a new energy modeling tool that 

takes into consideration both the electrical grid and the water system and proposes a mix of the RES 

system capacity according to a given RES penetration. It is a modeling tool of techno-economic nature 

and accounts for risk parameters and electricity quality through spinning reserve quantification. It is 

especially suitable for application in islands as electricity imports and exports are not allowed, i.e. the 

electricity supply must always match electricity demand. One year is fully simulated on an hourly 

basis, considering electricity flows, water flows, several RES, along with electricity storage 

technologies and a desalination plant. 

Secondly, a deep study to the Porto Santo power and water sectors was made. The developed model 

was applied to Porto Santo with the goal of studying future and credible renewable energy scenarios 

that could benefit the entire system and help Porto Santo to achieve the proposed renewable energy 

goals. All main outputs are computed and compared against the business as usual (BaU) scenario 

and the present scenario. A sensitive analysis was also performed to all scenarios to better 

understand the results obtained. Furthermore, the RES penetration results were also compared to the 

ones obtained from the EnergyPLAN modeling tool. 

1.5 Thesis outline 

The present section concludes the introduction chapter where the past, present and future are quickly 

analyzed to better grasp where our civilization stands in terms of the energy sphere. In chapter 2 an 

extensive literature review is presented, which is important to understand what was already done by 

others and what conclusions has the scientific community already established about these topics. 

Then, in chapter 3 the model developed in this study is presented and discussed, including some of 

the mathematical formulation behind it. Subsequently, in chapter 4 the model is applied as case study 

to Porto Santo, an island from the Madeira Archipelago. Results and discussion are later presented in 

chapter 5 and the concluding chapter 6 finalizes all the information provided and main conclusions are 

also debated, along with some topics to what could be done to further extent what was started with 

this work.  
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2. Literature review 

This is a very important chapter to what concerns the development of the new modelling tool and for 

the case study. It must be seen what was already done and established by the scientific community. 

First, different types of modelling tools were reviewed, then it was also reviewed what is being done 

and studied in islands specifically, and finally some literature review was also conducted about smart 

energy systems. 

2.1 Energy modeling tools 

Energy models were first conceived after the first oil shock crisis in the 1970’s to ensure the energy 

supply stability. More recently, the increasing number of renewable energy projects and computational 

power also led to an increase in the number of these energy modeling tools. There are now a vast 

number of these tools and each one has its own advantages and disadvantages, and the ‘best’ tool 

will be the one that ‘best’ suits the specific situation to be studied. To simcplify, these energy tools can 

be categorized, or better said grouped, according to some common characteristics, as shown in Table 

2.1. 

Table 2.1 – Classification of energy modeling tools [17-20] 

Geographical coverage Global; International; National; State/Regional; Single project; Building type  

Sectoral coverage Electrical; Heating; Cooling; Transport; Industry; Water 

Economic & Financial Costs; Taxes; Depreciation; Net Present Value; Externalities 

RES & ES technologies Wind; Photovoltaic (PV); Hydro; Biomass; Hydrogen storage; Batteries 

Other features Reference scenario; CO2 analysis; Risk analysis; Water desalination 

Nature of the model Techno-economic; Bottom-up cost optimization; Top-down approach 

 

By definition a model is always a simplification of the reality, and so each tool is more or less complex 

depending on how much RES and electricity storage (ES) technologies it considers (most consider 

PV, wind and a pumped hydro system (PHS), and others also hydro, biomass and batteries or fuel 

cells) as well as other features like CO2 emissions and savings (e.g. EMPS, WILMAR), fuel savings, 

financial parameters, risk analysis, or the interaction between the energy and water sectors through 

water desalination (e.g. H2RES), to name a few additional characteristics. However, it must be noted 

that there is not one model that accounts for everything that is listed in Table 2.1. Still, a very popular 

model available in multiple languages and used by thousands around the world is RETScreen 

(developed by the Government of Canada), which is a model that can be used from individual projects 

to global applications and all energy sectors can be analyzed except for the transport sector. The 

model can be used for a techno-economic analysis, providing costs and savings, emissions 

reductions, and project financial viability, as well as risk parameters [21]. 

MESSAGE, Mesap PlaNet and MiniCAM are examples of other tools to examine long-term energy 

changes on a global scale and WILMAR Planning Tool, EMPS and Balmorel are other examples of 

tools specifically designed to analyze energy markets on an international scale [17]. However, most of 

the available tools fall in the national to state / regional category, as EnergyPLAN, IKARUS, 
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MARKAL/TIMES, MODEST or PRIMES are some examples of these [17]. Available energy modeling 

tools for single projects include COMPOSE, energyPRO or HYDROGEMS [17] and very popular 

energy modeling tools for in-building analysis include EnergyPlus, Commercial Building Energy Saver 

or Pleiades+COMFIE [22]. Finally, H2RES is an energy tool specifically designed to analyze isolated 

power systems as islands [23].  

Regarding the energy sectors targeted, practically all tools consider the electrical sector and a 

significant part also considers the heat and cooling sectors, while a smaller portion addresses the 

transport sector at some extent. For instance, the modeling tool Balmorel, since it already covers 

international zones over a 20-year time-horizon, considers only the electrical sector and partially the 

heat sector, but not the transport sector. On the other hand, EnergyPLAN, because of its national 

nature, can simulate the entire energy-system – electrical, heating and cooling, industry and transport 

sectors – but only up to one year. On the other hand, GREET and VISION are examples of tools 

specifically designed for the transport sector. The first one focuses on the vehicle manufacturing cycle 

from material recovery to recycle and it allows the user to analyze fuel consumption, GHG emissions 

and other metrics by combining different technologies [24]. The former allows the user to compare the 

BaU scenario for the vehicles and fuel market trends and then compare it with an alternative scenario 

where different vehicles and fuel technologies are assessed, comparing the base case with the 

proposed alternatives [24]. 

Additionally, tools that are built for single projects or buildings tend to be very financial and technically 

intensive, since these tools are generally used by those who want to assess if some energy project is 

financially viable or not (namely through the calculation of the net present value). For instance, 

CREST is a tool specifically designed to be used by state policy makers, regulators, public utilities, 

investors, and other stakeholders to assist them in determining cost-based incentive rates (e.g. feed in 

tariffs) and evaluation of renewable energy projects [25]. The available RES considered are solar, 

wind, geothermal, anaerobic digestion and fuel cells and a very detailed set of financial inputs is 

inserted by the user and the two main outputs are the cost of energy and the levelized cost of 

electricity (LCOE) [25].  

The time scale is another important parameter. A model can perform simulations in time steps of 

seconds, hours or years and can deliver projections for the next year or up to fifty years. This is what 

is known as the time step and the time horizon. Again, there is not a model that covers all the time 

scales in all-depth and this is mainly because of two reasons. First, it would require substantial and 

prohibitive amounts of computational power to do this, but often enough it is simply since the user is 

not interested in a full analysis, as it rather wants to focus only on a specific set of variables and time 

scale of the energy system or project being studied.   

Then, there is also the focus of the model or its specific purpose. For example, there are energy 

demand models (which only deal with the energy demand, mainly as a function of the population, 

income and energy prices), energy supply models (focused mainly on the technical aspects of the 

energy generation systems and delivery for consumption), impact models (which deal mainly with 

socio-economic events) and also integrated models like demand-supply matching models (where 
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conditions are modeled so that energy demand equals energy supply). The integrated models are the 

most popular and EnergyPLAN is a good example of this where both the energy demand and supply 

are modelled [20]. 

There is also the analytical approach: top-down models (e.g. LEAP, MiniCAM) or bottom-up (the 

majority). Top-down tools are essentially macroeconomic tools, where economic data is used to 

determine trends in the energy market. On the other hand, bottom-up tools are more of engineering 

nature, where the specific technologies are used to analyze the energy market. There are also hybrid 

models being developed (e.g. ENPEP), which intend to combine the best of the two approaches (top-

down and bottom-up) using iteration techniques [17,20]. To what concerns the mathematical 

formulation there are linear modeling tools (e.g. NEMS or PERSEUS), mixed integer modeling tools 

(e.g. WILMAR Planning Tool, REopt), dynamic modeling tools (e.g. ProdRisk) and more recently tools 

using fuzzy logic or multi-criteria techniques (e.g. ENE-MCA) [19,20].  

Finally, regarding the methodology, the two most common types of tools consist of simulation and 

optimization tools. Simulation tools gather technical and economic information and provide a simulated 

scenario based on those inputs (generally of deterministic nature) and the user can also test different 

configurations, so it can choose the one that best suits the objectives. On the other hand, an 

optimization tool (like TIMES or MESSAGE-III) explores a minimum or a maximum. For instance, the 

user may be interested in knowing what the minimum operations costs of some energy project are or 

what is the maximum renewable energy penetration figure that can be attained according to a given 

set of variables. For that end, optimization tools are the most suited [17,19].  

Classifications of these modeling tools are a little ambiguous, since a tool can fall into various ranges 

at some extent. The characteristics above discussed are examples of the ones more commonly used 

in the classification and separation of these models although different authors use different 

classification parameters [17-20]. Even if two models fall into the same category or categories, they 

still may be very different from each other depending on the RES and ES they consider, the way they 

were formulated and conceived, respective main outputs, etc. The interface can also change, as some 

tools are only excel-based while others adopt a more user-friendly software. The languages available 

also varies greatly as also the units (energy units, monetary units). It is also worth mentioning that 

most of these software are not free, with some tools having license prices upwards of 15,000 € [17]. 

Many of the tools here mentioned are internationally recognized, having been used in case studies 

and real-life projects, and rather than trying to compare all the models and conclude what is the best 

or more complete, a better view of the question is to acknowledge that they are all different from each 

other and the ‘best’ tool will be the one that most suits the desired situation and specifications of the 

user analysis. 

Smart energy tools should emerge in a very near future, being the progressive combination of the 

advantages of all the models studied before. The term smart comes mainly from two aspects: full 

integration of all the energy systems as well as other non-energy systems (like the water system) plus 

another aspect that is completely new and that will make these new tools ‘really smart’, which is the 
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increased available computational power in pair with readily available data (big data) through smart 

meters and in real time (internet of things). This will allow these new models to have the capacity to 

simulate readily and with the most accurate and latest data and to incorporate most of the features 

presented in Table 2.1 and thus emerging as the most complete and accurate energy modeling tools 

ever designed. 

2.2 Energy in islands 

Islands, because of their isolated locations, have special needs and constraints in their electrical 

power systems. Usually, due to the large distances from the continent, an island electrical grid is not 

connected to the continent and thus it behaves as an isolated grid. This means that is not possible to 

import or export electricity, which is usually done in the continent where much bigger electrical grids 

exist and between neighbor countries, and it also means that the grid must be carefully managed 

since it will be more sensible to frequency fluctuations. Another issue is the higher cost of the fuel in 

islands (e.g. diesel, fuel-oil) that is used in the PP, since islands typically lie in the middle of the ocean, 

hundreds of miles from the nearest continent and costly fuel imports through transport tankers are 

needed. However, this also presents an opportunity to the renewable energy sector, since the 

electricity generation cost in the island is generally superior respective to the continent, because of 

this additional maritime transportation cost (also higher maintenance costs too), and thus making the 

renewable technologies more cost-competitive at these locations. Let us now start by analyzing what 

is being done in Macaronesia – which constitutes the four archipelagos of the North Atlantic Ocean, 

namely Madeira, Azores, Canary and Cape Verde. 

In the Madeira Archipelago, Madeira Island (260,000 inhabitants) is the main island and is currently 

undergoing a massive PHS project [26] which is expected to terminate by December of 2018. The 

project consists in the construction of an upper water reservoir with a storage capacity of roughly 

1,100,000 𝑚3, two 15 MW turbines and a lower reservoir of 70,000 𝑚3 equipped with a 17.7 MW 

pumping system, all with an estimated cost of about 70 million Euros [26]. With this project, the island 

is expected to grow its RES penetration from current 30% levels to 39% and the 50% mark is desired 

to be reached in 2025 (previously was for 2020 [27]). Additionally, the island already has multiple 

micro-hydro generation units, two wind parks and two PV parks and a waste unit plant which recently 

started to burn biomass [28]. As for the other inhabited island of the archipelago (Porto Santo), Duić 

and Carvalho [29,30] evaluated the integration of ES technology for peak shaving and for a 100% 

renewable island. This was done using the H2RES model with hydrogen as the ES technology. The 

authors concluded that, albeit quite expensively, hydrogen could be an interesting solution for ES. A 

pilot project, named ‘EDEN – Endogeneizar o Desenvolvimento de Energias Novas’ was completed in 

2008 [31], but high capital project costs and lack of funds for further investment dictate its ending.  

Azores, the other Portuguese archipelago consisting of nine islands, totally combining roughly 250,000 

inhabitants, also has ambitious goals. Current RES penetrations levels are about 36% [32] mainly 

from hydro, wind and geothermal energy. As part of the project ‘Açores 2020’, the renewable share of 

electricity generation is aimed at 61% for 2023 [33], with a PHS project in both São Miguel and 
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Terceira islands, a PV park in São Miguel and a tidal experimental project in Pico island [33]. Also, in 

Graciosa island, lithium-ion storage technology (4 MW power and 3.2 MWh capacity) will enable up to 

100% instantaneous renewable power penetration (in some hours) and allow the Portuguese island to 

replace around two-thirds of its fossil-fuel generation with renewable energy [34]. Stenzel et al. [35] 

performed a life-cycle assessment on the electricity generation in Graciosa Island in the Azores 

Archipelago. By assuming a decrease in the conventional share of electricity generation from 100% 

diesel to 35% (integrating more wind, PV and batteries) the authors concluded that a decrease of 43% 

in the total environmental impacts is achieved, since the great majority (over 60%) of these 

environmental impacts are caused by the transportation and combustion of diesel. 

The Canary archipelago (south of Madeira, Spanish territory) consists of seven main islands with more 

than 2 million inhabitants. Because of its low latitude the solar resource is abundant (as well as the 

wind). Wind and PV power represented just 8% of the total generation back in 2016 [36] however new 

projects are now being proposed. In one of the biggest islands, Gran Canaria, it will be built a 200 MW 

PHS with an estimated cost of more than 320 million Euros [36]. In the most western located island, 

named El Hierro with an area of about 270 𝑘𝑚2 and a population of about 10,000, a clear path to the 

100% goal is already outlined, with wind power as the main RES and the excess wind generation 

being used to pump water (PHS) for later use [37]. These islands also lack fresh water, and thus 

excess wind electricity is also used in the desalination plants [38]. Another island, smaller, named La 

Graciosa, is to become 100% fossil free, reaching total self-sustainability by implementing an electric 

smart microgrid based on photovoltaic systems installed on the roofs of the about 350 existing houses 

[39]. Finally, Simon et al. [40] conducted an in-depth study on the Canary Islands. The authors 

combined a modeling tool with an optimization tool and for a 100% renewable scenario in 2050, it is 

concluded that locally available resources are sufficient for a fully renewable supply of the islands 

power, heat, and land transport energy demands. It is stated that a doubling of wind capacity is 

necessary until 2020 and again by 2025 as well as a tripling of current PV installations by 2020 and 

doubling again by 2025 and a flexible operation of EV charging, hydrogen electrolysis, reverse 

osmosis seawater desalination facilities, electric heating, combined heat and power, and electric 

cooling can all contribute significantly to the achievement of high RES penetration shares across all 

sectors. The authors also conclude that the realization of sea cable connections between all islands of 

the Canary archipelago can enable a reduction in electricity supply cost by 15% but they also 

acknowledge that the distance and sea depth between some islands is an economical and technical 

challenge in present days.  

The last archipelago of the Macaronesia is Cape Verde, an African country with more than 500,000 

inhabitants spread in 10 main islands, located even more to the south respective to Canarias. Cape 

Verde has been experiencing tremendous growth in the power sector. The electrification rate grew 

from 47% in 2000 to 92% in 2013 [41]. Initially, there was a plan to achieve 100% RES penetration by 

2020, but it was now acknowledged as too optimistic and the target date was now set to 2030 [41]. 

Much like the Canary Islands, Cape Verde renewable portfolio is composed of wind and solar 

technologies. In 2016, those RES accounted for about 19% [42] of the total electricity generation (it 
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was 1% in 2010) [41]. The electricity price is still high, and consequently many people use wood 

(biomass) as the main source for cooking (note that the country is still considered a lower income 

country [43]). However, the government is very determined to meet these renewable goals, through 

public-private partnerships to encourage foreign investments. This was already done with the project 

Cabeólica, with several wind parks being installed in different islands, raising the 1% figure of RES 

penetration in 2010 to roughly 20% at present days. For the 100% mark, some form of energy storage 

is needed. Since fresh water is also a big concern in this archipelago, a synergy between the water 

sector and the power sector could be explored, benefiting both sectors. Also, from [41] it can be read 

that the goal of 100% renewable electricity is a proposal for a radical transformation of the sector, 

implying a deep change of technologies, procedures, market rules. Segurado et al. [44] provides an in-

depth study to one of the islands of the archipelago, S. Vicente. The study is compared with the BaU 

through 2020, and it shows that a RES penetration of about 70% is realistic, with more than 90% of 

wind powered desalinated water as well as 20% decrease in costs and 50% of CO2 emissions. 

In other archipelagos and islands similar interests is being seen in restructuring the energy sector. 

Hawaii, a U.S. state with more than 1.4 million inhabitants in their eight main islands, is the state with 

the highest electricity tariff, about 30 cents-USD per kWh or two times more than the continent 

average [45]. Because of that, the motivations for investing in RES are far greater, where the costs of 

RES are much more competitive relatively to the mainland conventional power sector. Hawaii already 

declared an ambitious goal to have 100% of their electricity generated from renewable sources by 

2045 [46] with intermediate goals of 30% by the end of 2020, 40% by the end of 2030, 70% by the end 

of 2040 and 100% by the end of 2045 [47]. In 2015 the figure was about 23% [47] and there are 

currently over 100 RES projects in developing or being developed in the archipelago [48]. 

In the Faroe Islands, a Danish territory with 50,000 inhabitants spread in 18 islands, the 100% RES 

penetration is also desired, and by 2030 [49,50]. Wind technology is expected to grow at a constant 

rate and it will be an important part of the mix. PV technology will be present but in a small scale (high 

latitude location). The biggest bet of this project is in the water resource, as most of the RES electricity 

will come from hydropower, tidal and a PHS. Regarding tidal technology, it is stated that an added 

advantage in the Faroe Islands is the time difference between peak flows in the different sites, which 

means that by installing turbines at different locations, tidal energy is always available from at least 

one of them. Regarding ES technologies, the requirement is for long-term storage with the ability to 

store significant amounts of energy (in the form of water) to be used in periods when generation from 

hydro and wind is low – especially the summer months of May, June, and July.  

If the idea of 100% RES penetration sounds unrealistic, especially for islands, it should be point out 

that there are regions that already achieved this mark. Iceland, an island with a little more than 

300,000 inhabitants, is practically 100% in RES electricity, with 71% supplied from hydro and 29% 

from geothermal [51]. And it is just not the electrical sector, but the all sectors, since 99% of houses in 

Iceland are heated with RES power and roughly 85% of primary energy comes from RES [51].  

An important note that must be made is that many of the examples provided above are of 

archipelagos, which consist in a group of several islands. Quite often, the islands of the same 
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archipelago are not so close from each other and sea depths can reach 3000 to 4000 meters between 

them. What this means is that the interconnection of their power systems is not economic or technical 

feasible, with averages prices of these submarine power cables being as high as 2 Million Euros per 

kilometer [52,53]. Without this possibility of connecting the power grids, it will be much more difficult of 

accomplishing this 100% RES target at some of these islands, although some of them may indeed 

achieve total fossil fuel independence, while others could be destined to remain dependent on these 

fuels at least at some extent. 

It can be concluded that islands have special technical constraints to what regards high penetrations 

of RES, but it is also true that islands are the prime locations to consider RES, since fuel import costs 

are very high. Generally, islands have good solar and wind resource, and wave energy by definition, 

although this RES is not mature yet. Duić et. al [54] point out that every island has its specific needs 

and resources, and thus in each one the optimal mix of RES must be carefully chosen, both in 

technical and financial nature. For high RES penetrations energy storage will be needed, and the 

authors point that excess wind can be interconnected with a PHS (if the island topography allows) or 

alternatively the use of batteries or hydrogen fuel cells can be made.  

2.3 Smart energy systems and smart grids 

A smart energy system can be defined as an approach to combine all the energy sectors (electrical, 

gas, heating, cooling, transport) to achieve an optimal solution for the individual sectors and for the 

overall energy system. On the other hand, a smart grid deals with the electrical sector, where 

information flows on a bi-directional way between the utility company and their customers, thanks to 

the incorporation of an intelligent communication network and management systems. It is more 

efficient, reliable and resilient, and it is crucial for the integration of distributed-generation networks. It 

also involves and empowers the population to be part of the energy system by becoming more aware 

of their energy consumption. Also, according to [55], major economies will need smart grids to enable 

the integration of large number of electric vehicles in their grids. 

