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Resumo 

 

Nos dias de hoje, a grande maioria da eletricidade produzida a nível mundial é gerada com recurso 

a combustíveis fósseis. Esta dependência tem sido continuamente reduzida à medida que as fontes 

de energia renovável vão sendo integradas nos sistemas de geração. Tanto a energia eólica como 

a fotovoltaica têm a desvantagem de serem tecnologias intermitentes. Os sistemas elétricos 

localizados em ilhas com uma elevada penetração de renováveis têm, não só de lidar com a 

intermitência, mas também com o facto de se tratarem de redes isoladas, o que requer uma 

quantidade elevada de reserva girante. Esta elevada quantidade de reserva girante resulta em 

consideráveis desperdícios de energia renovável. 

O preço do kWh das baterias de iões de lítio tem descido consideravelmente nos últimos anos, 

devido ao recente crescimento do mercado de automóveis elétricos. Este preço atingiu um valor 

que atualmente já justifica o investimento de baterias para aplicações à escala da rede elétrica. 

Assim sendo, neste trabalho são estudados os benefícios da integração de um sistema de baterias 

numa rede elétrica isolada. Desta forma, o algoritmo de gestão da bateria é inserido dentro de um 

programa de Alocação de Unidades e Despacho Económico (UC+ED), sendo que a bateria é 

considerada como mais um gerador despachável. Quando o algoritmo UC+ED seleciona a bateria 

em vez de um gerador térmico, são evitados consumos de combustível. Estes são considerados 

na análise económica, comparando com os custos de aquisição do sistema de baterias, por forma 

a determinar o Valor Atual Líquido (VAL) do projeto. 

Os resultados obtidos, sugerem que os investimentos em baterias para aplicações à escala da rede 

elétrica podem ser rentáveis, e aumentam consideravelmente a percentagem de energia renovável 

integrada na rede. 
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Abstract 

 

Nowadays the world faces an energetic problem, as the majority of the electric power installed 

around the globe is based on fossil fuels. This dependence is decreasing as renewable power is 

being deployed. Renewable power generation technologies, mainly wind and solar, have the 

disadvantage of intermittency. Islanded electrical systems with high penetration of these 

technologies, not only have to deal with intermittency, but also with isolation, which results in 

considerable spinning reserve requirements. This level of spinning reserve is the main cause for 

isolated power systems presenting high levels of Renewable Energy Sources (RES) curtailment.  

The recent developments in electrical vehicles have decreased the kWh cost of lithium-ion batteries 

below a threshold value that was previously prohibitive for grid-scale applications. Therefore, the 

integration of RES considering the installation of a Battery Energy Storage System (BESS) into an 

isolated power grid is assessed. To do so, a BESS is integrated into the Unit Commitment and 

Economic Dispatch (UC+ED) and regarded as a dispatchable generator. As the UC+ED dispatches 

the BESS instead of thermal generators, fuel consumptions are avoided. These are considered fuel 

savings and compared to the BESS investment cost, so that the Net Present Value (NPV) of the 

project is determined. 

The results suggest that the investment in this technology may be profitable and considerably 

decreases the levels of RES curtailment. 
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Chapter 1 

1. Introduction 

Introduction 

 

1.1. Motivation 

Nowadays the world faces an energetic problem, as the majority of the electric power installed 

around the globe is based on fossil fuels, which is the main source of pollution. As an example, the 

so-called greenhouse effect which is globally warming our planet is caused by the heavy carbon 

emissions that result from burning fossil fuels. This is a challenge that our generation is responsible 

for solving, in order to preserve the favourable life conditions and therefore guarantee that future 

generations also have an opportunity to live and prosper in this planet. 

The dependence on fossil fuels to produce electricity is decreasing as renewable power is being 

deployed, replacing conventional power plants composed of thermal generators that burn petrol 

derivatives. Initially, as the price of these technologies was not competitive for private investment, 

governments funded renewable energy projects or granted feed-in tariffs that encouraged investors 

to apply their capital in these projects. As the technology matured, the prices became more 

competitive and nowadays, renewable energy power is, in many scenarios, the most cost effective 

solution. 