There is no room for error in designing this new power system and the transition must be smooth. The 

first phase consists in the experimentation of smart grids and smart energy systems in test cities and 

only then can results be evaluated and extrapolated so that smart grids can be implemented in bigger 

cities. Several cities in China, U.S., the United Kingdom and Germany are good examples of countries 

currently undertaking this test pilots [55].  

India and China are the most populated countries in the world and are also among the fastest growing 

economies. These two countries are expected to be the largest energy consumers over the next 

decade or two, and the biggest consumers of coal [11]. Together with the U.S. these countries 

account for most of energy consumed worldwide. The U.S. has already been installing smart meters 

and thus developing smart grids [56,57]. As for China and India, population and energy consumption 

will continue to grow in the coming decades (quickly followed by Africa and the Middle East), along 

with the other majority of non-OECD countries. It is of utmost importance to start developing now a 

green infrastructure in these fast-growing economies. In India, there is an official list of 100 cities to be 
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tested as smart cities [58], however the country electrical grid is not very mature compared with most 

developed countries and that means considerable losses in the transport and distribution system 

(presently at about 20%). All of this should also provide enough motivation for a change and in fact 

more than 130 million smart meters are projected to be installed by 2020 in the country [59]. In China, 

there are already big plans to go green and smart, as of April of 2015 there were already over 285 

pilot smart cities in China [60] and it is projected that more than 360 million smart meters are installed 

by 2030 [59]. However, considering the size of these countries, the scale of the proposed energy 

transformations could take years or even decades for fully implementation and that is also why it is 

projected that these three countries combined will consume more coal in 2040 than presently [11]. 

On the other hand, and within the European Union (EU) member states, there are now over 410 smart 

grid demonstration projects (an interactive map is available in [61]) and with an average project 

duration of about 30 months and costs of 8 million Euros [62]. Also, according to [63], 16 EU member 

states have already decided in favor of large-scale roll-out of smart meters by 2020 or earlier, totaling 

almost 200 million smart meters or about 80% of EU consumers. Additionally, five of those members 

also decided to install about 45 million gas meters by the same date [63]. Denmark is the EU country 

where more smart energy projects are taking place, and some main findings were already established. 

For instances, from [64] it is recognized that the VPP concept enables reliable delivery of ancillary 

services (e.g. voltage control) and reserves by intelligent control of distributed generation including 

wind farms and industrial consumption. What this means for the long term is that through this 

intelligent management of the energy supply, less renewable excess generation is lost, and more RES 

electricity can be supplied to the system not affecting its stability. Yet, one challenge identified was to 

scale up the VPP on commercial terms in Denmark due to the Danish regulatory regime and market 

design, and similar challenges had been identified in Germany and Spain [64]. This is since the 

implementation of a VPP in a liberalized power market requires complex business protocols, since 

electricity is no longer only supplied from the utility PP, but also from parallel or nearby micro 

producers and currently there is a lack of or inappropriate regulation concerning this [65]. Finally, 

another key point learned is that a significant change in consumption patterns will occur due to the 

wider use of EV and heat pumps [66]. This could benefit the system since EV are usually charged at 

night, where excess wind electricity is usually available, and could act as a reserve during daytime.  

To what concerns smart grids and smart energy systems, Denmark is perhaps one of the best 

examples of a country preparing to integrate the entire smart energy system approach [66]. In 

Denmark, the wind share of the total electricity supply is already very substantial (about 40%) and it is 

still intended to grow to 50% until 2020. However, one country cannot supply their grid solely with high 

amounts of wind power due to the intermittent nature of the produced electricity. That is why very often 

Denmark exports part of their wind electricity to Norway, especially in nighttime saving Norway some 

water reserves. In daytime, when demand is higher, Denmark does the opposite, by importing some 

hydroelectricity from Norway. Very often it is mentioned that the true key for very high RES 

penetrations comes from a mix of several RES, which stands true. However, this is a perfect example 

of how this thought can be expanded with these two countries working synergistically by combining 
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their natural resources and increasing the efficiency of both systems. Still, Denmark is aiming for the 

100% mark by its own, not only in terms of electricity but for the overall energy system. To achieve 

that, Denmark is already redesigning their entire grid to a smart grid and the entire energy system. 

The objective is to integrate the electrical, gas, heating and cooling sectors, working together under a 

smart grid and possibly under a VPP concept, thus achieving a truly smart energy system [66]. For 

that end, several RES will be included into the mix (wind, hydro, PV, biomass) along with ES 

technologies (hydro storage, heat, cooling) as well as energy conversion technologies (heat pumps, 

electric boilers, electrolyzers) [65]. With this, all sectors could be covered by renewable energy and 

even existing conventional vehicles could use biofuels (from biomass) instead of petroleum-based 

derivatives. Presently, these biofuels already contribute largely to the heating and cooling sectors in 

the country, however biomass must be carefully managed to ensure the resource sustainability. 

Évora, a small town in Portugal, with approximately 50,000 inhabitants was part of an innovative test 

pilot called Inovcity, implemented by the major utility company EDP in 2010 [67]. Initially, 30,000 smart 

meters substituted the conventional meters, as well as new public LED lighting with remote 

management systems. With this, a greater grid capacity was achieved to accommodate renewable 

energy and EV [67]. Results indicated that the energy savings were not considerable (less than 5%), 

yet the project was still regarded as a success and new cities and regions of Portugal are being 

implemented with this smart city concept [68,69].  

To conclude, and regarding costs and benefits of smart grids, there is considerable growing evidence 

that the benefits of smart grid technologies outweigh the costs [70].  However, utilities may have to 

redesign their business models, since an increasing number of micro producers as well as VPP’s 

could withdraw a substantial part of their profits. One solution that can be adopted by utilities is to 

charge their costumers increasingly more for the overall (smart) grid infrastructure (what is known as 

contracted power) since the amount of electricity sold by the utility will be inevitably lower over the 

time [71]. Still, smart-grid technology offers a wide range of possibilities and because of that 

deployments will vary depending on each utility's business needs, existing infrastructure and 

regulatory environment. Some utilities may seek to use the technology to maximize energy efficiency 

for instance, while others may focus on the integration of renewable energy sources. New energy 

regulations and business models must emerge as all the acting bodies (investors, stakeholders, 

general population) are called to participate so that common ground can be found on the frameworks 

of this new energy infrastructure.   
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3.  Renalyst – Renewable Energy Analysis Tool 

3.1 Brief characterization 

For this study, a new modelling tool named Renalyst (Renewable Energy Analysis Tool) was 

developed. This tool was specifically designed for application in isolated power systems as usually are 

islands. As it was learned from the first section of the literature review that dealt with current existing 

models, it is rather difficult to classify an energy modelling tool in a concrete way. With that said, the 

tool was developed in Excel spreadsheets and it is a simulation tool that can be considered of techno-

economic nature, focusing on satisfying the electricity demand first with supply from RES and ES 

technologies and the remaining from the PP. 

Main inputs include historical data, like the hourly electricity supply from different sources, the hourly 

desalination demand and the hourly potential generation from RES (one year of hourly results or 8,760 

sets of data), or the user-desired outcome: the percentage of RES penetration that is desired to be 

achieved or the amount of available capital for investment, and the target year for that desired 

outcome. 

The non-dispatchable RES conversion technologies considered by Renalyst are: wind, PV, wave, 

tidal, run-of-the-river, and an unknown future technology, presently filled in blank by default. 

Dispatchable RES includes ocean thermal energy conversion (OTEC), biomass, hydro, geothermal 

and waste. Additionally, the tool considers electrochemical storage (e.g. lithium-ion batteries) and a 

PHS as the two main ES technologies. 

Additionally, the user has several options for the target year. For example, if the desalination mode is 

activated, the user can choose what is the maximum hourly share (in %) of RES electricity that can be 

used in the desalination process. Furthermore, if the PHS mode is activated, the tool uses excess 

RES electricity to both produce water from the desalination plant and then to pump the available 

excess water (the part not used by the population) to an upper reservoir, to be later turbinated 

producing RES electricity. All these options allow the user to analyze if the integration of the power 

and water systems make economic and technical sense, i.e. if the new system is more efficient, with a 

higher RES penetration and lower costs then the current one. The final year, where all this information 

is computed and shown, also presents an important set of data – the spinning reserve. Renalyst 

computes how many thermal groups are operating every hour of the year to ensure a (n-1) security 

criterion3, and it presents the loads of the thermal groups and their respective yearly working hours. 

Renalyst investment criteria was inspired in a GE-McKinsey matrix model to allocate the investment 

across the different RES technologies, resulting a given installed power for each RES [72]. 

Main outputs of Renalyst include the installed capacity of the RES system and correspondent RES 

penetration achieved (in both the power and water sectors), total RES electricity curtailed (which gives 

                                                           
3 A (n-1) security criterion means that if the largest producing source suddenly fails, all the other sources combined must have 

enough readily available power (spinning reserve) to guarantee the system supply and meet demand. 
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a measure of the system efficiency), the associated system costs, and other results like the loads in 

the PP thermal groups. 

To conclude, the model here developed is a techno-economic bottom-up tool, since it focusses on the 

energy sector using technological options in detail and it also focusses in the matching between 

energy demand and supply, being the demand projected (exogenous data). On the other hand, there 

is also some back-casting nature in this model, since the user defines a desired future (certain RES 

penetration on a given target year) and then the model looks for what is needed to accomplish that 

future. It is also worth mentioning that sometimes the power and electricity terms are used 

interchangeably, since Renalyst operates on an hourly basis. 

3.2 Tool structure 

The model was developed using the Excel software and it is composed of five spreadsheets. The 

sheets are the following listed. 

Instructions sheet – All the necessary general information for operating and working with the model is 

provided in this first sheet.  

Hourly results sheet – The user must first insert the electricity supply and potential generation from the 

different sources (from the previous year or an average of the previous years). This includes the 

electricity supply from the various sources (both RES and the PP), electricity demand for desalination 

(if it applies), potential RES generation, which is the maximum theoretical electricity produced by the 

RES (according to the available resource), as this is a very important parameter as it allows the model 

to use or to store the excess RES electricity produced (not part of the supply). All this information is 

inserted in the first hourly set (8,760 hourly cells corresponding to 365 days). There are other three 

hourly sets. The first set is to calculate the sizing of the ES system and the second set is to estimate 

the RES system capacity according to the user-desired RES penetration target, and the last set is 

where the target year is fully simulated. This last set includes some additional inputs, as the option to 

include the water sector through the desalination plant (where additional parameters must be 

specified) and the option to use a PHS (other additional parameters must also be specified), along 

with spinning reserve related parameters. 

Yearly results sheet – The user must insert the remaining information so that the model can simulate 

the target year. Some inputs are of technical nature, while the rest are more financial. The main inputs 

in the spreadsheet are the “Simulation criteria”, from which the options “RES” or “Capital” must be 

chosen and the also the “Target year”. Other technical inputs are specified as for instance the various 

RES technologies improvements or their maximum allowed installed power. To what concerns the 

financial parameters, the RES and ES technology costs, or fuel and CO2 PP costs are some examples 

of these inputs. 

Risk & Investment sheet – This is where the RES are considered for investment and where it is 

calculated the fraction of the investment for each RES. Firstly, the user’s risk profile is assessed, and it 

is defined up to what risk the user is willing to invest. The risk is calculated through a weighted 
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average of several parameters, which are: technology maturity and reliability, capacity factor, weather 

dependence, grid integration, operation risks, resource availability, project lifetime, safety & vandalism, 

project experience, construction risks, scalability, social, credit or political barriers and market and 

economic conditions [73]. Then, a separate table with other parameters is used by Renalyst to 

calculate what is the percentage of the capital that will be invested in each RES, following a similar 

reasoning of the GE-McKinsey matrix approach [72]. 

Charts sheet – Finally, the user can use this spreadsheet to quickly visualize results in a graphical 

way. Also, a table presents the main differences between the starting year and end year to better 

illustrate the changes that occurred in the energy system.  

Figure 3.1 shows how the tool was thought and built. 

 

Figure 3.1 – Renalyst structure 

In this tool, and contrary to other tools, a special focus is given to the non-dispatchable RES, as the 

excess electricity generated from these sources is used in batteries and/or the desalination plant and 

in the pumped hydro system. With this, it is possible to supply only this excess electricity to these 

sources (the tool assumes that a special power line is built between the RES1 and these sources 

instead of considering the power grid as a whole, which is what usually happens in other tools). 

Finally, the RES2 and PP electricity are supplied to the system to meet demand.  

3.3 RES considered 

The following list of RES represent the RES considered and simulated by the model. The RES are 

divided into RES1 (non-dispatchable RES) and RES2 (dispatchable RES). Note that the term 

dispatchable means that the quantity (output) and the timing of the electricity generated can be 

controlled to meet demand, whereas in a non-dispatchable RES (e.g. wind or solar) the electricity 
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produced cannot be controlled by operators. On the other hand, an intermittent RES is a source where 

the generation pattern of the electricity produced shows variability (e.g. wind gusts affect the 

generation pattern from wind turbines) which is a concern for the quality of the electricity produced 

since frequency fluctuations can results because of this. 

3.3.1 Non-dispatchable RES (RES1) 

For the non-dispatchable renewable energy sources, the hourly electricity produced is simulated from 

knowledge of past generation and from a potential distribution (inputs). Additionally, for each RES1, 

the user has also to specify the following information: desirability to invest or not in that specific RES1, 

cost of technology and expected yearly decline rate of the technology cost, technology improvement 

(capacity factor related), maximum installed power, maximum hourly share of RES electricity in the 

power grid and percentage change of that factor by year. All this information is properly explained in 

section 3.11. Below, it follows a description of each of the considered RES1. 

Wind power 

To put it simply, wind is basically the flow of air from high pressure zones to low pressure zones, 

caused by the heating of the atmosphere by the sun [74]. Because of that, wind is a common resource 

in every part of the planet. 

The technology used to generate electrical energy from wind are wind turbines with a 3-bladed 

horizontal configuration, an already very mature technology. These turbines can be installed both on-

shore and off-shore, with the latter being more expensive. Some wind turbines have been reported to 

operate more than 90% of the time and with a lifetime of over 20 years [75]. The costs have been 

falling over the years and in some cases wind power is already as competitive as conventional power 

[76,77]. The drawbacks with this technology include the intermittency of the wind resource and thus of 

the electricity produced, which affects the grid stability because of frequency deviations. Public 

acceptance is also an issue for this technology [75]. 

World installed capacity amounted to 487 GW at the end of 2016 [12]. The forecast growth until 2021 

is for 817 GW (about 10% yearly growth) [78]. Global electricity generated from this source in 2015 

reached 518 GWh (about 2% of world electricity generation) and represents a generation increase of 

about 170% since 2000 [79]. Developed countries with the highest share of their total electricity 

supplied from wind include Denmark (about 37%), Portugal (about 23%) and Spain (about 19%) [78, 

80,81].   

PV power 

The Earth constantly receives enormous amounts of energy from the sun in the form of radiation. Not 

all the radiation that reaches the earth’s outer atmosphere reaches the earth’s surface, as part of it 

gets absorbed and scattered4 in the atmosphere [82], but the remaining fraction that does arrive at the 

earth’s surface can be used by us to generate electricity. Countries with higher latitudes have less of 

this resource, as the obliqueness of the solar rays and more clouds make the irradiance (energy per 

unit area per unit time) lower at these locations [83]. 

                                                           
4 Undergoes phenomena of reflection, refraction and diffraction. 
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The technology used to generate electrical energy from solar radiation is mainly photovoltaic cells. 

These cells absorb solar radiation causing excitation of their electrons, which in turn produces a 

voltage and hence a current through the circuit [84]. The cost of these PV cells used to be prohibitive 

[85] however due to continuous R&D over the last decades the cost has been falling at a fast rate as 

the volume of the deployed capacity increases [11,85]. There are various materials used to produce 

these cells [86]. Disadvantages include the efficiency of the cells, which is still low at about 15% [85] 

and since it is not possibly to know in advance the cloud pattern in each zone, the electrical energy 

produced from this source shows variability, as clouds can be responsible for a loss of power of over 

80% within several minutes. Finally, for much higher penetrations, large terrestrial surface areas are 

needed, which may be a problem for many developed economies, especially in Europe [87]. 

World installed capacity amounted to 303 GW at the end of 2016 [88]. The forecast growth until 2020 

is for 465-515 GW range (about 11-14% yearly growth, the highest growing RES) [89]. Global 

electricity generated from this source in 2016 was about 253 GWh (about 1% of world electricity 

generation), and represents a substantial generation increase of about 23,000% since 2000 [79]. 

Developed countries with the highest share of their total electricity supplied from PV include Honduras 

(about 12%), Italy (about 8%) and Greece (about 7%) [7,88]. 

Wave power 

Waves originate mostly from wind due to friction forces between the wind and the ocean surface [90]. 

Since approximately 71% of the earth’s surface is covered with water, there is plenty of this resource.  

The technology used to extract electrical energy from this source is not mature yet. Unlike wind 

turbines or PV cells, there is still no clear design and consensus on the best strategy to extract this 

type of energy. Because waves depend on wind, and wind has a high amount of randomness, waves 

are also considered of intermittent nature, despite waves being far more predictable than wind. Also, 

the large equipment that is generally used to capture this kind of energy can have a negative effect on 

marine ecosystems, as well as disturb private and commercial vessels. 

Australia is a good example of a country very interested in this technology, and a lot of research is 

being done and some projects are already online [91]. Even though this renewable energy source 

represents close to nothing of the global generation, a lot of research is being done in this field and a 

large growth in the sector is expected in coming years. 

Tidal power 

Tides are characterized by the rise and fall of the sea level. They are caused by the moon and sun 

gravitational forces and by the Earth’s rotation [92].  

The technology used to extract energy from it is very similar to a hydro plant. There is a dam that traps 

water when the tide is high, and then discharges it through a turbine-generator when the tide is low. 

One of the disadvantages is the discrepancy between the lunar cycles (24h50m) and the human (24h) 

cycle [93], which means that the power generated from this source is not in phase with electricity 

demand. Another barrier is once again marine environment disruptions and in addition to that not all 

places are suitable to implement this technology. 
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The two biggest plants of the kind belong to France (built in 1966, 240 MW) and South Korea (built in 

2009, 260 MW). More and bigger projects are being developed, especially in South Korea with 

installed capacities of over 1 GW [94]. 

Run-of-the-river power 

Like hydropower, which uses water as resource, this technology sector differentiates from the former 

through the fact that the topography of the site (height difference) does not allow for a (large) dam 

[95]. At best, a small dam is used to trap some water, but not in the order of amounts of the 

conventional hydro. Generally, the electricity is produced in an intermittent way as the water passes 

through the turbine.  

Undefined power technology 

This space is reserved for some unknown future technology. The model is built such that the user can 

introduce some new technology with a given generation pattern.  

3.3.2 Dispatchable RES (RES2) 

For the dispatchable renewable energy sources, the hourly energy produced is simulated from 

knowledge of past generation and from a potential distribution. Furthermore, an hourly minimum can 

be attributed so that these RES can act as base load, much alike a conventional PP. Similarly to the 

RES1, additional information must be specified: desirability to invest or not in that RES2, cost of 

technology and expected decline rate of the technology cost, technology improvement (capacity factor 

related), maximum installed power, maximum hourly share of RES electricity in the grid and 

percentage change of that factor by year. Again, this information is properly explained in section 3.11. 

Below, it can be found a description of each of the considered RES2. 

OTEC (Ocean Thermal Energy Conversion) power 

Just as the poles are colder than the equator, the bottom of the ocean is colder than its surface. This 

means that exists a temperature gradient in the ocean and this energy difference can be used to 

produce electricity through a thermodynamic cycle [96]. 

Because this temperature gradient remains about constant along the year, the capacity factor for this 

technology can be very high [97]. The practical consequence of this is that this energy source could 

operate as base-load power supply. Another big advantage of this technology is that it can be 

combined to produce fresh water from the seawater, much alike a desalination plant [96,97]. And 

unlike other forms of ocean energy, OTEC should not negatively impact the ocean environment [97]. 

As many as 100 countries have viable OTEC resources and like the other RES the cost has been 

falling although the economies of scale are still a determinant factor [97]. 

Currently, Hawaii has the largest unit, a 100 kW one (OTEC plants up to 1 MW have been built) [7]. 

Japan, China or France are examples of other countries showing increasing interest in this 

technology, having already announced plans to invest and several experimental plants are currently 

being tested [97]. However, there are still obstacles ahead, namely high up-front costs, which make 

this technology not competitive, and the possible impacts and technical issues associated with larger 

plants. Despite that, continuous growth is still expected in this field in the years to come. 

Hydro power 
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As water evaporates from the ocean surface (due to the sun energy absorbed) clouds are formed, 

which in turn will produce rain [98]. Eventually, as the topography of our planet is not of a perfect 

sphere but rather irregular, with hills and mountains, water will naturally flow through gravitational 

force from high altitudes points (upstream) to lower points (downstream), ending eventually in the sea 

again (hydrological cycle) [98].  

Through the path mentioned above of water flowing from high altitude points to lower points, energy 

can be harvested. The technology has been already invented centuries ago, in the form of watermills, 

used to process grains. Today, hydro turbines are used to harvest electrical energy. As the water hits 

the turbine blades, these start to rotate, and the turbine is attached to a generator which rotates too 

producing electrical energy. A dam must be built to trap water at an upper altitude and the height of 

the water fall is proportional to the energy produced. The amount of water discharged can be 

controlled producing a constant amount of electricity. However, with no rain, there will be no water 

available. Hence, from year to year, the electricity generated from this source can vary greatly, 

because it is highly dependent on the precipitation pattern. Hydroelectricity is a very mature 

technology and can produce electricity at the lowest prices [99]. Furthermore, excess electricity and/or 

cheap electricity available, usually during the night, can be used to pump water back to the upper 

reservoir again (PHS) with high roundtrip efficiencies [43]. Drawbacks of this technology include the 

huge up-front capital costs and the fact that only specific locations are suitable for the installation of 

these large structures [99]. 

World installed capacity amounted to 1064-1212 GW (depending on the source) at the end of 2016 

[7,97,100]. Global electricity generated from this source in 2015 was about 3,946,000 GWh (about 

16% of the world electricity generation or almost 75% of the total renewable supply), and represents a 

generation increase of about 48% since 2000 [79]. Developed countries with the highest share of their 

total electricity coming from hydro include Norway (96%), Iceland (about 73%) and Brazil / Canada 

(about 60% each) [7,101]. There are also other 10 countries with 99% or more of their electricity 

supplied from this source, yet most of them underdeveloped ones. China, the biggest developing 

country, and the biggest consumer of electricity worldwide, is by far the country in the world that 

produces more hydroelectricity, having this source already a share of 19% of their total electricity 

supply, with more plants expected to be online soon [101]. 

Biomass power 

Biomass refers to a wide range of feedstock materials, from agricultural or forestry residues (e.g. 

wood) to leftovers of organic matter (e.g. manure) [7]. These kinds of organic waste can be directly 

burned (like in a conventional power plant) to produce electricity. They can also be converted, through 

bacteria, to biogas (methane), which once again will be burned to produce electricity, or it can also be 

transformed into biofuels (to the automotive industry) [7]. 

The technology used to produce power is the same as in a conventional power plant, being the main 

difference in the fuel used. It is true that by burning biomass carbon dioxide is released, but there is 

validity in the argument that the CO2 produced during combustion was previously extracted from the 

environment during the organism’s lifecycle (achieving a carbon neutral situation), and as long as this 

resource is not extensively used it remains as a renewable one.  
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World installed capacity amounted to 106 GW at the end of 2015 [7]. Global electricity generated from 

this source in 2015 was about 464 GWh (about 2% of world electricity generation), which still 

represents an increase of about 293% since 2000 [79].  

Geothermal power 

This type of resource refers to the energy (heat) accumulated deep inside our planet. When the planet 

Earth was formed, about a little over 4 billion years ago [102], it was simply an incandescent sphere. 

Then, with the passage of millions and millions of years, the planet became to cool down and to 

stabilize in volcanic activity. However, to date, is estimated that the inner core of the planet (about 

6,371 km deep [103]) is still at approximately 5,900ºC [103,104], which is about the same temperature 

as the sun’s surface. This heat from the Earth’s core slowly dissipates and reaches the surface of our 

planet in the form of volcanoes, geysers, hot spots, etc.  

Thus, this heat can be used to produce steam and run a conventional power cycle to produce 

electricity. The only problem is that it does not reach our surface in a uniform way. There are places 

with good amounts of this thermal energy gradient, whereas others have practically none. 

World installed capacity amounted to 13 GW at the end of 2015 [105]. The forecast growth until 2020 

is for 21 GW [106]. Global electricity generated from this source in 2015 was about 73 GWh (about 

0.3% of world electricity generation), which represents an increase of about 49% since 2000 [106]. 

Countries with the highest share of their total electricity supplied from geothermal include Iceland 

(about 27%), El Salvador (about 25%) and New Zealand (about 14%) [7 ,51]. Some arguing could be 

made as to classify this source as non-dispatchable, however here it is considered as a dispatchable 

source.  

Waste power 

The energy produced from this source is much alike the one produced using biomass. The main 

difference being the fact that the waste referred here is usually municipal solid waste (waste 

generated in cities from human activities) and thus is not carbon neutral, as it will be burned releasing 

CO2 and other pollutants. Still, it is considered a renewable energy since the resource (waste) it is 

always being produced as long as human activity continues and recycling is not possible.  

3.4 Electricity demand and supply  

Electricity demand is defined in the model as the amount of total electricity consumed by the region of 

study to satisfy their needs in a certain hour (both domestic and non-domestic). The electricity supply 

must equal the electricity demand plus the transport and distribution losses, since some electricity is 

lost in the process of transport it from generation site to consumption site. That means that the 

generation source, both RES and conventional ones, must generate electricity (supply) to satisfy the 

needs (demand).  

If the desalination mode is activated, the model divides the water desalination demand from the rest of 

the electrical demand. And if the PHS mode is also activated, it is possible that the desalination supply 

exceeds desalination demand, meaning that more water (excess) will be produced so that it can be 

used in the PHS. This is done so that excess RES electricity is not lost but rather used in the PHS and 

increasing the RES penetration. 
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It was already mentioned that the model does not consider electricity imports or exports. This means 

that whatever is the electricity demand, the model first uses RES electricity and then conventional 

electricity so that the supply from these sources equals the amount to be consumed (demand). 

Renalyst also uses the electricity supply that was inputted by the user (for the first year) to compute 

the electricity demand. With this, the demand pattern is assumed to remain constant over the years, 

however a growth percentage can be attributed. In the real world, prediction demand self-learning 

software considers the past statistical years (as done here) but also the weather conditions and 

weekday, which gives an extra accuracy for predicting the electricity demand. 

3.5 Potential electricity generation  

Potential electricity generation refers to the maximum power that could be generated by a given RES. 

For instance, a wind turbine can produce 1 MW of power in each hour, with the right wind conditions. 

However, that 1 MW of power (or 1 MWh of energy over that hour) may not be supplied into the grid. It 

can happen that, in that given hour, for safety and quality reasons, the maximum wind power that can 

be supplied to the grid is say, 0.85 MW. This means that from the 1 MW of total potential generation, 

0.85 MW is the wind power that effectively will be part of the electricity supply, and 0.15 MW (the 

difference) will be curtailed (electricity lost, not used) unless it is stored (e.g. batteries) or used in 

another process (e.g. desalination process). This concept of potential generation is very important to 

the model, as the excess electricity will be used to evaluate the size of the batteries system and will be 

used in the desalination plant and PHS. 

Furthermore, it is possible to attribute a growth factor to the potential generation, meaning that future 

RES installations will have units that will produce more energy per installed power than previous 

installations. With this, the potential generation of a given RES in future years is calculated based on 

the potential generation and correspondent installed capacity of previous years and this growth factor 

can be attributed to the technology.  

3.6 Electricity storage and losses 

In a situation of excess potential generation, electricity must be stored, otherwise it will be lost. Most 

RES are non-dispatchable (RES1), meaning that the timing of the electricity production cannot be 

controlled. Wind turbines, for instance, tend to produce more electricity at night, which when less 

electricity is needed. On the other hand, PV technology tend to produce more electricity during the 

afternoon, when the demand is usually not that high yet. And other technologies follow similar 

patterns. Thus, there is a need to store the excess electricity produced at one given hour and transport 

it to another peak demand hour. Figure 3.2 summarizes this concept. 
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Figure 3.2 – PV generation and electricity demand mismatch 

PV peak generation usually happens in the middle of the day, around 1-2 PM, but peak demand 

happens usually occurs at night, around 8-9 PM. This poses a problem to the generation system and 

especially to the conventional power plant, which generally needs to operate more thermal groups for 

the peak hours, bringing down the overall system efficiency. Electricity storage is one of the solutions 

and it is a must if high RES penetrations and decarbonization of the power sector are to be achieved 

[107]. In other words, electricity produced at one time can only be used later if it is stored in the 

meantime, otherwise it will be lost, as electricity is not static. The integration of ES technologies allows 

for higher penetrations of renewable energy, which in turn results in less CO2 emissions and 

conventional oil products consumption and dependence. Furthermore, in times of peak demand, this 

electricity stored can be used to satisfy the needs and at the same time providing grid stabilization 

services, instead of recurring to high-tariff price electricity produced from conventional peaking plants 

[107].  

There are several technologies of ES [107-109] and these different types can be classified according 

to the technology itself used (mechanical, electrochemical, electrical, chemical or thermal), charge and 

discharge duration, power and storage capacity, among other parameters [108]. Each ES technology 

has their one advantages and drawbacks, and selecting the right type depends mainly on the site 

characteristics and electricity supply and demand patterns, as well as some economic restraints 

[109,110]. Regarding technology deployment, there are already over 1,500 ES units around the world, 

with ten times more installed power in 2017 (about 60 GW) with respect to the year 2000 (about 6 

GW) [111], and electrochemical batteries (namely lithium-ion) are seeing their price quickly falling 

(about 70% less since 2008 [112]) as more research is being done. 

The two most popular types of ES technologies are the PHS and electrochemical batteries, where the 

first accounts for almost all the ES technologies deployed around the world. To what concerns the 

PHS, excess electricity is used to pump water to an upper reservoir. Later, this water can be 

discharged again to produce electricity through a turbine-generator system. More recently, 

electrochemical batteries are being installed more and more often as their price finally justifies that. 
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Very similar to the batteries found on a phone or a laptop, these batteries are packed in the quantities 

of thousands to create large electricity storage capacities.  

Either way, whatever the specific technology is being used as storage, Renalyst just needs a few 

inputs to perform simulations using ES technologies, which are the charge and discharge efficiencies 

and other parameters related to the discharge operation. For the PHS the available head is also a 

required input. 

If ES technologies are not considered, electricity will be lost eventually. The model contemplates three 

types of losses: transport and distribution losses (electricity lost in the power grid), storage losses in 

the ES technology itself (due to inefficiencies) and electricity that is not used or stored at a given hour 

and hence it is lost (curtailment). Renalyst uses this curtailment figure to size the ES system capacity. 

3.7 Electricity fluxes  

All the electricity that is being produced, supplied for consumption, used in another application (e.g. 

desalination or in the PHS), or even lost, can be seen in the hourly spreadsheet. This hourly potential 

generation must be preferably used. If all this potential electricity can be used, then it will become part 

of the electricity supply. However, many times it cannot be fully used, because of the also already 

mentioned technical constraints that limit the amount of RES1 electricity that can supply the grid. For 

instance, the maximum wind power may be limited to a certain percentage of the total supply for grid 

stability reasons. If the potential electricity produced by wind technology exceeds this limit, then the 

excess electricity cannot be used and supplied to the grid, as it must be stored, if this option is 

available, and if not possible, then it will be lost (curtailment).  

3.8 Costs, fuel and CO2 savings 

It would not be realistic to consider high renewable penetration scenarios solely from a technical point 

of view, and without considering the financial reality of things. In fact, most of the times the available 

investment capital is the main driver. The main financial parameters considered by Renalyst are: the 

available capital for investment, the annualized costs, fuel and CO2 savings, and the differential 

levelized cost of electricity (ΔLCOE), all respective to the present situation. This former cost 

represents the additional (or reduction if negative) cost of producing electricity with the new proposed 

power system. The differential levelized cost of electricity will be calculated according to (1): 
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€  (1) 

where 𝐼 represents the total investment in the renewable energy generation system, O&M are the 

operation and maintenance costs (assumed as a fixed percentage of the former), 

( & )PPI CRF O M + representing cost variations in the PP (here the operation also include the fuel5 

used and CO2 licenses costs; preferably this parcel will be negative as less fuel will be used), 𝐸𝑆𝑢𝑝 is 

the total electricity produced by the power system and CRF being the capital recovery factor, 

calculated from (2): 

                                                           
5 It is assumed that the specific fuel consumption is the same regardless of the engine load. 
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where 𝑖 is the discount rate and 𝑛 represents the expected lifetime of the equipment (in years). The 

annualized costs for each scenario are given by the numerator from (1), with units in €. Regarding the 

variations in fuel and CO2 costs (𝛥𝑓𝑢𝑒𝑙 and 𝛥𝐶𝑂2), these represent the cost difference in fuel use and 

CO2 licenses for the new systems that were proposed in comparison to the present situation, for the 

target year.   

3.9 Water desalination and the PHS 

Fresh water supplies available to man are very short and are quickly diminishing, as it is estimated 

that only 3% of the global water supply is fresh, potable water, and only less than 0.1% is in 

accessible locations [113]. We must recognize that the energy demand levels are rising, but the fresh 

water supplies are diminishing. The linkage of these two sectors can be crucial, as it is not interesting 

in securing a very reliable energy system, just to then fall short on the water issue. By integrating 

increasingly more these two sectors (presently only 0.7% of the global water supply is obtained 

through desalination), the overall reliability and efficiency of the system could be increased and both 

costs (electricity and water) could lower due to this synergetic relation. And more importantly, we could 

solve this fresh water issue, since with this technology 100% of the global water supply becomes 

available, ensuring that we never run out of this precious, life-depending resource. 

Islands are regions where usually the renewable resource (mainly wind, solar and wave) is very 

present and strong. Seawater is available, and it can be used as potential energy and water supply. 

However, if fresh water (water trapped from rain) is not abundantly available, desalination plants may 

have to be installed, due to the isolated location of islands. Desalination plants and wastewater 

treatment plants can be regarded as two powerful supply management strategies. In a desalination 

plant, water is pumped from the ocean and, depending on the technology used, salt is first removed 

from sea water and then the desalinated water is treated for later distribution and public use. However, 

this is a very energy intensive process, as large pumps using high-voltage electricity are used. 

Desalination plants produce water at a higher cost respective to conventional water capturing 

technologies (due to this extra electricity used), however usually at a lower cost when water needs to 

be imported in emergency situations (which is becoming more frequent in some countries). These 

plants, along with some demand-side management strategies have been proven as a sustainable way 

of securing the water supply, and since they already exist at some decades now, the technology is 

very mature. 

With recent and continuous growth in the renewable energy sector, one problem (or opportunity) has 

emerged. Since most RES (especially wind) are non-dispatchable (and intermittent), there is a limit of 

electricity generated that cannot be supplied to the grid, because of quality and security reasons. 

Therefore, there are times when there is an excess of electricity from these RES that must be wasted 

(curtailed). One proposed solution for not wasting this excess electricity produced is to use it in the 

desalination plant, producing more water with cheaper electricity. Naturally, the other frequent solution 

is to use ES technologies, but very often RES are already installed (as well as a desalination plant, 
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especially in islands) but not any ES technology. What this means is that this solution (synergy 

between the RES and desalination plant) can be readily implemented without the need for further 

costly investments.  

In a second stage, a pumped hydro system (PHS) may be added to the system, where an upper 

reservoir is built to trap some water, and the desalinated water produced is sent to that upper reservoir 

for later use, generating electricity through turbines on its way down before it finally enters in the public 

water distribution system. With this, the excess wind power will be used both in the desalination plant, 

producing more fresh water, and in the pumping system which sends water from a lower reservoir to 

an upper reservoir, minimizing the potential RES electricity losses. Figure 3.3 summarizes this 

process. 

 

Figure 3.3 – Wind powered desalination integrated with a PHS 

 

The excess wind power produced may be used in the desalination plant and in the pumping system 

that pumps water to an upper reservoir, however these pumps cannot use solely this excess wind 

power because of its intermittent nature, meaning that some electricity must also come from other 

sources, for instances from the PP. 

Figure 3.3 also shows a single penstock system, meaning that water can only go up or down, but not 

both at the same time. This means that at times of high availability of excess wind power, this excess 

can be used to pump water from the lower reservoir to the upper reservoir and at times of low wind 

excess power the water can be sent back generating electricity in the turbine-generator system. This 

system is less flexible than the one comprising a double penstock system (where two water channels 

coexist, allowing for both charge and discharge at the same time), however it also less expensive, as it 

is the most commonly used. 
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3.10 Mathematical formulation 

In this section, some of the mathematical formulation of Renalyst is presented. This section is not 

extensive as it is not the goal here to provide a full documentation of the model. It is divided into two 

parts (correlations in the hourly results spreadsheet and risk & investment spreadsheet) and only the 

most important notions are presented so that the reader can better grasp how the tool was developed 

and how it works. 

3.10.1 Hourly results spreadsheet 

All the presented equations below are used in the tool, 8,760 times (for all hours of the year). 

3.10.1.1 RES related equations 

The electricity demand (𝐸𝐷𝑒𝑚) is computed for the initial year in (3) from knowledge of the electricity 

supplied from the various sources for that same initial year, since these two parameters are closely 

related. Accordingly, 

 𝐸𝐷𝑒𝑚𝑦𝑒𝑎𝑟_𝑖
= 𝐸𝑆𝑢𝑝𝑦𝑒𝑎𝑟_𝑖

−  𝐸𝑇𝑟𝑎𝑛𝑠,𝐷𝑖𝑠𝑡𝑟𝑦𝑒𝑎𝑟_𝑖
 (3) 

where 𝐸𝑆𝑢𝑝 represents the electricity supply and 𝐸𝑇𝑟𝑎𝑛𝑠,𝐷𝑖𝑠𝑡𝑟 the electricity lost in transport and 

distribution in the power grid. For future years, the demand is simply the demand from the first year 

with an added yearly growth parameter that can be attributed, or from (4): 

 𝐸𝐷𝑒𝑚𝑦𝑒𝑎𝑟_𝑛
= 𝐸𝐷𝑒𝑚𝑦𝑒𝑎𝑟_𝑖

(1 + 𝑔𝑟_𝑑𝑒𝑚)𝑦𝑒𝑎𝑟_𝑛−𝑦𝑒𝑎𝑟_𝑖 (4) 

the subscript 𝑦𝑒𝑎𝑟_𝑖 corresponds to the initial year of the study, 𝑦𝑒𝑎𝑟_𝑛 is the year that the demand is 

being calculated and 𝑔𝑟_𝑑𝑒𝑚 is the expected growth (as a fraction by year) of the electricity demand.  

To meet the demand for a given year, electricity must be supplied from the producing sources, and 

this electricity supply must always equal the electricity demand, and preferably part of that will be 

supplied from RES and ES. If not possible, the PP is always ready to fulfill the remaining electricity 

supply to meet demand. Thus, it can be written (5) that: 

 𝐸𝑆𝑢𝑝 =  𝐸𝑅𝐸𝑆1 + 𝐸𝑅𝐸𝑆2 + 𝐸𝐸𝑆 + 𝐸𝑃𝑃 (5) 

where 𝐸𝑅𝐸𝑆1 is the electricity supplied from all the available non-dispatchable RES (wind, PV, wave, 

tidal, run-of-the-river), 𝐸𝑅𝐸𝑆2 is the electricity supplied from all the dispatchable RES (OTEC, biomass, 

hydro, geothermal, waste), 𝐸𝐸𝑆 is the electricity supplied from storage (batteries, PHS), that was 

previously stored using excess RES1, and 𝐸𝑃𝑃 is the electricity supplied from the PP. The 𝐸𝑅𝐸𝑆1 

parameter is computed from the available potential generation from the RES as well as from some 

technical constraints. Before addressing how it is calculated, let us first present how this potential 

generation is determined. As already explained, potential generation is the maximum possible 

electricity generation that a RES1 can produce on a given hour and it is calculated (for instance for the 

wind case) in the following manner (6): 
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where 
_, year ip WindE  is the potential electricity generation for the initial year (estimated from a resource 

study), 𝑃𝑊𝑖𝑛𝑑 represents the wind installed power and 𝑡𝑒𝑐ℎ𝑖𝑚𝑝_𝑤𝑖𝑛𝑑 the wind technology improvement, 

i.e. new wind turbines can produce more energy than older machines (higher capacity factor; no 

degradation factors are considered). Again, the subscript 𝑦𝑒𝑎𝑟_𝑛 corresponds to the year of the 

calculation and the subscript 𝑦𝑒𝑎𝑟_𝑖 to the initial year. For RES2, the reasoning is the same, and the 

total RES potential generation is naturally the sum of all the potential generations from all RES1 and 

RES2. Once this potential generation is calculated, Renalyst decides (based on constraints) how 

much of it will be used and be part of the supply. For that, the user is asked to input the maximum 

hourly share that each RES can provide of the total supply and according to that the electricity supply 

from each RES is calculated. For the PV case, the electricity supply will be computed as shown in 

Figure 3.4. 