Renewable power generation technologies, mainly wind and solar, have the disadvantage of 

intermittency. For instance, PVs or wind turbines only generate electricity if the sun is shining or if 

the wind is blowing. Additionally, as they depend on weather conditions, oscillations on the available 

power may occur without any warning. This profile of renewable energy sources (RES) defines the 

intermittency. Electrical power systems that have a considerable amount of installed renewable 

power tend to have frequency or voltage control issues caused by intermittency. To solve this 

problem, utilities may be forced to curtail the output of renewable power plants to a level that does 

not interfere with the system’s constraints. This technique may result in curtailing a considerable 

percentage of the total available renewable energy, which is replaced by reliable power sources 

such as thermal generators. 
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Islanded electrical systems that have a reasonable penetration of renewable power not only have 

to deal with intermittency but also with their isolation. If there is a surplus or a deficit of energy, the 

grid operator cannot transfer the energy to or from any other place, namely neighbour countries. 

Additionally, isolated electrical systems require a considerable margin of spinning reserve due to 

the intermittency of RES. Spinning reserve is generation capacity that is online but unloaded and 

that can rapidly respond to compensate for generation outages or load deviations and is normally 

ensured by thermal generators. Islanded power systems are usually composed by small diesel 

generators that generate expensive electrical power. All these factors combined are the reason for 

these islanded electrical systems to show the highest levels of RES curtailment. As a consequence, 

these utilities are the most interested ones in finding solutions for this problem, because increasing 

the integration of RES results in reducing the fuel costs of running thermal generators and has 

environmental benefits. 

The recent developments of electrical vehicles have decreased the kWh cost of lithium-ion batteries 

below a threshold value that was previously prohibitive for grid-scale applications. Therefore, Battery 

Energy Storage Systems (BESS) have already been implemented in isolated electrical grids to 

enhance the integration of RES in economically feasible projects. One of those examples is 

implemented in Graciosa island in the Azores archipelago, Portugal. This project is using a BESS 

with a smart charge/discharge algorithm to, jointly with PVs, wind power and thermal generators, 

optimise the electrical power generation schedule to fit the load required by the habitants of the 

island. The main idea behind the algorithm is to use the BESS to save fuel costs of connecting 

thermal generators, while also using it to ensure spinning reserve and to power-shift the RES that 

is generated when it is not required. This project is being implemented by a German company 

specialised in deploying BESS projects to grid-scale applications called Younicos 

(www.younicos.com). 

This project suggests that in the future, instead of investing in more thermal generators, utilities may 

consider the installation of BESSs to enhance the integration of RES into the grid or simply to 

increase the reliability of the power generation systems, thus avoiding incurring in load shedding 

situations or even blackouts. 

1.2. Problem Description 

Electrical grids all over the world are currently dealing with challenges regarding the integration of 

RES. These issues arise when the portion of renewable power injected into the grid is considerable 

high in relation to the quantity of the power assigned to the conventional generators. These 

challenges are inversely proportional to the power scale of the electrical grid, which means that 

these problems are harder to overcome in islanded systems. 

Avoiding RES curtailment is challenging because, as the renewable power injected into the grid 

increases, the power assigned to the generators decreases, which may lead to infringements of the 

thermal generators’ constraints.  
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𝐺𝑃(𝑡) = 𝑇𝐿𝐷(𝑡) − 𝑃𝑅𝐸𝑆(𝑡) (1.1) 

Where:  

• 𝐺𝑃(𝑡), is the power assigned to the thermal generators at period t; 

• 𝑇𝐿𝐷(𝑡), is the total load demand required by costumers at period t; 

• 𝑃𝑅𝐸𝑆(𝑡), is the power from RES that is injected into the grid at period t. 