 

Figure 3.4 – PV supply calculation  

 

The parameter 𝑚𝑎𝑥𝑃𝑉 is the mentioned maximum hourly share of PV electricity of the total supply and 

∑ 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝑅𝐸𝑆   is the electricity that was already supplied from another RES (since a precedence must 

be given). Basically, the model checks if the potential generation (in this case from PV, 𝐸𝑝,𝑃𝑉) exceeds 

the maximum hourly share that this source can provide of the total supply (max𝑃𝑉 ⋅ 𝐸𝑆𝑢𝑝) and, as 

electricity is being supplied from other RES it is also necessary to evaluate the remaining supply 

(𝐸𝑆𝑢𝑝 − ∑ 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝑅𝐸𝑆). Since setting a maximum for each RES could unnecessarily limit the amount of 

RES power entering in the grid at a given hour, for instances in a given hour the wind speed may be 

zero and hence no wind power is being produced, which means that perhaps more PV power could be 

injected into the grid, there is an option that allows for the other RES (in this example PV) to take the 
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share of the wind, guaranteeing that the maximum hourly share for the overall RES do not lower in 

hours of low renewable resource. 

The RES2 follows the same reasoning, however a sequence is given, i.e. before supplying the grid 

with RES2, RES1 are given priority, since generation from RES2 can be controlled, which does not 

happen for RES1. Figure 3.5 summarizes the priorities of the RES and ES. 

 

Figure 3.5 – Priorities of the RES and ES in supplying the grid 

According to these constraints, the grid is supplied with both RES and ES electricity. The remaining 

electricity is supplied from the PP, where a minimum value can also be attributed (minimum PP load). 

If for instance the calculations for a given hour give a PP electricity with less than this minimum 

(because of high RES generation), Renalyst respects and ensures this minimum PP load and rejects 

RES electricity (it is curtailed, stored or used in another application if possible). 

With this information, let us now present how the total amount of electricity available 𝐸𝐴𝑣𝑎𝑖𝑙 is 

calculated from (7): 

 𝐸𝐴𝑣𝑎𝑖𝑙 =  𝑀𝑎𝑥 ( 𝐸𝑆𝑢𝑝 , 𝐸𝑃𝑃 + 𝐸𝑝_𝑅𝐸𝑆 ) (7) 

as this represents the maximum amount of electricity available for consumption. It may correspond to 

the electricity supply or it can be higher (never less) if RES generation (𝐸𝑝_𝑅𝐸𝑆) in a given hour is high 

enough and electricity demand is low. This parameter is relevant since it will be used to calculate the 

excess electricity generation (EEG), which is given by (8): 

 𝐸𝐸𝐺 =  𝑀𝑎𝑥 ( 𝐸𝐴𝑣𝑎𝑖𝑙 − 𝐸𝑆𝑢𝑝 , 𝐸𝑝_𝑅𝐸𝑆 − 𝐸𝑅𝐸𝑆) (8) 

This parameter is very important since it is the one that allows Renalyst to determine the amount of 

electricity that can be stored, used for other purposes (e.g. desalination) or curtailed. 

3.10.1.2 ES related equations 

To what concerns the capacity of the ES technologies, Renalyst proposes an ES for the target year 

with a charging power corresponding to the average of the hourly electricity curtailed (or EEG) in the 

case no ES exist (one year is simulated with the same proposed installed power of the RES system 

for the target year). There is also an option for the user to decide how much (in %) of this total storing 

power should be attributed to each ES (for instances, 10% of the total ES power to batteries and the 

remaining 90% to a PHS). In the case of the batteries, the storing power also equals to the batteries 



32 
 

capacity and to the discharging power, i.e. if Renalyst proposes a battery with a charging power of 3 

MW, the battery capacity will be of 3 MWh and the discharging power of 3 MW. 

In the case that the PHS option is activated (which implies that the desalination option must always be 

activated), Renalyst proposes that the pumping power is equal to the calculated hourly power in the 

case that no ES was installed (as explained above). Then, the turbine power is modulated in order to 

maintain the water flow rate through the PHS, i.e. the turbine power depends on the height and turbine 

efficiency, so that this power is the one that allows for the water flow rate to be maintained in the 

system (pumping and turbine). Finally, the size of the upper reservoir (UR) (which corresponds to the 

PHS capacity) equals to 12 hours of nominal pumping power. The lower reservoir (LR) corresponds to 

one third (in terms of volumetric capacity) of the upper reservoir, as the size of the LR must follow the 

rest of the PHS capacity (pumping power, UR), since more water will flow in the system.  

To what concerns batteries as an ES technology, Renalyst, depending on the total capacity of the 

batteries, the maximum hourly charge and discharge powers, charge and discharge efficiencies and 

other discharge parameters, computes the electricity for storing 𝐸𝑆𝑡𝑜𝑟𝑖𝑛𝑔𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠, the electricity stored 

𝐸𝑆𝑡𝑜𝑟𝑒𝑑𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠  and the electricity supply from storage 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 on an hourly basis. 

The electricity stored is computed from knowledge of the prior hour, or from (9): 

 𝐸𝑆𝑡𝑜𝑟𝑒𝑑𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠ℎ𝑜𝑢𝑟_𝑛
= 𝐸𝑆𝑡𝑜𝑟𝑒𝑑𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠ℎ𝑜𝑢𝑟_𝑛−1

+ 𝐸𝑆𝑡𝑜𝑟𝑖𝑛𝑔𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠ℎ𝑜𝑢𝑟_𝑛−1
− 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠ℎ𝑜𝑢𝑟_𝑛−1

 (9) 

   

where the ℎ𝑜𝑢𝑟_𝑛 − 1 subscript denotes the prior hour respective to the subscript ℎ𝑜𝑢𝑟_𝑛. This is 

necessary to ensure that excess RES electricity does not get stored and used at the same hour. 

The 𝐸𝑆𝑡𝑜𝑟𝑖𝑛𝑔𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 is a rather complex function and is not shown here, however it is a function of the 

excess electricity in the system (𝐸𝐸𝐺), the possibility of charging and discharging the battery in the 

same hour, the maximum storage capacity, which is the total amount of energy that the battery can 

store, the electricity already stored and the electricity being supplied. All these parameters are 

necessary for the knowledge of the still available space for storing, and finally the maximum charge 

power and correspondent efficiency are also used.  

Finally, the 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 , which is an even bigger function and it is also not shown here either, 

depends on the (𝐸𝑝_𝑅𝐸𝑆ℎ𝑜𝑢𝑟_𝑛+1
− 𝐸𝑝_𝑅𝐸𝑆ℎ𝑜𝑢𝑟_𝑛

) difference, where a large sum means that the expected 

RES electricity that will be produced in the next hour will be substantial, and if this value is greater 

than 50% of the stored electricity from the total capacity, than the storage unit makes a large (user 

decides) discharge, as it will need space to store the excess electricity that is anticipated to be 

produced in the following hour. The 𝐸𝑆𝑢𝑝𝑝𝑙𝑦𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 also relates with the electricity supply from RES 

(𝐸𝑅𝐸𝑆), since the ideal case would be for the batteries to fulfill the remaining supply to achieve a 

situation of 100% RES penetration for that given hour. Then, it also depends on other parameters like 

the maximum discharge power and discharge efficiency. However, it is worth mentioning that if the 

charge and discharge parameter is set to ‘No’, meaning that the ES unit can only charge or discharge 

at that hour, but not both, the model is much more conservative in using stored electricity, meaning 

that it will generally only discharge when higher percentages of the total capacity are achieved, and 
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during the remaining hours it will accumulate energy. If the system can charge and discharge at the 

same time (which is much more effective), then the model discharges as the user selects the 

discharging criteria, i.e. the user defines in the model, how much electricity (in %) must be discharged 

when some level (in %) of the total capacity is achieved. There are 5 available levels for doing this. 

Finally, the useful lifetime of the batteries (usually defined for each technology as a fixed number of 

expected years), is assumed to vary according to the number of cycles performed by the batteries 

according to (10): 

𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 [𝑦𝑒𝑎𝑟𝑠] =
𝑀𝑎𝑥𝑐𝑦𝑐𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟𝑐𝑦𝑐𝑙𝑒𝑠
 (10) 

being 𝑀𝑎𝑥𝑐𝑦𝑐𝑙𝑒𝑠 the maximum number of cycles performed in one lifetime by the batteries system (an 

input defined by the user), and 𝑁𝑢𝑚𝑏𝑒𝑟𝑐𝑦𝑐𝑙𝑒𝑠  the number of cycles (per year) performed in the simulated 

year (calculated by Renalyst), which corresponds to the total energy discharged by the batteries 

divided by its total capacity.  

In the case of the PHS, which comprises the desalination process, there are two other sub-options – a 

single penstock or a double penstock system. In the first, it is only possible to charge or discharge at 

one hour, and in the second both are possible. The electricity supply from the PHS is a rather complex 

function, however it depends on the levels of the lower and upper reservoirs (LR and UR), since for 

instance if too much water starts to accumulate in the LR the excess electricity will be only used to 

pump this water to the UR and not by producing more water in the desalination plant. Other 

parameters affecting the electricity supply from the PHS include the turbine-generator efficiency, the 

maximum turbine power and the available head. 

The water flow rate from the desalination plant to the LR (which is always where it ends with or without 

the PHS system), and from the LR to the UR (if the PHS option is turned on) is maintained constant, 

so that the water level does not increase or diminish in the LR (it was already said that the water flow 

rate is also constant from the UR to the LR by sizing the turbine power according to that). Naturally, 

after water is discharged from the UR to the LR, it eventually builds up in the LR. Still this ideal and 

constant flow rate is preserved, so that the water level in the LR is kept constant, as this ensured from 

(11) and (12) in the following way, 
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where DesalinationE  is the electricity used in the desalination plant, LR URE →  is the electricity used in the 

pumping system, 𝐸𝐷𝑒𝑠 is the necessary electricity for desalinating one cubic meter of water (in 

kWh/𝑚3) and 𝐸𝑃𝑢𝑚𝑝 is the necessary electricity to pump one cubic meter of water to the UR (also in 

kWh/𝑚3), which means that ṁ𝐷𝑒𝑠 𝑡𝑜 𝐿𝑅 = ṁ𝐿𝑅 𝑡𝑜 𝑈𝑅, being ṁ the flow rate (in 𝑚3) in the system from 
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the desalination unit to the lower reservoir and from the lower reservoir to the upper reservoir. Finally, 

it is worth mentioning that only excess water is used in the PHS, i.e. the water demanded by the 

population is discounted from the LR, and only excess water produced with excess RES electricity 

(EEG) is used in the PHS, so that this storage unit does not compromise the water consumption in the 

island. 

Before finishing this section, it is worth mentioning that in the case that no ES is activated, the 

desalination process (if activated) can serve as a demand-side strategy, using the EEG. In this case, 

the total electricity demand is split into electricity demand for desalination and the remaining electrical 

demand. The model then calculates the needs for the electricity demand just as in the previous case, 

but it then uses more excess electricity (EEG) to produce water as the main demand-side strategy. 

The user can specify what is the mix of electricity being used in the desalination plant to produce 

water (e.g. 50% EEG and 50% conventional, or for instance 100% EEG). If the EEG is not sufficient to 

satisfy the water demand at that hour, the PP will ensure this minimum of desalination demand.  

3.10.1.3 PP related equations 

Finally, the spinning reserve is calculated to ensure system stability. First, the model calculates the 

spinning reserve in the following way 

 𝑆𝑝𝑖𝑛𝑛𝑖𝑛𝑔 𝑅𝑒𝑠𝑒𝑟𝑣𝑒 = (𝐸𝑝_𝑅𝐸𝑆 − 𝐸𝑅𝐸𝑆) + (𝐸𝐸𝑆_𝑆𝑡𝑜𝑟𝑒𝑑 − 𝐸𝐸𝑆_𝑆𝑢𝑝𝑝𝑙𝑦) + (𝑃𝑃𝑀𝑎𝑥_𝑃𝑜𝑤𝑒𝑟 − 𝐸𝑃𝑃) (13) 

 

which is the difference between total potential RES generation and the RES respective supply, plus 

the difference between the electricity stored and the electricity being supplied from the storage units 

and plus the maximum generation capacity from the thermal groups and the already power being 

supplied by the groups. All these differences represent a form of reserve in the producing and ES 

units. Then, a security criterion of (n-1) is applied, meaning that the system must be able to satisfy 

demand if the largest producing unit suddenly fails. This means that if the above calculated spinning 

reserve without the largest producing unit is less than the power reserve in the system at that hour, the 

model adds the necessary number of thermal groups in the PP (usually one more) to satisfy this 

security criterion. Hence, for every hour, the model computes the actual number of thermal groups 

working and the actual spinning reserve, which is equal to the one calculated from the above 

expression plus the spinning reserve provided by the newly added thermal groups, so that this 

important security criterion is ensured. Then, the thermal groups load, a very important parameter to 

ensure the engines efficiency and minimize fuel costs, quickly follow from the notion that (14): 

 _

_

PP
PP Groups

Max Power
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Load
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=


  (14) 

 

where this give the fraction (load) at which the PP groups are running. Note that 𝐸𝑝𝑝 is the electricity 

being produced (and hence supplied) from the thermal groups and 
_Max PowerPP  represents the 

maximum continuous generation from the working PP groups.  
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3.10.2 Risk & Investment spreadsheet 

The last spreadsheet worth mentioning is the ‘Risk & Investment sheet’, where the risk and the 

investment fractions are calculated for each RES1 in two separate tables: i) Table 1 – Risk 

Assessment; ii) Table 2 – Investment. The first table is related with the risk of each technology and to 

assess if Renalyst is going to invest in that specific RES (if the technology risk is higher than the 

investor risk threshold than this technology is excluded from any investments). In this table, the user 

can insert the risks for the different technologies (default values are already listed). The risk for future 

years is assumed to increase or decrease by a certain percentage by year (also an input) and the 

overall risk is calculated for each year. For example, the overall risk for the wind case (
WindRisk ) is 

calculated from (15): 
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  (15) 

where the risk parameters ( _Wind ParametersRisk ) are classified from 0 to 10, where a low number (e.g. 2) 

corresponds to a low mark (high probability of something go wrong) and a high number (e.g. 8) to a 

high mark (low probability of something go wrong). The weight ( _ ParametersRisk weight ) represents the 

importance given to each parameter – it is a fraction of 0 to 1 and the sum of all categories must equal 

1.  

The second table relates with the split of the available capital for investment across the different RES. 

There are four investment decision variables, all having the same weight (25% each): 

1) Capacity factor & Technology cost: Renalyst compares the different RES to evaluate what are 

the sources with higher ratios of energy produced per cost, and a punctuation of 1 to 10 is 

given to each RES by comparing these ratios among the different RES eligible for investment. 

From knowledge of the inputs “technology improvement” and “technology cost decline rate”, 

this parameter changes from year to year, as the technology capacity factor and costs change 

over the years.  

2) Space to grow: Renalyst compares what are already the installed capacities among the 

different RES and a punctuation of 1 to 10 is given to each RES. RES that already represent a 

sizable position in terms of overall RES installed power naturally receive a lower punctuation 

respective to another RES that are still not installed or with low installed power shares. 

3) ES technology integration: For each RES it is analyzed how much hours of the day the RES 

produces energy between a certain range from the daily average. For instances, PV power 

does not produce power during the night and the power produced during the day varies along 

a bell curve. This generation pattern will in theory create inflexibilities in the ES technologies, 

which need to store the EEG during peak generation hours while at other hours no energy is 

available for storage. A punctuation of 1 to 10 is given to each RES. RES that can produce 
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energy consistently thought the hours without major fluctuations are given a higher 

punctuation relative to other RES showing more irregular generation profiles. 

4) Generation to demand match: For each RES it is analyzed what is the correlation between the 

intraday generation pattern and the energy demand. Hence, RES that produce more energy at 

times of more demand and less energy at times of low demand (match between generation 

and demand) are privileged respective to other RES that produce energy at hours of low 

electricity demand and vice-versa. A punctuation of 1 to 10 is again attributed to each RES. 

From these four parameters, each RES ends up with a punctuation from 1 to 10. Then, a weighted 

average of the overall punctuation from the considered RES is used by Renalyst to split the 

investment capital (in €) across the RES, always respecting the maximum of installed power that can 

be considered for each RES (an input, that may correspond on the resource availability, space 

constraints or others). This approach follows a GE-McKinsey matrix system as already mentioned. 

3.11 Inputs and simulation 

All the inputs of the model are spread in three sheets: the ‘Hourly results’, the ‘Yearly results’ and ‘Risk 

& Investment’ spreadsheet.  

‘Hourly results’ inputs 

There are several types of inputs to be inserted in this sheet: 

- Electricity supply [kWh] and correspondent base year 

- RES potential generation [kWh] 

- Desalination electricity demand and water consumption (if it applies) [kWh and m3] 

- Desalination parameters (if it applies) 

- ES related parameters 

- PP groups maximum continuous power [kW] 

The hourly distribution of the electricity supply (for all the installed RES and for the PP) from the past 

year(s) must be inputted (and respective starting/base year), so that the model can have knowledge of 

the electricity demand pattern and of the expected electricity generated from each source. 

The RES potential generation is another very important input, as the model uses this data to compute 

the excess RES electricity to be used in desalination, ES technologies or simply to compute system 

losses. There are two distinct columns to input this potential generation. If a given RES is already 

installed in the power system, the potential distribution will be inserted according to that installed 

power. If that RES is not installed yet, an estimation of the potential electricity produced per MW of 

installed power must be inputted. By default, the model will use the first column to perform 

calculations, however if this column is left in blank (meaning that specific RES is not currently 

installed), Renalyst will use the second column. And again, if no data is there too, then the model does 

not have knowledge of the potential resource and will not invest in that specific RES.    

Then, if it applies, the desalination electricity demand and the water consumption (or distributed in the 

water system) are also required so that the model can be able to separate the electricity demand for 

desalination from the rest of the electrical demand, and to use it in the PHS (if that is the case) by 
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having knowledge of the availability of the water supply. Furthermore, in the target year, some 

desalination parameters as the desalination and distribution process efficiency [in kWh/m3 of water 

produced and distributed], the maximum hourly desalination power, which relates with the maximum 

amount of water produced and the percentage of RES electricity that can be used in the desalination 

process are also required to perform the simulation. 

Regarding the ES technologies, i.e. the batteries and the PHS, several inputs are needed for each 

one. For the batteries case:  

- The ability [in the form of ‘Yes/No’ input] of the batteries to charge and discharge at the same 

time, i.e. in the same hour. 

- Discharge criteria, i.e. when the battery reaches a certain level (in %) of the total capacity, 

what is the amount of electricity (in %) from the stored electricity that is to be discharged. For 

instances, when the battery reaches, say 80% of the total capacity, it may discharge 50% of 

the electricity. There are five pairs of these values to be inputted, but again default values are 

already built-in. 

- Operating mode [‘Bulk storage’ or ‘Power quality’]. In the first mode, the batteries store and 

supply large quantities of RES power (the default discharging criteria mentioned before is 

more ‘aggressive’ – with deep discharges – in terms of the quantities of RES power stored 

and supplied). In the case of the power quality mode, the batteries supply little RES power on 

an hourly basis, acting mainly as spinning reserve (being almost full for most of the time).  

To what concerns the PHS, the following inputs apply: 

- The ability [in the form of ‘Yes/No’ input] of the PHS to charge and discharge at the same time, 

i.e. in the same hour. A PHS with a double penstock corresponds to the ‘Yes’ input and a PHS 

with a single penstock system corresponds to the ‘No’ input. 

- Available head [in m] 

- Pump and turbine-generator efficiencies [%] 

From knowledge of the three inputs, the model computes the roundtrip efficiency and the electricity 

needed [in kWh/m3] for pumping as well as the electricity generated when turbinating [in kWh/m3]. 

Finally, the PP thermal groups power’s must be known, so that the spinning reserves can be 

computed. This power input refers to the group maximum continuous generation, i.e. the amount of 

electrical power that the thermal group can safely and continuously produce. 

‘Yearly results inputs’ 

Here, the inputs are more of a techno-economic nature. In the beginning of the sheet, there is a ‘Main 

Inputs’ table, with the following inputs: 

- Simulation criteria: 

o RES penetration target (up to 100%) 

o Available capital for investment in RES (in €) 

- Target year (up to 20 years) 
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The simulation criteria its where the user decides what type of simulation is desired. If the “RES” 

option is selected, then the user must insert what is the desired RES penetration target, and Renalyst 

proposes a system to achieve that target. If the second option is chosen instead, the user must insert 

the available capital for investment in the RES and Renalyst uses this figure to propose a system. 

The target year corresponds to the year being simulated and where the investments in the renewable 

sector are made. 

In addition to this box, there are also other inputs spread horizontally in the sheet: 

- User desirability to invest [in the form of ‘Yes/No’ input] in some RES or in the batteries 

system. 

- Technology cost for the initial year [M€/MW] and expected decline rate of the technology cost 

[in %/year]. 

- Technology improvement, i.e. potential generation related input [in %/year]. For instance, if a 

given RES produces 500 kWh of electricity in a given hour of the year, future installations of 

that RES will produce 500 ∗ (1 + 𝑎)𝛥𝑦𝑒𝑎𝑟 [kWh], being a the technology improvement input (as 

a fraction).  

- RES installed capacities for the initial year [in kW], maximum possible installed capacity for 

each RES and ES [kW and kWh]. 

- The demand growth [in %/year] is also inputted here and the transport and distribution losses 

[as a % of the supply] 

- The maximum hourly share (of the total supply) of RES electricity from each RES and from the 

ES that can be supplied to the power grid [in %]. 

- Fuel used in the initial year [tons], fuel cost [€/ton], fuel cost variation along the years [in 

%/year], CO2 emission factor [kgCO2/kWh], CO2 licenses cost [€/ton] and variation in the 

emission factor and license costs [both in %/year]. 

‘Risk & Investment’ 

Finally, the last spreadsheet of inputs is the risk quantification sheet. Note that all inputs are already 

filled by default here, but it should be personalized for the specific study. First, the user risk profile is 

accessed: 

- Risk aversion profile [‘Normal’, ‘Sensitive’ or ‘Highly Sensitive’] 

- Desirability to invest up to what risk [from ‘Very Low’ to ‘Very High’] 

There is a table that defines three risk aversion profiles, i.e. for instances someone who is highly 

averse to risk may consider a situation risky opposed to someone else that may tolerate a greater 

level of risk. This profile, crossed with the technology risk of the RES or batteries, allows for the model 

to decide if some RES is eligible for investment or not.  

The RES risks are computed from 0 to 10 from (15) and depending on the user risk profile each RES 

is classified as ‘Very Low’, ‘Low’, ‘Medium-Low’, ‘Medium’, ‘Medium-High’, ‘High’ or ‘Very High’ risk, 

and it will or not be eligible for investment based on this.  



39 
 

The user may change the inputs from the risk table, where all the considered risk parameters 

(technology maturity and reliability, capacity factor, weather dependence, grid integration, operation 

risks, resource availability, project lifetime, safety & vandalism, project experience, construction risks, 

scalability, social, credit or political barriers and market and economic conditions) and their specific 

weight are shown. The risk is attributed in a scale from 0 to 10, where 10 corresponds to a situation of 

zero risk probability (e.g. there is no chance that the expected generation will be affected), and 0 being 

the other extreme corresponding to a situation of total risk (e.g. no electricity will be produced). This 

applies only for the RES1. 

As already explained, to perform simulations, the user, after inserting all the required inputs, just 

needs to select between the options “RES” or “Capital” from the simulation criteria setting and the 

correspondent target year. Then, if the option “RES” was selected, the user inserts the desired RES 

penetration and Renalyst estimates what is the required RES system capacity to achieve that target 

and the simulation is performed. If the second option was chosen instead, the “Capital” option, the 

user inserts the available amount of capital (in €) to be invested in RES, and Renalyst uses all that 

capital in RES and the simulation is performed, resulting in a given RES penetration scenario with a 

given RES installed capacity.  

3.12 Outputs 

The outputs of the simulations can be found in three sheets: 

- Hourly results sheet 

- Yearly results sheet 

- Charts sheet 

In the charts sheet, a table can be found where a brief comparison between the initial and the final 

year is made. Then, several charts are spread, which can be used to better visualize the behavior of 

the new power system. 

In the yearly results sheet, an elongated table is shown displaying the most important parameters from 

the initial year to target year. For instances, the increase of the installed power of the RES or how the 

electricity supply, demand, or losses changes along the years, as well as the PP savings and the 

investment costs done in the RES. 

The most complete sheet is the hourly results sheet, as all parameters are computed hour by hour, 

giving 8,760 rows of results. The user can quickly roll over the hours and check how it all changes on 

an hourly basis. This simulated target year is also the most complete and where more information can 

be found, since the spinning reserve and the water flows are also calculated. At the top of each 

column there is usually presented the yearly sum of the respective parameter, which is helpful to 

quickly visualize the power system without recurring to the yearly results spreadsheet. The following 

list summarizes the most important results (outputs) that can be found in this spreadsheet: 

- Electricity flows (all in kWh) – electricity demand; transport and distribution losses; electricity 

supply, electricity available; electricity demand for desalination; electricity supply for 

desalination from RES and from the PP; electricity curtailed; EEG; electricity supply from RES, 
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ES and from the PP; potential generation from RES; electricity being stored and electricity 

stored (in batteries and in the PHS). 

- Water flows (all in m3) – water production; water consumption; water in the lower reservoir; 

water in the upper reservoir; water flowing from the lower reservoir to the upper reservoir and 

water flowing from the upper reservoir to the lower reservoir. 

- Spinning reserve (all in kWh) – total available spinning reserve to ensure a (n-1) criterion and 

spinning reserve provided by each power source; number of working groups in the PP; overall 

PP load; number of hours that each thermal group worked in that year and corresponding 

average load. 

- RES penetration & Costs – Total RES penetration, along with the renewable energy for the 

power sector only and the RES for the water sector (percentage of water produced from RES) 

if the desalination mode is activated; the ΔLCOE (in €/kWh), the annualized investment costs 

(in €), the investment costs (in €) and the fuel and CO2 savings (in €) for the target year are 

also displayed. 

Finally, it is worth mentioning that the two most important outputs (or results) are the renewable 

penetration (in %) and the ΔLCOE (in €/kWh), and with enough pairs of these points a graphical 

representation can be obtained. 
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4. Case study: Porto Santo island, Madeira 

4.1 Porto Santo island characterization 

In the following section, Porto Santo island is going to be addressed with some degree of detail. This 

is crucial because even if the biggest goal and motivation of this entire work is regarding the electrical 

and water systems, other factors interfere directly and indirectly with those systems, and they must be 

explored and understood so that the best course of action is taken, and the desired goals may be 

achieved.  

4.1.1 History & Culture 

The small Porto Santo island of 42 𝑘𝑚2 is located in the Atlantic Ocean, at about 40 km distance from 

Madeira Island (coast to coast) and 600 km from North Africa, in a 33º latitude line. The island was 

discovered at about the same time as the biggest island of the archipelago, Madeira Island, both in the 

15th century by Portuguese discoverers. There were wars and attempts of other groups to take control 

of the island over the centuries, but at the end Porto Santo remained as a Portuguese sovereign land. 

The Madeira archipelago plus the Azores one give Portugal an extensive oceanic economic and 

strategic zone.  

One of the main cultural traits in the island are the windmills, built in the past to process wheat for food 

production (as the island has a good wind resource). There is also a famous house, the Columbus 

house, which marks the passage of the great navigator in the 15th century to the Madeira archipelago, 

which was very prosperous due to intense commercialization of sugar (“white gold”). 

4.1.2 Terrain & Infrastructure 

In contrast to Madeira Island, Porto Santo island has a low relief. The eastern part of the island has 

some relief indeed, with a small mountain with a maximum height of about 500 m, whereas the 

central-western terrain is predominantly flat. Because available fresh water is scarce, trees and 

vegetation are not abundant, and shrubs and cactus can be found there, which is a clear indication of 

the poor water resource (several maps of the island are available in annex B, from Figure B.1 to 

Figure B.4). 

Regarding the infrastructure, the southern part of the island is much more developed than the north 

counterpart. The south has a very long, almost 10 km length beach. Plenty of tourism-centered activity 

has been rising in that beach line, namely high-quality hotel resorts, restaurants and even a golf 

course was built recently in that area too. There is also an airport in the center of the island, north-

south oriented, that divides the island in east and west. Roads are small but well established around 

the island, yet some parts are only accessible by dirt roads. 

To what concerns the transport sector, most of the cars are light duty cars. There is a daily ferry that 

makes Madeira Island to Porto Santo and vice-versa and as also a daily small airplane operated by a 

private line making Madeira Island – Porto Santo, and a line from the continent (Lisbon) to Porto Santo 

(not every day though). 
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4.1.3 Resources & Climate 

In general, the island is very warm (about 20ºC yearly average temperature [114]). Monthly average 

temperatures are quite high, and it is very rare to have a freezing day. Since strong winds are 

generally present, it is very common to have two or three seasons in the same day, as clouds come 

and go, passing from a situation of rain to a situation of sun in a matter of minutes. That, in conjunction 

with the temperature and relief factors, makes it an island with a hot semi-arid climate. Consequently, 

rain is not sufficient to cover the soil evapotranspiration, and thus the surface ends up being very arid 

and dry. There is also little biodiversification, little plant-life and little to none animal wildlife. 

4.1.4 Population 

Porto Santo, mainly due to fresh water scarcity and due to its small size, especially when compared 

with Madeira Island, remained largely uninhabited over time. Even to date, current population is about 

5,000 inhabitants [114], about 3,000 more than in 1900 [115]. Due to economic factors, a considerable 

portion of the today’s inhabitants work in Madeira Island, thus not living regularly in the island, despite 

having an official residence there. Yet, the biggest population oscillation is by far in the summer 

period, where the official population figure of 5,000 can double or even triple due to touristic activity. 

This is especially true in the August month of the year as this population oscillation poses a challenge 

for the electrical power system, which will be addressed shortly.  

4.1.5 Water sector 

As already mentioned, fresh water is very scarce in this island. This means no local food production 

(just small crops, no cattle) which in turn lead to costly food imports. On the other hand, it also means 

the need to desalinate water (through the desalination plant, the only that exists in Portugal), a very 

energetic intense process, bringing a higher water tariff [116]. These two conditions converge in an 

unfavorable economic environment, meaning lack of investment, leading to few jobs and an ‘under-

developed’ island. The result is a low population number which strength this pattern. 

Every year, the desalination plant is responsible for the production of about 1,000,000 𝑚3 of fresh 

water [117-119]. There is also a waste water treatment plant in the island, as this treated water is 

supplied to the golf course (over 400,000 𝑚3 per year) [117-119]. A complete diagram of the water 

flows is available in annex B, Figure B.5. 

4.1.6 Power sector 

The power sector is composed of one thermal PP, one wind park and one PV park, along with some 

distributed (PV) microgeneration [120]. 

The PP consists of 4 groups of 4.32 MW rated power each with a maximum continuous generation of 

3.80 MWe (totaling 15.20 MWe) [120]. The wind park is composed of 3 turbines (two Vestas V29 of 

225 kW each and one Vestas V47 of 660 kW) however, both V29 turbines are stopped since 2015 due 

to malfunction, and because of the high reparation costs and inability of remote controlling, their 

replacement is being considered [120]. Regarding the working wind turbine, curtailment from this 

source has decreased since it was installed in 2015 an automatic dispatch system (averaging now 0.2 

GWh per year) [121]. This wind turbine has been averaging 1.67 GWh of annual electrical generation 
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(capacity factor of 0.29). The PV park is totally integrated in the grid, meaning that whenever it 

produces electrical energy it is supplied into the grid. PV generation is steady over the years, 

averaging a little over 3 GWh of electrical energy produced (capacity factor of 0.15). Thus, renewable 

electricity accounts for about 14% of the total electricity supply, a very low number especially when 

compared with the 30% figure from Madeira Island [120]. Despite no new RES installation were made 

since the PV park in 2010, some technical improvements were done like the above mentioned 

automatic system in 2015.  

Regarding electricity consumption, demand saw its historical maximum in 2008 with almost 35 GWh 

[122]. From 2014 to 2016 demand remained at around 30 GWh [120,123,124]. All the commerce and 

services, including the hotel sector, are responsible for about 40% of the total demand, close to 20% 

goes to the domestic sector and about 17% for water production (desalination plant) [125-127]. Other 

minor sources of consumption include public lightning and administrative services (an energy balance 

and Sankey diagram, a full characterization of the generation system and of the power plant is 

available from Table B.1 to Table B.4 and Figure B.6 in annex B). 

4.1.7 Industry & Services 

Industry in the island is practically nonexistent, as resources and raw materials are not abundant, and 

the low population number limits an economy of scale. In contrast, there has been a great 

development in the island regarding the services sector, mainly touristic-centered. Several high-quality 

resorts have been built in the island recently, and there are now about 20 hotels and residences with 

3,200 beds [128]. The already mentioned golf course, tennis courts, an equestrian center and other 

activities have also been created there in the past few years. 

4.1.8 Economic environment 

The biggest economic contribution to the island comes from tertiary sector activities, mainly related to 

tourism and commerce, which is very concentrated in the summer months. Very warm and crystalline 

ocean water makes the island a paradisiac one and projections are for continuous growth in this 

sector, as Portuguese, German, British and French tourists are responsible for about 400,000 bed 

sleeps per year in the island, or 57% more in 2014 respective to 2004 [128]. 

Unemployment rate is still quite high (about 19% in 2011 and 43% for young unemployment for the 

same year), as there are only about 900 jobs in the island [129]. 

4.1.9 Regulation and local agencies 

Porto Santo is part of the Madeira archipelago, which in turn belongs to the Republic of Portugal, an 

EU member country. The Madeira archipelago, as Azores, has its own local government, hence the 

‘autonomous region’ definition. However, all powers are exerted under the Portuguese constitution 

and consequently fall under the EU legislation, with no exception regarding the energy policy. All 

energy policy and implementation are of responsibility of the Regional Directorate of Commerce, 

Industry and Energy (DRCIE), the responsible government body in this field. The Regional Civil 

Engineering Laboratory (LREC) has the functions of developing studies and expertise opinions on the 

islands endogenous resources and projects under development. The Regional Secretariat of 
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Environment and Natural Resources (SRA) has the mission to define and coordinate regional policy 

on the environment, water, sanitation, forests, natural park, fisheries, animal husbandry, wine and 

crafts. The Empresa de Eletricidade da Madeira (EEM) is the only power company operating in the 

archipelago, responsible for the generation, transport and distribution of electricity. The company is 

also responsible for carrying out the necessary investments to meet the electrical needs guaranteeing 

the quality of the electricity provided. Likewise, the Águas e Resíduos da Madeira, S.A. (ARM) is the 

only water utility company, responsible for the distribution and supply of potable water to the 

population, as well as the treatment of wastewater and other residues. The electrical and the gas 

sector are regulated by an independent authority, which is the Entidade Reguladora dos Serviços 

Energéticos (ERSE). The Agência Regional da Energia e Ambiente da Região Autónoma da Madeira 

(AREAM) is a non-profit association with the main focus of promoting information in the energy field, 

but also working with the local government in energy policy by disseminating their own studies. Finally, 

Direção Regional de Estatística da Madeira (DREM) is the main local statistical authority, providing 

useful information about the archipelago’s economic, social and energetic situation. 

4.1.10 Previous studies 

In 2005, several renewable energy studies were conducted in Madeira, part of the project named 

‘Improve the Implementation of Renewable Energies in Macaronesia (ERAMAC)’, co-funded by the 

EU with the goal of searching for alternatives to the strong dependence of oil imports. The conducted 

studies were the following. 

A biomass study [130] was conducted in the Madeira archipelago. The authors concluded that there is 

a considerable amount of this resource and in fact beginning in 2014 the Meia Serra residues plant 

started to burn biomass to produce electricity (about 10 GWh from about 22,000 tons in 2015 [119]). 

This is the only residues plant in the archipelago, and it is not likely to have another built, even less in 

Porto Santo. In fact, all the waste produced in Porto Santo, especially in the summer months, is sent 

to the main island of Madeira for incineration in this plant [131] (about 2,500 tons in 2016 [119]), thus 

not contributing to the power sector of Porto Santo. Because Porto Santo is a very arid island, there is 

not enough biomass to be considered for power purposes.   

A wind study [132] was conducted. The authors concluded that the wind resource is favorable at least 

40 m of height in the center to southwest directions of Porto Santo. The island is relatively flat in this 

center to southwest part, and relatively high in the east part (which translates into stronger winds), 

where some mountains can be found. However, it was also concluded that this eastern part is also 

characterized by a stronger turbulence, which is a very sensitive parameter for the quality of the 

electricity produced by wind turbines, as this would bring more intermittency to the wind power 

generation, affecting the frequency of the generated electricity. That is why the existing wind park is 

installed in the southwest part of the island, where the wind resource is still favorable although with 

relatively low turbulence.  

A solar study [133] was also conducted. The authors conclude that Porto Santo is suitable for the 

installation of this technology. It is shown that more than 90% of the island area is propitious to solar 

technology deployment, displaying average annual values in 4-5 kW/𝑚2/day to 5-6 kW/𝑚2/day range. 
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In fact, in 2010, a 2.34 MW PV park was installed on the island in a 5-6 kW/𝑚2/day range area 

indicated in the study. 

A hydric study [134] was also performed. The authors analyzed the current hydropower infrastructure 

of the Madeira island and provide guidelines for what could be improved. Regarding Porto Santo, it is 

simply stated that Porto Santo is scarce in this resource, thus not having enough potential for this type 

of technology. 

Regarding electric mobility, the public charging network will be expanded with new 50 kW charging 

stations in Madeira and Porto Santo (completion expected by 2018). Very recently, a fully electric bus 

was tested in Porto Santo (and in Madeira Island) [135].  

From [136] the authors conclude that Porto Santo may be considered an appropriate island for an 

efficient extraction of wave energy, with a maximum of 55 KW/m in the north part of the island. 

No other relevant studies were found in the other endogenous resources. 

4.1.11 Projects under development 

It was approved in 2012 a course of action for Porto Santo under the name of ‘Sustainable Energy 

Action Plan of Porto Santo Island’ [137]. Main outlined targets to achieve by 2020 are: 

- Increase by 20% the number of days of autonomy of primary energy storage in comparison to 

2005.  

- Increase to 20% the use of renewable energy resources in primary energy demand.  

- Increase to 50% the use of renewable energy resources in electricity generation.  

- Reduce by 20% the energy intensity (primary energy to the gross domestic product) compared 

to 2005.  

- Reduce CO2 by 20% in comparison to 2005 

 

It is estimated a figure of 41.67 million Euros to be invested until 2020 to implement these guidelines 

[137]. The document also provides results for a 2020 BaU scenario and it is concluded that both CO2 

emissions and conventional thermal generation increases up to that year. The increase in the RES 

penetration to 50% would be achieved with more wind and PV power and with biomass6 (from the 

micro-algae facility already installed). Then, some broad measures like the adoption of more efficient 

practices and of the acquisition of equipment and systems with better energy performance or 

Installation of solar collectors for hot water are proposed to exemplify how the above targets could be 

achieved.  

It was approved, on May of 2016, a project denominated “Porto Santo Sustentável – Smart Fossil 

Free Island” by the local Government [138,139]. The first phase of this project consists in the 

installation of a battery storage system (4 MW of power with 3 MWh capacity, lithium-ion technology 

[139]). The idea is that the battery system (at full charge) must have enough stored energy and 

available power to supply the grid for 15 minutes, which is the minimum time for a thermal group in the 

                                                           
6 The biomass would be responsible for 25% of the RES supply. Major setbacks were experienced, and no biomass production 
is expected anytime soon. In the meantime, more than 40 million Euros were already lost with this technology experimentation. 
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PP to start functioning. With this, the main objectives are: reduce three working conventional groups to 

two (the battery system will provide enough spinning reserve as the system operates with (n-1) 

security criterion); enhance the integration of RES electricity, cooperating with conventional 

technology when the intermittency of RES happens; improve the efficiency of the thermal power plant 

by increasing the loads of the groups. With this, the RES penetration is expected to grow from 14% to 

20% [139]. A second phase of the project would include a PHS to achieve very high penetrations, 

however there is no official timeline for this nor available detailed specifications. 

This project is greatly endorsed by the EU and a recent report from 2017 [140] clearly states the goals 

for this island: “Porto Santo island 100% renewable (all sectors, including transport) in the long term” 

and “Porto Santo (Madeira) smart fossil free island including 100% renewable smart grids and electric 

mobility”. For that, this document also provides some general guidelines like implementing energy 

efficiency in buildings, including energy performance contracts with energy services companies, the 

use of renewable energy sources for domestic hot water and electricity or the electric mobility (100% 

electric vehicles in the public fleet, since the transport sector is responsible for more than 50% of 

primary energy demand and CO2 emissions in Madeira, based on fossil fuels. Also, energy storage 

and installation of smart meters for all electricity users and smart grid solutions is pointed out. All this 

is part of the strategy to make this island a smart fossil free island in 20 to 30 years, based on new 

smart energy technologies.  

An algae photoreactor was installed in the island (close to the PP) [120]. Initially, the idea was to use 

this technology to produce biomass and increasing substantially the RES penetration (to almost 100% 

RES). In theory, the algae would capture 𝐶𝑂2 from the power plant combustion process and utilize it to 

produce biomass. However, none of this materialized yet, as the project is already experiencing 

several setbacks. Currently, this facility is producing only marine microalgae products for the food and 

feed markets, and it is not expected to produce any biomass soon. 