In case of infringement of the generator’s constraints, namely the one related to the technical 

minimum, renewable power curtailment is the solution as it increases the power assigned to the 

generators. This procedure is shown in Figure 1.1: 

 

Figure 1.1 – Determination of the power assigned to thermal generators 

 

Even though a high integration of RES into the grid is desirable, as it produces environmental 

friendly energy and saves fuel costs, the spinning reserve required by renewables are directly 

proportional to the power injected into the grid. These spinning reserve requirements are normally 

ensured by the thermal power plants. This condition leads, in many situations, to values of spinning 

reserve requirements approximately equal to the demand assigned to the generators. In this 

situation, infringements of the generators constraints which results in RES curtailment may occur, 

as explained in the next paragraph. 

The main generator’s constraint states that the power system has to operate with a combination of 

generators that is able to simultaneously generate their assigned power and ensure the total 

spinning reserve requirements. If the combination of generators under analysis does not comply 

with this constraint, the system searches for another combination of generators that does, by turning 

on or shutting down units, which have a higher technical minimum power. If this new technical 

minimum is higher than the previous demand assigned to the generators, the system is obligated to 

incur into RES curtailment as suggested in Figure 1.1. The required curtailment power is the 
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difference between the previous demand assigned to the generators and the technical minimum 

power of the combination of generators under analysis. Figure 1.2 illustrates different examples to 

better understand these statements. 

 

Figure 1.2 – Problem explanation: examples 

 

Where: 

• 1𝑀𝐼𝑁, is the technical minimum of the combination of generators 1; 

• 1𝑀𝐴𝑋, is the maximum output power of the combination of generators 1; 

• 2𝑀𝐼𝑁, is the technical minimum of the combination of generators 2; 

• 2𝑀𝐴𝑋, is the maximum output power of the combination of generators 2. 

Figure 1.2 illustrates four different situations (1a), (1b), (1c) and (1d). Case (1a) depicts a period 

where both the demand and the spinning reserve requirements are respected, which results in 

choosing the combination of generators 1 and no RES curtailment: 

1𝑀𝐼𝑁 < 𝐴 < 1𝑀𝐴𝑋 1𝑀𝐼𝑁 < 𝐵 < 1𝑀𝐴𝑋 (1.2) 

However, keeping the demand constant and raising the spinning reserve requirements, as illustrated 

in (1b), results in a constraint infringement, as neither the combination of generators 1 nor 2 can 

simultaneously ensure both the demand A as 𝐴 < 2𝑀𝐼𝑁 and the spinning reserve C as 𝐶 > 1𝑀𝐴𝑋: 

1𝑀𝐼𝑁 < 𝐴 < 1𝑀𝐴𝑋 1𝑀𝐼𝑁 < 𝐶 ≮ 1𝑀𝐴𝑋 (1.3) 

2𝑀𝐼𝑁 ≮ 𝐴 < 2𝑀𝐴𝑋 2𝑀𝐼𝑁 < 𝐶 < 2𝑀𝐴𝑋 (1.4) 

The solution to this problem is to connect more generators in order to comply with the spinning 

reserve requirements. However, connecting more generators means that the technical minimum of 

this combination of generators will increase. As generators cannot operate below this minimum, it 

means that now the demand assigned to the generators is increased to 2𝑀𝐼𝑁, as depicted in situation 

(2c). As stated in equation (1.1), if the demand assigned to the generators increases, the RES power 

has to decrease in the same quantity. This is the reason why the curtailment must be executed.  
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𝐷𝑒𝑚𝑎𝑛𝑑 = 2𝑀𝐼𝑁 (1.5) 

𝑅𝐸𝑆 𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 = (2𝑀𝐼𝑁 − 𝐴 ) (1.6) 

After curtailing this quantity of power, the combination of generators 2 can ensure both the new 

demand and the spinning reserve which mean that this generator’s constraints are no longer 

infringed. 