An Advanced Distribution Management System (ADMS) using smart meter technology is considered 

to be implemented in the island [120]. This technology is mainly aimed at storms and other extreme 

weather events that might hit the island and provoke power outages, so that these incidents are 

quickly repaired, and critical sites switch off the grid for greater resilience. 

Finally, a partnership was established to test 20 EV with 40 charging stations available in the island for 

18 months starting in 2018. In the first phase, the EV will use intermittent RES to charge their batteries 

by using smart charging technology. In the second phase the EV will provide electricity back to the 

grid – vehicle to grid (V2G) – at peak hours [141]. 

4.2 Objectives and motivations 

It is already clear what are the biggest challenges in this island: a fluctuating population (posing 

challenges to the electrical system), a natural fresh water supply problem (meaning no food production 

and a high-water tariff) and a poor economic environment (with few jobs and hence a low population 

number). Despite all of this, Porto Santo is very committed in achieving the proposed renewable 

targets.  
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Before outlining the scenarios to be studied, let us first look closer into the characteristics and 

specifics of the electrical system. The power system operates with a (n-1) security criterion. This 

means that if the largest producing unit fails, in this case one 4 MW group of the thermal power plant, 

another 4 MW of power must be available (as spinning reserve) to hold the grid. Presently, only these 

thermal groups can function as spinning reserve, as they are the largest power producing units in the 

island. Spinning reserve is critical to ensure grid stability, and other safety parameters include 

frequency, tension (which influences the current), harmonics and flickers (quick and abrupt load 

variation in the grid) [121]. 

Frequency is a very important parameter, as the electricity produced from intermittent RES can 

contribute to the fluctuation of this parameter. In mainland, this parameter is not closely monitored, as 

usually the power system is connected across several countries creating a highly resilient grid, 

capable of absorbing practically all the distortions induced, meaning that the frequency is nearly 

constant along the time [142,143]. On the other hand, islands usually have much smaller and weaker 

grids, and any major frequency disruption in the electrical grid can result in the system collapse. This 

means that presently the PP must be always active, since it is the quickest to respond to any 

disruption and it is the best technology that can stabilize the system frequency. Figure 4.1 presents 

the daily load diagram for one day in Porto Santo, and it shows how intermittent the RES can be and 

what it means to the overall power system. 

 

 

Figure 4.1 – Intraday load diagram (adapted) [139] 

 

PV instantaneous generation can be rather unstable, as it can be seen various sudden drops in PV 

electricity generation. This is explained by the passage of clouds, which are responsible for an abrupt 

loss of power produced by the solar panels. Since the region is very windy, this is a frequent and 
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undesirable problem. Furthermore, wind and PV power use non-synchronous inverters, meaning that 

these technologies cannot smooth frequency fluctuations, as only the PP can offer this stabilizing 

service, which can be seen by the sudden increase in the PP generation when PV generation 

suddenly drops.  

Taking into consideration the present condition of the island in terms of renewable penetration, several 

scenarios were proposed to study higher renewable penetrations, having in mind these technical 

characteristics and specifications.  

4.3 Methodology and model application 

In the present study different scenarios were studied and the two RES considered were PV and wind 

technology, as other RES1 are not mature yet (especially when compared with these two). 

Additionally, it is not viable to consider installation of RES2 (e.g. biomass, hydro) as those resources 

are not readily available in the island.  

To what concerns wind, the current wind turbine installed in the island is a Vestas V-47 with 660 kW of 

rated power. The wind potential generation was computed from knowledge of the hourly wind resource 

and from the V-47 installed turbine power curve (presented in annex B, Figure B.7). The potential of 

PV technology is assumed to equal the electricity supply of the last two years of data, which was when 

the automatic dispatch system was installed, making this technology practically 100% integrated into 

the power system. 

Table 4.1 shows the current characteristics of the power system and the expected one for 2019 when 

a 3-MWh lithium-ion battery is expected to be installed. It also shows the power system for 2027, as it 

is the target year of this study. 

Table 4.1 – System characterization – Present situation and BaU [120, 139] 

 

In addition to the BaU, three other scenarios are proposed, all considering further installations in wind 

and PV power. Table 4.2 presents the scenarios considered. For the BaU scenario, the only difference 

respective to the present situation is the installation of the batteries system. For the other scenarios, 

more wind and PV power installations along with batteries and a PHS are considered. Additionally, 

scenarios 2 and 3 were tested for very high penetrations (scenarios 2a and 3a). For this, the minimum 

hourly generation from the power plant is set to zero (meaning that the PP may not operate at all, 

being the renewable system independent) and the installed capacities of wind, PV, batteries and PHS 

were further increased.  

 

 Present Situation - 2017 BaU - 2019 BaU - 2027 

Installed Capacity 

Power plant [kW] 15,200 15,200 15,200 

Wind power [kW] 660 660 660 

PV power [kW] 2,340 2,340 2,340 

Lithium-ion batteries [kWh] - 3,000 3,000 

Electricity Demand [GWh] 32.4 33.1 35.8 

RES penetration 13.7% 20% - 
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Table 4.2 – Scenarios considered 

*For scenarios 2 and 2a two batteries were considered: the one that is expected to be installed in 2019 (a 3-MWh battery) which 

will function with the main purpose of providing power quality services and another battery with the capacity proposed by 

Renalyst (which changes from point to point) with main purpose of storing and providing bulk power. For the BaU and scenario 

3, only the 3-MWh battery is considered.   

In scenario 1, excess RES power is used in the desalination plant as the main demand-side strategy. 

With this, it can be tested how can the overall system improve by straightening the relation between 

the intermittent RES and the water sector and no ES technologies are considered in this scenario. 

Scenario 2 consists in further wind and PV power along with the integration of the expected 3-MWh 

battery along with a battery proposed by Renalyst. The 3-MWh battery will operate by providing power 

quality services and the battery proposed by Renalyst will operate in bulk power mode. Finally, 

scenario 3 considers more wind and PV power, the 3-MWh battery in power quality mode and a PHS 

proposed by Renalyst. 

The electricity demand growth is an important input, although also difficult to estimate. A value of 1% 

growth per year for this parameter was assumed based on the recent positive trajectory in economic 

growth and in more use of electrical appliances (e.g. electric vehicles), resulting in an electricity 

demand of about 36.6 GWh for 2027, a value last observed in this island in the period of 2005-09 

before the financial crisis. However, a sensitivity analysis was conducted assuming 0% and 2% for this 

parameter so that a range of 32-39 GWh in electricity demand is modelled for 2027, which covers all 

electricity demand historical values since 2002. The water demand growth was also assumed to grow 

1% per year from 2017 to 2027. 

The target year was chosen to be 2027, which represents 10 years from the available data. This year 

was chosen so that all scenarios could be compared in the same year, since despite scenarios 1 and 

2 could be implemented in less than a 10-year time frame, a PHS considered in scenario 3 would take 

no less than that time to be fully implemented in the island. 

To what concerns the maximum hourly share of RES power that can be directly injected in the power 

grid, a value of 30% was attributed from the knowledge of [144,145], of which 20% for wind power and 

10% for PV power although with the possibility of one (e.g. wind) being 30% in the case of the other 

(e.g. PV) do not supply any electricity in a given hour (e.g. at night). For scenarios contemplating the 

water integration with the power sector (1, 3 and 3a), a value of 100% is attributed to the maximum 

hourly share of RES power in the desalination plant and in the PHS in the case of scenarios 3 and 3a. 

This is done to study the potential synergistic relation between the power and water sector. However, 

it also assumes a technology progress until 2027 to achieve this, since it may not be possible to use 

only excess RES power presently to those ends. 

Scenario Further wind 
power 

Further PV 
power 

Batteries PHS Desalination 
mode 

Minimum 
PP load 

BAU No No Yes No No Yes 
Scenario 1 Yes Yes No No Yes Yes 
Scenario 2 Yes Yes Yes* No No Yes 
Scenario 2a Yes Yes Yes* No No No 
Scenario 3 Yes Yes Yes Yes Yes Yes 
Scenario 3a Yes Yes Yes Yes Yes No 
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Since the island is very limited in terms of space, it was assumed a maximum of 30 MW for wind and 

PV power that could be installed in the island. 

Finally, an hourly minimum of 800 kWh was set to the power plant operation, common to scenarios 1, 

2 and 3, as this represents the required minimum load of one working thermal group (this is done to 

ensure the (n-1) security criterion) [139]. This means that at least this amount of electricity must come 

from the power plant each hour of the year. Table 4.3 summarizes the most important inputs for the 

simulations, common to all scenarios: 

Table 4.3 – Main simulation inputs  

Target year 2027 

Yearly Electricity Demand Growth 1% 

Yearly Water Demand Growth 1% 

Max hourly RES share in the power grid 30% (20% wind and 10% PV) 

Max hourly RES share in the desalination plant 100% 

Max wind and PV power 30 MW & 30 MW 

Min PP hourly generation 800 kWh [139] 

Simulation criteria Capital 

Capital to invest in RES Varies 

  

To what concerns the latest two inputs, results were obtained by varying the amount of available 

capital. For each “Capital” to invest in RES value tested, a pair of outputs “RES penetration” and 

“ΔLCOE” was obtained (among other outputs). With enough points tested, i.e. different “Capital” to 

invest in RES values tested, a set of points and in turn a curve was obtained for each scenario, which 

is what is presented in the next section. The same reasoning was applied to the sensitivity analysis, 

where one parameter is changed and again a set of points was obtained to generate a curve, that was 

compared with the reference curve.  

Regarding scenarios 1 and 3, where the desalination is considered, a value of 5.65 kWh/m3 for 

producing and distributing water was computed from knowledge of [117-119,125-127] and a maximum 

daily production capacity of 6,900 m3 from knowledge of [146], and for scenarios 2 and 3 (and the 

BaU) where the lithium-ion batteries are installed, a roundtrip efficiency of 90% was also assumed 

(with equal charging and discharging efficiencies) [147,148]. For the scenario 3, comprising the PHS, 

a specific set of inputs were also specified. Since the available head in this island will be in the range 

of 200 to 300 m and with small flow rates, the type of turbine chosen was a Pelton turbine with an 

available head of 250 m [149]. The round-trip efficiency for these systems usually ranges from 65-85% 

[150,151], and an intermediate value of 75% was assumed, with equal efficiencies of the pump and for 

the turbine-generator system. More information regarding PHS can be consulted in Figure B.8 in 

annex B. 

Furthermore, there are also financial parameters that need to be specified so that the model can 

compute the variation in the differential LCOE. Table 4.4 summarizes the assumed financial 

parameters. 
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Table 4.4 – Financial inputs  

(1) This cost represents a weighted average between diesel and fuel use in the PP. 

(2) The lifetime in years is estimated from (10). 

(3) For each ton of CO2 emitted, a license must be acquired. 

 

Finally, scenarios 2a and 3a were tested for the “Fossil Free Island” project. Here, it was assumed that 

all the energy consumed in the island is in electricity form (electrification of all energy consumed), i.e. 

the electricity already consumed in the power sector plus the electricity demand if all internal 

combustion engine (ICE) cars were converted to EV plus the rest of energy that is consumed (mainly 

of oil derivatives in the industry and services sectors).  

To what concerns the demand profile, it was assumed the same monthly pattern that the present 

situation for both the EV and the rest of the demand, meaning more energy consumed in the summer 

period respective to the winter months. However, the intraday demand pattern of the EV fleet was 

assumed to be the following: 70% of the EV fleet charges steadily from midnight to 8 AM and the 

remaining 30% of the demand will occur from 11 AM to noon and from 3-4 PM (15% each). Table 4.5 

shows the total electricity demand considered for the fossil free island project. 

Table 4.5 – Fossil free island electricity demand [120,125-127,157,158] 

Sector Present situation, 2017 Situation proposed to the fossil 
free island simulation, 2027 

1. Power sector - - 

Electricity consumption 32.4 GWh (electricity) 35.8 GWh (electricity) 

2. Transport sector - - 

Diesel consumption (ICE cars) 1,923 tons - 

Gasoline (1) consumption (ICE cars) 626 tons - 

Electricity consumption (EV) -     9.61 GWh (2) (electricity)  

Total energy consumption 31.3 GWh (oil products) 9.61 GWh (electricity) 

3. Remaining consumption - - 

Final energy consumed 10.2 GWh (oil products) 4.08 GWh  (3) (electricity) 

4. Total energy consumed (4=1+2+3) 73.9 GWh 49.5 GWh (electricity) 
 (1)LHVGasoline = 33.7 MJ kg⁄ ; ρGasoline = 0.746 l kg⁄  [157]. 

 (2)The calculations were done assuming a consumption of 6.5 l/km for the ICE vehicle and 0.200 kWh/km for the EV [158]. 

 (3)It was assumed a conversion of 2.5:1 between final energy consumed from oil products to electricity. 

 

  

Wind power, total costs 1,000 €/kW for 2017 and decreasing 1%/year [112,152] 

PV power, total costs 1,300 €/kW for 2017 and decreasing 4%/year [112,152] 

Lithium-ion batteries, total costs 500 €/kWh for 2017 and decreasing 4%/year [112,152,153] 

PHS, total costs 
Pump/Turbine: 500 €/kW for a single penstock and 1,000 €/kW for a 

double penstock system; Reservoir: 7.5 €/kWh [152,154]  

PP fuel cost 350 €/ton(1)  [120,155] 

RES & ES useful lifetime 
Wind: 20 yrs. [75,154] PV: 25 yrs. [11, 75]; Batteries: 4,500 cycles 

[147] (2); PHS: 50 yrs. [147,154] 

Discount rate r=7% [156] 

O&M (RES and ES) 2% of the investment [152]  

CO2 license costs 5.90 €/ton(3) [120] 
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5. Results and discussion 

5.1 Present situation and BaU 

The present situation was simulated for validation purposes. Table 5.1 also presents the results 

obtained for the BaU scenario for 2019 and 2027, when the batteries are already installed.  

Table 5.1 – Results, present situation and BaU 

 

For the present situation, results suggest that the 30% hourly RES maximum hourly share imposed 

was slightly conservative, since the RES penetration achieved was 13.0% with 0.44 GWh of 

curtailment, or minus 1.0pp than the real situation with 0.20 GWh of curtailment. 

The batteries system is expected to be operating by 2019. Since the only power that is presently being 

curtailed is the 0.2 GWh from the wind turbine, this also corresponds to the only additional RES 

electricity that can be used. Since the electricity demand is assumed to grow 1% per year, and with no 

further RES installations, the RES penetration will be 13.6% in 2019 and for 2027 it will be lower than 

presently, or about 12.7%. 

On the other hand, an improvement in the operating pattern of the power plant will occur, as the 

overall average load increases considerably, since the batteries system is acting as spinning reserve 

all the time, allowing for practically achieving the target of permanently reducing the operation of one 

group in the PP. 

5.2 Scenario 1 

Scenario 1 explores how a close tie between the excess RES power generation and the desalination 

plant could benefit both sectors, using the desalination plant as the main demand-side management 

strategy and increasing the RES penetration at lower costs respective to the other scenarios, since no 

expensive ES technologies would be needed. 

Figure 5.1 shows the results obtained for this scenario. Costs first decrease, as the fuel and CO2 

emissions economic savings exceed the annualized costs of the wind turbines and PV modules. This 

trend diminishes and at a certain point more RES installation does not increase much more the RES 

penetration, meaning no significant fuel and CO2 emissions reductions occur, which in turn increase 

system costs substantially. 

Power system Present situation - 2017 BaU - 2019 BaU - 2027 

RES penetration 13.0% 13.7% 12.8% 

RES (EnergyPLAN) 14.3% 14.0% 13.0% 

Curtailment [GWh] 0.44 0.11 0.05 

ΔLCOE [cent-€/kWh] 0 (reference) 0.86 0.86 

Power 
plant 

Load [%] 38 47 49 

1 group working hours - 897 416 

2 groups working hours 6,285 7,757 8,123 

3 groups working hours  2,475 106 221 
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Figure 5.1 – Scenario 1 results 

This scenario allows for a cheaper electricity (negative ΔLCOE) relatively to the present system from a 

RES penetration up to 40%. Also, from the above figure, three points were considered for a more 

detailed examination. Table 5.2 summarizes the main characteristics of those points. 

Table 5.2 – Summary of three points from Figure 5.1 

Point in Figure 5.1 RES penetration [%] Wind power [kW] PV power [kW] ΔLCOE [cent-€/kWh] 

A 15.2 847 2,376 -0.42 
B 31.6 3,467 2,874 -1.18 
C 41.9 17,501 5,544 2.56 

 

Point B corresponds to the configuration with the lowest ΔLCOE, i.e. the point from this scenario that 

minimizes costs for the utility company. Figure 5.2 shows the energy supplied and produced from 

each source for the same three points. In point C there is excess wind installed power, as the 

generation share from this source is much higher than its supply share, meaning that the majority of 

the RES power produced by this source is being curtailed. 
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Figure 5.2 – Supplying demand and electricity generation by source for each point highlighted in 

Figure 5.1 

For point B, which gives the configuration corresponding to the lowest annualized costs, a more 

detailed examination and results are presented in Table 5.3.  

Table 5.3 – Detailed results of point B from scenario 1 

 

There is always the need of having two or three thermal groups continuously working, as there are no 

ES technologies acting as spinning reserves. 

5.3 Scenario 2 

In this scenario, the 3-MWh battery is considered, along with another battery proposed by Renalyst. 

The first battery mentioned will be function in power quality mode, providing mainly spinning reserve, 

and the former battery will be function in bulk power mode, performing a high number of cycles. It was 

studied how a system with these batteries could achieve higher RES penetrations at reasonable costs. 

Figure 5.3 shows the results obtained for this scenario. 

Power system Point B, scenario 1 

Installed capacity 
Wind [kW] 3,467 

PV [kW] 2,874 

Curtailment [GWh] 2.95 

RES penetration [%] 31.6 

RES (EnergyPLAN) [%] 29.5 

RES water [%] 61.9 

Water produced [m3] 1,175,103 

ΔLCOE [cent-€/kWh] -1.18 

Annualized costs [Euros] -421,060 

Power plant 

Load [%] 34 

1 group working hours - 

2 groups working hours 7,525 

3 groups working hours 1,235 
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Figure 5.3 – Scenario 2 results 

Due to the storage technology (batteries), the RES penetration figures attained are much higher 

respective to scenario 1. Also, from the above figure, three points were considered for a more detailed 

examination. Table 5.4 summarizes the main characteristics of those points. 

Table 5.4 – Summary of three points from Figure 5.3 

Point in 
Figure 5.3 

RES penetration [%] Wind power 
[kW] 

PV power [kW] Batteries [kWh] ΔLCOE [cent-
€/kWh] 

A 25.8 2,531 2,696 3,000 + 369 0.51 
B 46.9 6,274 3,408 3,000 + 1,602 0.95 
C 70.4 15,162 5,099 3,000 + 4,923 3.27 

 

Point A corresponds to the configuration with the lowest ΔLCOE, i.e. the point from this scenario that 

minimizes costs for the utility company. Figure 5.4 shows the energy supplied and produced from 

each source for the same three points. In point C, it is seen that the batteries are responsible for the 

highest share of the RES power supply, which would be curtailed without its presence. 
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Figure 5.4 – Supplying demand and electricity generation by source for each point highlighted in 

Figure 5.3 

Because wind and PV power are hourly limited (for power quality and security reasons), the batteries 

store and supply the excess electricity generation from these sources. The disadvantage is the high 

number of cycles that these batteries must perform, lowering the batteries useful lifetime and 

increasing the power system costs. 

For point A, which gives the configuration corresponding to the lowest annualized costs, a more 

detailed examination and results are presented in Table 5.5. 

Table 5.5 – Detailed results of point A from scenario 2 

 

A great improve is achieved in the functioning of the power plant, with higher loads and by almost 

shutting down completely the third group, only working for 84 hours of the year. All of this is achieved 

with the batteries system, especially the 3,000-kWh battery which is functioning with the main purpose 

of providing spinning reserve and ancillary services. The 616-kWh battery is working as bulk energy 

power provider, storing excess RES power from wind and PV technologies. 

 

 

Power system Point A, scenario 2 

Installed capacity 

Wind [kW] 2,531 

PV [kW] 2,696 

Batteries [kWh] 369 + 3,000 

Curtailment [GWh] 1.41 

RES penetration [%] 25.8 

RES (EnergyPLAN) [%] 26.9 

ΔLCOE [cent-€/kWh] +0.51 

Annualized costs [Euros] 189,583 

Power plant 

Load [%] 51 

1 group working hours 3,147 

2 groups working hours 5,529 

3 groups working hours 84 
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5.4 Scenario 2a 

This scenario corresponds to the above scenario 2 without the PP minimum load. Without this limit, a 

100% RES penetration mark could in theory be achieved. 

Figure 5.5 presents the results obtained for this scenario. From a RES penetration of 70% and 

onwards, system costs start to increase very steeply, due to the high number of cycles performed by 

the batteries system and to the wind and PV costs. 

 

Figure 5.5 – Scenario 2a results 

The point that minimizes system costs is the same that scenario 2 (around 25% RES penetration). 

Table 5.6 summarizes the main characteristics of the power system for the three points considered in 

Figure 5.5. 

Table 5.6 – Summary of three points from Figure 5.5 

Point in 
Figure 5.5 

RES penetration [%] Wind power 
[kW] 

PV power [kW] Batteries [kWh] ΔLCOE [cent-
€/kWh] 

A 57.4 8,145 3,764 3,000 + 2,284 1.29 
B 74.9 11,887 4,476 3,000 + 3,684 1.98 
C 85.9 16,565 5,366 3,000 + 5,457 3.25 

 

Figure 5.6 shows the energy supplied and produced from each source for the same three points. 

Results indicate that in all three points the generation share from RES is higher than its supply (given 

the defined hourly RES limit), which means that the batteries system are required to store that excess 

RES power and later supply to the grid, increasing costs substantially for this ES technology. 
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Figure 5.6 – Supplying demand and electricity generation by source for each point highlighted in 

Figure 5.5 

5.5 Scenario 3 

This final scenario considers two ES technologies – the pumped hydro system (PHS), where excess 

RES power is used in the desalination plant and after in the PHS as the main demand-side strategy, 

and the 3-MWh battery. Here, the PHS “substitutes” the second battery from scenario 2 which works 

in bulk power mode, as to compare what system, i.e. only batteries or batteries and a PHS, that allow 

for higher RES penetrations at lower costs. 

Figure 5.7 shows the results obtained for this scenario. Again, at a certain point system costs increase 

almost exponentially. The minimum hourly PP load and the maximum hourly RES share limits the 

RES penetration that can be achieved at a reasonable cost.  

 

Figure 5.7 – Scenario 3 results 
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Three points were considered for a more detailed examination. Table 5.7 summarizes the main 

characteristics of these points. 

Table 5.7 – Summary of three points from Figure 5.7 

Point in Figure 
5.7 

RES 
penetration 
[%] 

Wind power 
[kW] 

PV 
power 
[kW] 

Batteries 
[kWh] 

PHS – 
Pump 
power 
[kW] 

PHS – 
Turbine 
power 
[kW] 

ΔLCOE 
[cent-
€/kWh] 

A 31.0 2,718 2,732 3,000 561 419 0.18 
B 56.8 6,742 3,497 3,000 1,981 1,482 -0.27 
C 81.7 19,372 5,900 3,000 6,775 5,069 3.48 

 

Point B corresponds to the configuration with the lowest ΔLCOE, i.e. the point from this scenario that 

minimizes costs for the utility company. Figure 5.8 shows the energy supplied and produced from 

each source for the same three points. 

 

Figure 5.8 – Supplying demand and electricity generation by source for each point highlighted in 

Figure 5.7 

For point B, which gives the configuration corresponding to the lowest annualized costs, a more 

detailed examination and results are presented in Table 5.8. 

Table 5.8 – Detailed results of point B from scenario 3 

Power system Point B, scenario 3 

Installed capacity 

Wind [kW] 6,742 

PV [kW] 3,497 

Batteries [kWh] 3,000 

PHS pump [kW] 1,981 

PHS turbine [kW] 1,482 

LR & UR [m3] 13,453 & 40,360 (23.77 MWh) 

Curtailment [GWh] 2.42 

RES penetration [%] 56.8 

RES (EnergyPLAN) [%] 52.8 

RES water [%] 90.8 

Water produced [m3] 1,418,487 

ΔLCOE [cent-€/kWh] -0.27 

(continued) 
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With such a system, the third thermal group of the PP could be practically deactivated, as it would only 

need to work 4 hours of the year to ensure the (n-1) security criterion. 

5.6 Scenario 3a 

This scenario corresponds to the above scenario 3 without the PP minimum load. Without this limit, a 

100% RES penetration mark could in theory be achieved. 

Figure 5.9 shows the results obtained for this scenario. Contrary to scenario 3, here only the maximum 

hourly RES share is limiting the RES penetration that can be achieved at reasonable costs, explaining 

the steep increase in system costs at a certain point. 

 

Figure 5.9 – Scenario 3a results 

Three points were considered for a more detailed examination. Table 5.9 summarizes the main 

characteristics of these points. 

Table 5.9 – Summary of three points from Figure 5.9 

Point in 
Figure 5.9 

RES 
penetration [%] 

Wind power 
[kW] 

PV power 
[kW] 

Batteries 
[kWh] 

PHS – 
Pump 
power 
[kW] 

PHS – 
Turbine 
power 
[kW] 

ΔLCOE 
[cent-
€/kWh] 

A 69.9 9,081 3,942 3,000 2,857 2,138 -0.40 
B 89.1 14,226 4,921 3,000 4,810 3,599 0.29 
C 98.5 23,115 6,612 3,000 8,206 6,140 3.52 

Annualized costs [Euros] -98,720 

Power plant 

Load [%] 40 

1 group working hours 7,359 

2 groups working hours 1,397 

3 groups working hours 4 
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Point A corresponds to the configuration with the lowest ΔLCOE, i.e. the point from this scenario that 

minimizes costs for the utility company. Figure 5.10 shows the energy supplied and produced from 

each source for the same three points. 

 

Figure 5.10 – Supplying demand and electricity generation by source for each point highlighted in 

Figure 5.9 

It seen how the PHS is responsible for supplying the grid with the excess RES power produced (left-

chart), especially from the wind turbines (right-chart). 

5.7 Sensitivity analysis 

Table 5.10 summarizes all the parameters that were varied in the respective scenarios. 

Table 5.10 – Parameters tested in the sensitivity analysis 

Parameter Reference value 
Values 
tested 

Scenarios 
tested 

Nomenclature in 
charts 

Electricity demand growth 1%/year 0%, 2%/yr. All “0%”, “2%” 

Fossil fuel cost used in the PP 350 €/ton 600 €/ton All “600 €/ton” 

Discount rate 7% 4% All “r=4%” 

Target year 2027 2022 1, 2, 3 “2022” 

Maximum hourly RES share in 
the power grid 

20% wind, 10% PV  

25% wind, 
25% PV 

1, 2, 3 

“25 & 25”, “50 & 50”   
50% wind, 
50% PV 

2a, 3a 

Maximum hourly RES share in 
the desalination plant  

100% 30%, 65% 1*, 3, 3a “30%”, “65%” 

PV and batteries yearly 
technology cost decline rate  

-4%/year -1%/year 2a, 3a “-1%/-1%” 

Maximum number of cycles of 
the batteries lifetime 

4,500 9,000 2, 2a “9000 cycles” 

Batteries deployed and 
respective functioning mode 

Reference: 3-MWh battery in power 
quality mode and other battery in bulk 
power mode proposed by Renalyst. 
Variations: Only a 3-MWh battery in 
power quality mode; Only a 3-MWh 
battery only in bulk power mode; Only a 
battery in bulk power mode proposed 
by Renalyst 

2 

“3-MWh battery in 
power quality 
mode” 
“3-MWh battery in 
bulk power mode” 
“Only 1 battery” 

Penstock Double Single 3 “Single penstock” 
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Figure 5.11 shows the results when the electricity demand growth is varied. It is seen that this 

parameter practically does not affect results.  

 

Figure 5.11 – Sensitivity analysis on the electricity demand growth for all scenarios 

Figure 5.12 shows how the fuel price used in the PP affects the system costs for each RES proposed 

scenario. The variation of the fuel price has a significant impact in all scenarios, making all of them 

negative in terms of the differential LCOE (or financially attractive) for almost all points of their curves. 

 

Figure 5.12 – Sensitivity analysis on the fossil fuel cost for all scenarios 
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Figure 5.13 shows how the variation in the discount rate affects each scenario. It is seen that a 

different discount rate is not indifferent to the system costs for the scenarios contemplating the ES 

technologies (2, 2a, 3 and 3a). 

 

Figure 5.13 – Sensitivity analysis on the discount rate for all scenarios 

The target year was also explored, and results are shown in Figure 5.14. In 2022 prices are still higher 

respective to 2027, and for that reason the annualized costs are also higher, especially for scenario 2 

due to the costs of the batteries system, where from all three scenarios the main difference exists 

between 2022 and 2027 to what concerns the differential LCOE.   

 

Figure 5.14 – Sensitivity analysis on the target year for scenarios 1, 2 and 3 
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Next, the maximum hourly RES share of power that can be supplied to the grid was also variated. 

Figure 5.15 presents the results obtained and all scenarios benefit greatly from this increase in the 

maximum hourly RES share of power that can be injected in the power grid. 

 

Figure 5.15 – Sensitivity analysis to the maximum hourly share of RES power for all scenarios 

The maximum hourly share of RES power that can be used in the desalination plant was also 

decreased, since it was assumed as reference condition that the desalination plant and the PHS could 

use 100% RES electricity. Figure 5.16 shows these results which suggest the benefits of using the 

desalination plant as the main demand-side management strategy and explore the synergy between 

the power and water sectors could be lost if the desalination plant cannot solely use this excess RES 

electricity. 

 

Figure 5.16 – Sensitivity analysis to the maximum hourly share of RES power in the desalination plant 
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Furthermore, for the scenarios aiming for high RES penetrations (2a and 3a), it was studied how 

different investment costs in PV technology and batteries could affect the results. Since these two 

technologies had been seeing their prices fall by large rates over the last decade, it is not easy to 

determine what will be the investment prices for 2027. The rate of the price decline was changed from 

the assumed -4%/year to -1%/year for both technologies –Figure 5.17 shows the results obtained. 

 

Figure 5.17 – Sensitivity analysis to PV and batteries technology cost 

Scenario 3a was almost not affected since it relies more in wind power and PHS related equipment. 

However, scenario 2 shows a significant difference in annualized costs (for the same RES 

penetration), mainly due to higher prices of the batteries system. 

With large investments being made in the automotive sector and especially to what concerns electric 

vehicles, batteries technology has seen great improvements in terms of technology costs, battery 

charge time, discharge rate and useful lifetime in terms of cycles. To what concerns the former factor, 

it was tested how the costs varied for scenarios 2 and 2a when considering a lifetime of 9,000 cycles 

for the batteries (instead of the assumed 4,500), and results are shown in Figure 5.18.     

 

Figure 5.18 – Sensitivity analysis to batteries lifetime number of cycles 

Batteries with this extended lifetime can provide better financial conditions for scenarios contemplating 

the use of this storing technology as bulk power provider. Despite this, the differential LCOE is still 

positive for all points tested, yet the curve only starts to increase steeply at higher RES penetrations. 
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Still regarding the batteries technology, Figure 5.19 shows the results obtained for scenario 2 with 

different proposals for the batteries and their use: 

- Reference condition: the 3-MWh that will be installed in the island is used mainly to provide 

power quality and ancillary services, acting as spinning reserve for most of the time. Renalyst 

proposes the introduction of another battery (with different capacities from point to point) to 

serve as bulk power provider. 

Variations: 

- Only 1 battery: the 3-MWh battery is not considered (as it is not installed yet) and only the 

battery proposed by Renalyst is used as bulk power provider. 

- 3-MWh battery power quality mode: the 3-MWh that will be installed in the island is used 

mainly to provide power quality and ancillary services, acting as spinning reserve for most of 

the time, and no other batteries are proposed. 

- 3-MWh battery bulk power mode: the 3-MWh that will be installed in the island is used mainly 

to provide bulk power, thus not serving as spinning reserve, and no other batteries are 

proposed. 

 

 

Figure 5.19 – Sensitivity analysis to the number of batteries and their use for scenario 2 

Results suggest that is not ideal to use this new to be installed battery in bulk power mode, as costs 

increase at lower RES penetrations when compared with the reference condition. Also, using it in a 

power quality mode is beneficial up to a certain point, from which it is not possible to increase much 

more the RES penetration without increasing costs too. The reference condition and the use of only 

one battery are the ideal configurations since contemplate lower investment costs of the batteries to 

be done in 2027 and a careful use of the 3-MWh that will be installed in 2019. 
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Finally, it was assessed how a single penstock system in scenario 3 could provide better results 

relative to the standard proposed double penstock system. Results presented in Figure 5.20 suggest 

that a single penstock is beneficial up to a 50% RES penetration, as this type of system is cheaper 

than the double penstock system. However, for RES penetrations higher than this, a double penstock 

system is preferential, since the system has more flexibility by having an electricity storage technology 

capable of charging and discharging in the same hour, opposed to the single penstock system.  

 

Figure 5.20 – Sensitivity analysis to the penstock system for scenario 3 

5.8 Fossil free island 

Porto Santo is very committed on becoming the first intelligent and self-sufficient island in the world as 

the plan “Smart Fossil Free Island” was already officially approved. With this, one third of the final 

energy consumed could be reduced in the island, and more than 10,000 tonnes of oil products would 

not have to be imported, also saving 35,000 tonnes in CO2 emissions. 

Figure 5.21 shows the results obtained for scenarios 2a and 3a with the new demand values and 

profile for this specific simulation (which can be found again in Table 4.5). 

 

Figure 5.21 – Fossil free island results 
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For each scenario, the points returning the higher RES penetration were analyzed and the installed 

capacities are shown below in Table 5.11. 

Table 5.11 – Summary of the points from Figure 5.21 

Point in 
Figure 
5.21 

RES 
penetration 
[%] 

Wind 
power 
[kW] 

PV power 
[kW] 

Batteries [kWh] PHS – 
Pump 
power 
[kW] 

PHS – 
Turbine 
power 
[kW] 

ΔLCOE 
[cent-
€/kWh] 

A 90.7 30,000 12,130 3,000 + 11,295 - - 5.37 
B 94.0 30,000 22,098 3,000 13,231 9,900 5.25 

 

The 100% RES mark (fossil-free island) was not achieved, as the wind installed power reached the 

maximum limit (30 MW). Still, scenario 3a (contemplating the PHS) behaved better relatively to 

scenario 2a (which contemplates only the batteries system). 

5.9 Discussion 

5.9.1. The 100% RES case 

Theoretically, much less RES power would be needed to achieve a 100% RES penetration situation 

than the ones presented in the tables from all scenarios and from the fossil-free island simulation too. 

However, there are a couple of reasons why this 100% mark is not easily achieved. For an electricity 

demand of 35.8 GWh in 2027 (the reference condition), Table 5.12 summarizes the theoretical 

installed power of wind and PV technology sufficient to meet the 100% RES mark. 

Table 5.12 – Theoretical wind and PV installed power to achieve a 100% RES penetration 

RES Installed power [MW] Electricity produced [GWh] 

Wind power 8.3 25.15 
PV power 8.3 11.96 
Total RES power 16.6 37.11 

 

With this installed power, the electricity produced from both these sources would be sufficient in theory 

to cover all the supply in the island (demand plus the transport and distribution losses). However, 

there are a couple of reasons limiting this. The first constraint is shown below in Figure 5.22, which 

relates the generation pattern from the RES with the electricity supply (same pattern as the demand) 

in the island. 
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Figure 5.22 – RES generation and supply monthly patterns for a given RES installed power 

As shown, there is a mismatch between generation and supply. In the summer period, roughly from 

June to October, there is a RES power deficit generation of about 3.2 GWh and in the rest of the year 

(November until May) there is an excess of RES power generation of about 3.4 GWh. To achieve the 

100% RES mark, this 3.4 GWh of excess power would have to be transported from the winter period 

to the summer period. This would require a battery with 3.4 GWh of capacity, which is not possible 

with current Lithium-ion technology or would require a storage of about 5,000,000 cubic meters of 

water with 250 meters of head (or 3 million cubic meters with 400 meters of head), which again is not 

possible given the island topography. 

With that said, a system with 9.2 MW of wind and PV power and with the 3.4-GWh battery was found 

to return a 100% RES penetration (in Figure B.9 from annex B it can be found the amount of electricity 

stored in the batteries along that first year). With 8.3 MW of wind and PV power, the RES penetration 

achieved is lower than 100% due to the batteries inefficiencies (roundtrip efficiency of 90%) and due to 

the hourly maximum RES share.  

The second major constraint is maximum hourly RES share of power that can be injected in the power 

grid (the first is the generation and demand mismatch). Considering a system with a battery 100 times 

smaller in capacity than the one needed for a 100% RES penetration (or 34 MWh instead of the 3.4 

GWh), such a system still returns a RES penetration of 87.2% (considering 9.2 MW of wind and PV 

installed power). The RES penetration by month, the RES electricity curtailed, and the electricity 

supplied from the PP are all shown below in Figure 5.23. 
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Figure 5.23 – RES curtailment, PP supply and RES penetration by month for 9.2 MW of wind and PV 

installed power 

The potential RES generation is greater than the supply (i.e. demand) in November to May period. 

However, a significant amount of RES electricity is curtailed (lost) in that period, because of the limits 

imposed in the maximum hourly RES share, and even with excess renewable generation, some 

electricity must be provided from the PP due to this limit. Furthermore, in the summer period, 

especially in September, it is very clear how the lack of potential RES power translates into the 

emission of much more energy from the PP, lowering the RES penetration in that month to about 60%, 

or about 30pp less than in the winter period. 

It is clear the tradeoff that there is between the increasing of the RES installed power (at the expense 

of the curtailment) or the costs and technical difficulties involved in a very large storage system. Figure 

5.24 illustrates this (for a battery with a roundtrip efficiency of 90%). 
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Figure 5.24 – Relation between storage capacity, RES curtailment and RES penetration for a given 

RES installed power 

For Porto Santo island, the range in storage capacity that allows for a greater increase in the RES 

penetration, and maintaining a realistic financial and technical environment, is in the 1-10 MWh range 

(the same range as the hourly demand figures). Depending on the RES installed power, a battery with 

this range in capacity can help increase the RES penetration up to 50pp and decreasing the 

curtailment by over 20 GWh. For 100% RES penetration situations, a battery with at least 100 MWh of 

capacity would have to be considered instead. Currently, ES technologies known to provide this kind 

of capacity are for instances the PHS and the compressed air energy storage (CAES) [159]. In fact, 

scenario 3a returned a RES penetration of 98.5%, with 23.1 MW of wind power, 6.6 MW of PV power 

and 101.5 MWh of storage (98.5 MWh in the PHS and 3 MWh in the batteries). 

5.9.2. Scenarios discussion 

For the BaU scenario in 2019, it is seen that the largest impact of the batteries system will be in the 

power plant, where a substantial reduction in the working hours (from 2,475 to 105 hours) is expected 

for the third thermal group, raising the average load in the power plant groups from 38% to 49% and 

practically achieving the goal of having only two groups permanently working instead of three. 

However, this requires investment costs of 3 Million Euros for the batteries system yet fuel and CO2 

savings resulting from this will be practically non-existing, as the RES penetration will only increase 

slightly. For 2027, as there are no more RES installations projected, the RES penetration decreases 

as the electricity demand continues to increase. Unless further RES installations are made, the only 

major benefits from the batteries system will be related to the increase in the thermal groups load 

(saving fuel and O&M costs) and by providing grid stabilization services when the intermittency of the 

RES happen. When the batteries study was made, all three turbines were working, hence the 
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expected result of increasing the RES penetration from 14% to 20%. However, with only one wind 

turbine working, there is no potential to achieve this target only with the batteries system. 

On the other hand, scenario 1 attempts to maximize the synergy between the power sector and the 

water sector. For this scenario, RES penetrations with a negative differential LCOE respective to the 

present situation are possible up to 40%, and with more than -1 cent-€/kWh in this cost in the range of 

25-35%, which shows how strong can be the link between the RES installed power and the 

desalination plant. However, for this it is assumed that in 2027 the technology progression is such that 

the desalination plant can use 100% RES power, which might not be possible presently. Furthermore, 

the costs associated with this technology progression were not included. To sum up, this is the 

scenario that allows for the lowest differential LCOE and still achieve RES penetrations up to 25pp 

higher than the present situation. 

Scenario 2 considers the integration of an ES technology – batteries. With this, RES penetrations 

situations are available up to 50% at realistic costs (+1 cent-€/kWh in the differential LCOE). From 

here, costs start to mount heavily as: i) the batteries are required to perform higher number of cycles 

since no more RES power can be injected in the power grid (due to the 30% limit), increasing the 

annualized costs for the batteries; ii) more wind and PV power does not imply higher RES penetration 

(only more curtailment), and thus not extending fuel and CO2 savings, since the system starts to lose 

flexibility as it approaches the minimum load of the PP and the batteries system are not large enough 

in capacity to serve as seasonal storage.  

On the other hand, scenario 2a was tested without this minimum load from the PP, allowing for higher 

RES penetrations. Both curves (2 and 2a) are identical up to a 55% RES penetration mark (Figure 

6.1), which tends to suggest that this minimum load does not impact the system until this point. From 

there onwards, scenario 2a is more flexible relative to scenario 2, since more RES power can be 

injected hourly (since there is no PP minimum load). However, the reasoning is the same in the sense 

that this RES power is injected through the batteries, meaning very high annualized costs for the 

batteries system due to their high number of cycles performed. Furthermore, more wind and PV 

installed power aggravate the costs as the batteries are not large enough in capacity to serve as 

seasonal storage, shifting the excess generation from the winter period to the summer.  

Scenario 3 considers the use of the PHS as the main ES technology, along with a 3-MWh battery 

serving mainly as spinning reserve. Like scenario 1, it is assumed that 100% RES power can be used 

in the desalination plant and, in this case, in the PHS also. With this, situations of negative differential 

LCOE are available from 40% to roughly 65% RES penetrations, which suggest that such a system 

would be ideal for this range of RES penetrations. Configurations with higher RES penetrations start to 

compete with the minimum load of the PP and increasing RES curtailment figures, thus not extending 

fuel and CO2 savings, and increasing system costs. 

For scenario 3a this minimum load of the PP is removed, and RES penetrations close to 100% are 

achievable at not absurd costs. Again, the curve from this scenario departs from the one from scenario 

3 at roughly 55% RES penetration like scenario 2 and 2a (Figure 6.1), which suggests that the 

minimum of the PP is important from this 55% RES penetration figure upwards. Still, RES penetrations 
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with a negative differential LCOE are found up to 85%, which makes this the scenario most capable of 

higher RES penetrations at the lowest costs. The steep increase from the 90% RES penetration mark 

upwards suggest that the RES system needs to be oversized in terms of RES power and ES capacity 

to accommodate the peak in the summer period, as these are the months responsible for the lowest 

RES penetrations achieved. 

To sum up the scenarios results, it is worth mentioning that the ‘exponential part’ of the curve is shown 

for better understating of the results. However, since for this island the peak electricity demand is of 

about 8 MW (in the summer), it is not realistic to (over)size a renewable energy system with a capacity 

of much more than 16 MW of combined wind and PV installed power (depending on the capacity 

factors). 

The sensitivity analysis performed to the electricity demand revealed that this parameter almost does 

not impact the results. Still, scenarios comprising the desalination process (1 and 3) seem to be the 

most affected. 

The sensitivity analysis performed to the fuel cost revealed that this parameter does have a significant 

impact on the system costs. With the fuel price considered, all scenarios become attractive in terms of 

costs, as great cost reductions are achievable at high RES penetrations. This is highly relevant since 

the future oil price may very well dictate at what extent should the RES installed capacity be present, 

i.e. installed power and ES capacity to achieve medium RES penetrations due to still low oil prices or 

a more aggressive RES power system, aiming for higher RES penetrations with ambitious economic 

savings in terms of fuel usage in the PP. 

The sensitivity analysis performed to the discount rate also revealed that this parameter does not have 

a negligent impact on the system, as a discount rate of 4% instead of 7% is responsible for roughly 

less half a cent-€/kWh in the differential LCOE when considering two points with the same RES 

penetration. 

The sensitivity analysis performed to the target year suggests very few differences for the first 

scenario, a larger difference for scenario 3 yet being scenario 2 the most affected. Scenario 2 is the 

most affected since is the one relying more heavily on the batteries, which do not have their costs as 

low in 2022 as in 2027. Results suggest that a situation where batteries are used as the main ES 

technology should be implemented as latest as possible, expecting for lower batteries prices. 

The sensitivity analysis performed to the maximum hourly RES share of power that can be injected in 

the power grid also revealed that this parameter has significant impacts in system costs and allowing 

for higher RES penetrations obtained. Scenario 1 sees an increase of about 15% in the maximum 

RES penetration figure, as the maximum hourly share moves from the maximum of 40% to 55%. 

Scenario 2 (and especially 2a) sees a massive decrease in costs and the maximum RES penetration 

extended as the batteries system are not required to perform as much cycles anymore. With scenario 

3a a RES penetration of 100% is possible and RES penetrations of 90% with annualized savings 

(negative costs). 

The sensitivity analysis performed to the maximum hourly RES share of power that can be directed 

supplied to the desalination plant (and PHS for scenario 3 and 3a) also revealed to have a significant 
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impact in the system, as 15-20% RES penetration can be lost when lowering this maximum from 

100% down to 30%, which corresponds to the same “limit” considered in the power grid. This means 

that all benefits in the relation between the power and water sectors can be lost if it is not possible to 

use excess RES power in the desalination plant. 

The sensitivity analysis performed to the batteries and PV rate of prices decline affects mostly 

scenario 2, since it relies heavily on the batteries use. Scenario 3a remains practically non-affected, 

which tends to suggest that the PV technology price is not that important, however the batteries prices 

are very important, as the slope of the curve from scenario 2 increases substantially. 

Still regarding the batteries system, the sensitivity analysis performed to the useful lifetime of the 

batteries system in terms of cycles again emphasizes the effect the costs of this ES technology has on 

the final system costs. When considering a battery capable of performing the double of cycles than the 

reference assumed condition, the differential LCOE is reduced by more than 1 cent-€/kWh. 

To conclude the batteries system, the sensitivity analysis performed to the number of batteries 

systems deployed (one or two) and their main use (power quality or bulk power) suggests that the 

ideal condition would be to wait until 2027 to install the batteries system to be used in bulk power 

mode. Then, the 3-MWh battery that is expected to be installed in 2019 is most better used in power 

quality mode (as it is intended to be used) along with another battery used in bulk power mode. 

Finally, the sensitivity analysis conducted to the penstock and regarding scenario 3 suggests that a 

double penstock is better respective to a single penstock system for RES penetrations above 50%. 

Results suggest that for high RES penetrations a double penstock is needed, since a system with a 

single penstock is much more inflexible relatively to a double penstock, since it cannot charge and 

discharge at the same time. In Madeira Island, a massive PHS is almost complete, which comprises a 

single penstock system, designed to charge during the night for 9 hours using excess wind power that 

is being curtailed and using this stored water during the day to provide energy from this stabilizing 

source (and to serve as seasonal storage). In Porto Santo, results suggest that a double penstock is a 

better choice despite at a higher cost, since there are no other stabilizing RES sources as there are in 

Madeira Island (biomass plant and several hydro stations). 

Regarding the fossil free island project, results suggest that, with the assumed EV demand profile, 

RES penetrations above 90% are not easily and cost-effectively achieved. To achieve total energy 

independence, assuming that all the energy consumed would have to be in form of electricity (since 

the little biomass and residues available are already sent to Madeira Island), an increase in the 

electricity demand to values close to 50 GWh (or two-thirds more than the present situation) would 

occur, and results suggest that providing this quantity of electricity solely with wind and PV power is 

not achieved.  

To conclude, a final note to the also used EnergyPLAN software. This energy tool was used to confirm 

the RES penetration results obtained from Renalyst. The results obtained from EnergyPLAN were 

close to the ones obtained from Renalyst in terms of the RES penetration figures.  
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6. Closure 

6.1 Conclusions 

The specific research questions established at the beginning of this work were: 

- Is it possible to design an energy modelling tool that, for a specific renewable penetration 

(input), proposes the best mix (in terms of minimizing system costs) of the renewable energy 

system?   

- Is it realistic to have a 100% RES penetration scenario? If yes, what are the required costs 

and time scale to achieve that and if not, what is the limit for RES? 

- Is there any synergistic relation that can be obtained from the power and water sectors? 

Regarding Renalyst, the major limitation for now is in the fact that the tool is not equipped with an 

optimization algorithm. As so, it is not possible to guarantee that, for a given renewable penetration, 

the configuration proposed by Renalyst is the one that minimizes the new system costs (i.e. the 

ΔLCOE). Having said this, a method could be developed to ensure this objective. Additionally, for now 

the tool only considers the electrical and water sector and no electricity imports or exports are 

permitted. 

To that concerns the case study, and from the results presented, one must conclude that a 100% RES 

penetration mark is not easily achieved (mainly due to the seasonality effect and to the mismatch 

between generation and supply). Scenario 3 (the one comprising the PHS) is the most suited for that 

target, since it comprises an ES technology with storage capacities that can exceed 100-MWh, which 

is critical to serve as seasonal storage. Having said that, and if one excludes the limitations of these 

models and other technical aspects that would have to be considered for a 100% RES penetration 

situation, results suggest that a scenario with i) comprising a PHS; ii) no minimum hourly PP load; iii) a 

higher fuel cost; and iv) a technology progression that allows for more RES power to be directly 

injected in the power grid than the present considered 30% (and 100% in the desalination plant) would 

be theoretically sufficient to have 100% RES penetration. 

It was found that there is a great synergetic relation that can be explored between the power and 

water sectors. By using the water production, i.e. the desalination plant, as a demand-side 

management strategy, there is great potential to use excess RES power to produce water, and hence 

increasing the RES penetration. However, it is possible that some technical improvements are needed 

so that the desalination plant can rely only on RES power to produce water. 

Furthermore, it was analyzed what could be the best configurations to improve Porto Santo’s power 

system and increase the RES penetration in the island. It can be concluded that some form of energy 

storage technology along with further installations in wind and PV power could turn out to be very 

profitable, increasing 20-50 pp the RES penetration from current levels at decent costs. The BaU 

proposal proves to be insufficient without additional RES technologies, namely wind power. Figure 6.1 

summarizes all tested points from all scenarios. 
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Figure 6.1 – All tested scenarios 

Most of the curves tested suggest a lower differential LCOE relatively to the BaU proposal, being 

scenario 3 the most desired in terms of RES penetration to system costs. 

The 50-60% RES penetration mark seems to correspond to the range where the minimum load in the 

PP limits further the RES penetration, as configurations start to show some inflexibility when this mark 

is hit. Nevertheless, all the scenarios that were considered with this PP minimum load have 

investment costs lower than 10 million Euros up to a 50% RES penetration mark. From [120], it is 

seen that EEM has been investing about 5 million Euros per year in the generation system. However, 

Madeira island has about 50 times the population of Porto Santo and 25 times more electricity 

demand, with 10 times more installed power, as the great majority of these investments have been 

made in Madeira Island. In fact, it is long since the last power installation has been made in Porto 

Santo island (PV park in 2010 by a private entity). The company has more than 100 million Euros of 

equity, a working capital over 50 million Euros and it generates yearly net incomes of 3-5 Million Euros 

[120]. From that information, it is concluded that the scenarios here proposed for investment in Porto 

Santo until 2027 are financially reasonable and achievable. 

Since the present RES penetration is still under 20%, it may not be realistic to suddenly move from 

such a situation to very high RES penetration figures, yet there is still much room for the renewable 

energy sector to grow in this island and the ‘optimum’ renewable penetration target (in terms of costs) 

to be achieved in the next decade should be in the 50-80% range. And as the renewable share will 

grow, the capacity factor and loads of the conventional power plant keep declining, causing economic 

pressure on it continuous operation. Nevertheless, the PP technology is still highly valuable at times of 

poor renewable energy generation, frequency fluctuations, and for providing dispatchability and 

spinning reserve services. Since both wind and PV technology use non-synchronous generators, 

energy storage is a must for maintaining grid reliability in high renewable penetrations cases. Both 

batteries and PHS can provide grid stabilization services and black start capabilities, however for high 

RES penetrations some technical and economic issues will have to be worked out first. 
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Another interesting conclusion is that the wind power is preferred relatively to PV power in terms of 

additional installations for this island. There are two main reasons for this: i) higher capacity factor for 

wind (2,523 hours of generation at nominal power for wind against 1,340 hours for PV power for the 

present situation); and ii) higher generation flexibility for wind power, since this technology can 

produce energy on average 24 hours per day without great deviations from hour to hour, contrary to 

PV power, which produces roughly only half the hours of the day and in a bell shape, peaking 

generation at noon, and more PV installed power will only enhance this difference in the generation 

pattern. 

Finally, based on the sensitivity analysis, the fuel cost and the technical solutions that allow for more 

or less RES power to be used in the power grid and desalination plant are the most decisive 

parameters to choose the scenario (and configuration) that best suits the island needs, minimizing 

costs and maximizing system efficiency. 

6.2 Future work 

From this work, it is not difficult to point out what are its limitations and what could be further studied 

and investigated: 

- Hourly simulation 

- Wind generation 

- Optimization 

- Batteries 

- Dynamic study of the electrical grid at medium-to-high RES penetrations 

- Integration of another RES and ES 

- Integration of the other energy systems  

- Deeper financial analysis 

Hourly simulation. These types of models work with hourly data and that may imply optimistic results. 

For instances, in a certain hour all wind energy may be supplied to the grid, as the model recognizes 

that wind potential generation does not exceed the maximum hourly share. However, in the real world, 

wind gusts or fluctuations in wind generation over the course of an hour and fluctuations in electricity 

demand may well determine that some wind electricity may be curtailed. Thus, a more discretized 

analysis (30min, 5min, 1min) would certainly provide more accurate results, however the additional 

computational requirements and data availability pose as a problem in achieving this.  

Wind generation. Wind is a highly unpredictable source of energy. The annual generation average is 

consistent however the hour by hour correlation between different years is very low. One way to deal 

with this uncertainty would be to simulate wind potential generation in a stochastic way, thus better 

simulating the reality of its variability. Again, the additional computational requirements of such an 

analysis makes this attempt more difficult. 

Optimization analysis. The division of the investment between the different RES (in this case wind and 

PV), along with the modulation of the ES capacity could be optimized, i.e. for instances the ES system 

capacity could be optimized for each configuration (for a given wind and PV installed power) so that 

the ratio of the RES penetration to the differential LCOE is maximized. The PHS is the system which 
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brings more complexity. For a given wind and PV installed power, and considering the demand 

pattern, the PHS could be optimized in terms of the pumping power, turbine power, lower reservoir 

capacity and upper reservoir capacity, along with the charging and discharging criteria. Additionally, 

an optimization algorithm could be developed to ensure that each point provided by Renalyst (a given 

RES capacity for a given RES penetration) would be the optimum point, i.e. the point that minimizes 

system costs. 

Batteries. Regarding batteries, a deeper study of the optimal number of cycles to be performed along 

the year and on the depth of the discharge would certainly be valuable. The choosing of the right 

battery technology, i.e. the battery that best suits the islands needs could also be studied. If lithium-ion 

batteries are chosen, an interesting study could also be done about its lifetime, since it is known that 

higher operating temperatures greatly affects (negatively) its lifetime [160], and since the summer 

period is where the highest electricity demand occurs, it should be studied to what extent this type of 

ES is a wise choice for providing bulk power during these periods. To conclude, batteries could be 

studied to what concern the technology used, the system capacity (dimensioning) and the operating 

conditions and criteria.  

Dynamic study of the electrical grid at medium-to-high RES penetrations. As higher RES penetrations 

are achieved, a careful study must be done to the electrical grid. Intermittent RES poses as a serious 

threat to grid stability, especially in islands which have weaker grids. A dynamic study to the Porto 

Santo electrical grid could be conducted when higher RES penetrations are considered. 

Integration of another RES and ES. Wind and PV were the two RES considered in this study, however 

there are other RES (for instances wave energy) that could be studied for this island. Also, there is 

already a bio photoreactor installed near the PP, as the objective is for the algae to capture CO2 from 

the PP and to produce biomass, however this is still in research phase. Also, other ES technologies 

(e.g. flywheels or compressed air energy storage) could be studied for bulk storage or frequency and 

voltage control services, as higher RES penetrations are achieved. It would be very interesting to 

study if other RES could increase the system flexibility, diminishing curtailment, and solving the 

seasonality problem, i.e. the big mismatch that there is between RES generation and electricity 

demand. 

Integration of the other energy systems. Also, other energy systems as the gas sector could be 

studied. The transport sector was briefly considered, and a closer look could be put into it, namely 

considering V2G technology and smart charging. To what concerns the desalination plant, it could be 

further studied what is limiting (and what could be done about it) the amount of RES power used, i.e. if 

there is a technical and economical way of start using more RES power in the desalination plant, 

diminishing the electricity supplied from the PP (and fuel used) and increasing the RES penetration.  

Deeper financial analysis. Finally, a deeper financially analysis would also be profitable, both 

regarding the RES and ES, and to the PP, namely regarding the relation between the increasing 

number of startups and startup costs and more diesel use, as higher renewable penetrations are 

achieved. For instances, sometimes it may be more economical to curtail some wind electricity than to 

stop a group in a given hour just to then startup the same group in the next hour. 
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Annex A 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 – World energy consumption by energy source, 1990–2040 (quadrillion BTU) [11] 

 

 

 

Figure A.2 – World energy supply by source [161] 
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Annex B  

 

Figure B.1 – Madeira archipelago 

 

 

 

 

 

 

 

 

 

Figure B.2 – Porto Santo island (aerial view) 

 

 

 

 

 

 

 

 

Figure B.3 – Porto Santo island (topographic map) 
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Figure B.4 – Porto Santo island (satellite view) [162] 
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Figure B.5 – Water sector characterization [114,117-119,163] 

 

 

Table B.1 – Porto Santo energy balance [125-127,164] 
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Figure B.6 – Sankey diagram of the island of Porto Santo for 2017 [164] 

 

Power system characterization 2016 2015 2014 
2014-2016 

averages 

 [MWh]  [MWh]  [MWh]  [MWh]  

1. Generation 34,174 33,300 31,873 33,116 

1.1 Thermal 28,865 28,869 27,549 28,428 

 1.1.1 Fuel 23,785 22,775 21,840 22,800 

 1.1.2 Diesel 5,080 6,094 5,709 5,628 

1.2 Wind 1,591 1,081 1,165 1,279 

1.3 PV 3,169 3,258 2,599 3,009 

1.4 Microgeneration 549 92 560 400 

2. Consumption and Losses 2,151 2,269 2,252 2,224 

3. Net Emission 32,023 31,031 29,621 30,892 

4. Proper Consumptions 42 46 48 45 

5. Total Energy Sales 31,126 30,002 28,782 29,970 

 5.1 MV [Medium Voltage] 13,770 12,861 11,706 12,779 

 5.2 LV [Low Voltage] 17,356 17,142 17,075 17,191 

6. Total Net Delivery 31,168 30,049 28,830 30,016 

7. Losses 854 982 791 876 

 

Table B.2 – Power system characterization [120,123,124] 
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Power 

Plant 

Fuel used Efficiency 

Thick fuel-

𝐨𝐢𝐥(1) [liters] 

𝐃𝐢𝐞𝐬𝐞𝐥(2) 

[liters] 

Lubricant 

[liters] 

Net 

generation 

[GWh] 

Specific 

consumption 

[g/kWh] 

Thermal 

efficiency 

2014 5,996,000 1,561,000 35,000 25.30 284.45 31,9% 

2015 6,429,592 1,836,000 50,000 26.60 295.27 30,7% 

2016 6,482,653 1,623,000 57,000 26.71 289.93 31,4% 

Average 6,302,748 1,673,333 47,333 26.20 289.66 31,3% 

(1) LHV𝑇ℎ𝑖𝑐𝑘 𝑓𝑢𝑒𝑙−𝑜𝑖𝑙 = 39 𝑀𝐽/𝑘𝑔 ; ρ𝑇ℎ𝑖𝑐𝑘 𝑓𝑢𝑒𝑙−𝑜𝑖𝑙 = 0.980 𝑙/𝑘𝑔 [162]. 

(2) LHV𝐷𝑖𝑒𝑠𝑒𝑙 = 42.6 𝑀𝐽/𝑘𝑔 ; ρ𝐷𝑖𝑒𝑠𝑒𝑙 = 0.846 𝑙/𝑘𝑔 [162]. 

 

 

Table B.3 – PP fuel use and efficiency [120,123,124] 

 

 

Thermal groups Installed power 
Max. continuous 

generation 
Fuel 

CO2 emission 

𝐟𝐚𝐜𝐭𝐨𝐫(2) [g/kWh] 

    1, 2(1) 10 MW - Diesel - 

3,4,5 12.96 MW 11.40 MWe      Thick fuel-oil (3) - 

6 4.32 MW 3.80 MWe Thick fuel-oil - 

Total 17.28 MW 15.20 MWe - 839 
(1) Decommissioned.  

(2) This parameter was calculated from knowledge of total CO2 emissions from the PP in 2016 [120]. 

(3) It can also be used diesel for start-ups and/or to maintain operation below 1.2 MWh [139]. 

 

 

Table B.4 – PP groups power and CO2 emission factor [120] 

 

 

Figure B.7 – Vestas V-47 power curve [165] 
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Figure B.8 – PHS project [159,160,166] 
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Figure B.9 – Electricity stored in a 3.4 GWh battery along the year for a 9.2 MW of wind and PV 

installed power 

 

 