1.3. Proposed Solution – Concept 

The intended algorithm to be designed has the main goal of avoiding the described situations of 

RES curtailment, such as the one described in (1c) that was originated by (1b) of Figure 1.2. In 

order to achieve this goal, the main idea is to use the BESS to supply the surplus of spinning reserve 

required in (1b). This is also illustrated in Figure 1.2 in (1d). The green bar of the spinning reserve 

defines the power and energy that the BESS is supposed to ensure, enabling the electrical system 

to dodge the situation described in (1c) and therefore avoiding, not only the RES curtailment but 

also saving the fuel costs of starting-up and running an extra generator. 

𝐵𝐸𝑆𝑆𝑒𝑛𝑠𝑢𝑟𝑒 = (𝐶 − 1𝑀𝐴𝑋) (1.7) 

This is the problem that the designed algorithm is intended to solve. To implement it, a BESS is 

inserted into a Unit Commitment and Economic Dispatch (UC+ED) optimisation problem to be 

regarded as another dispatchable generator that ensures spinning reserve requirements. However, 

as this “generator” is, in fact, a BESS, it has no fuel costs, meaning that when it is committed and 

avoids connecting a real thermal generator, the power system saves fuel costs. These savings are 

regarded in the economic analysis as profits to pay the initial investment of the procurement of the 

energy storage device. This algorithm is tested in the isolated electrical grid of Terceira island which 

is located in the Azores archipelago, Portugal. Several BESSs with different rated power and 

nominal energy will be tested in the selected electrical grid. 

1.4. Objectives 

Considering the previous two sections of problem description and proposed solution, the main 

objectives of this MSc thesis are as follows: 

• Design an UC+ED algorithm that considers a BESS as another dispatchable generator that 

ensures spinning reserve requirements, while minimising RES curtailment. 

• Select a proper BESS product within the ones available in the market that would suit the 

problem that is being solved. 

• Size the BESS that minimises the RES curtailment, while resulting in a positive Net Present 

Value (NPV). 

• Size the optimum BESS that maximises the NPV. 
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1.5. Overview and Structure of the Report 

In this section, an overview of the structure of the report is outlined, as well as a brief explanation of 

the contents of each of the following chapters that form this report. In the next chapter, an overview 

of the research on the main topic of this report is presented, on subjects such as the UC+ED 

algorithm, studies regarding peak-shaving and power smoothing of the output of renewable power 

plants and also research conducted on electrical grids regarding the integration of RES using 

different energy storage systems such as water pumped power plants and BESSs. In chapter 3, the 

description and explanation of the designed algorithm are detailed. In chapter 4, the description of 

Terceira island power generation system is presented, the selected BESS product and the tested 

BESSs are listed and the final results of the designed algorithm applied to Terceira electrical grid 

are presented and discussed. Lastly, in chapter 5 the main conclusions of this research are drawn 

and different paths concerning future work are presented. 
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Chapter 2 

2. State of the Art 

State of the Art 

 

This chapter presents a global review of the research done to date regarding the use of Energy 

Storage Systems (ESS) to increase the penetration of Renewable Energy Sources (RES) into the 

power system. 

Teleke et al. [1] considers a Battery Energy Storage Systems (BESS) to increase the penetration of 

RES produced in a wind farm. An algorithm is developed to optimise the charging and discharging 

in order to make wind energy more dispatchable. To achieve this goal, the BESS is responsible for 

balancing the power produced by the wind farm, based on the forecasted wind conditions. 

Therefore, the objective is the BESS to compensate for sudden power oscillations characteristic of 

wind-driven generators. The BESS, according to its own constraints, charges whenever the output 

power is greater than a pre-defined threshold and discharge whenever it is lower. In this way, the 

stabilisation of the output power is achieved, allowing the system operator to regard this intermittent 

power source as a more reliable one. 

The Unit Commitment and Economic Dispatch (UC+ED) is a complex nonlinear mixed integer 

programming problem, where a set of thermal generators are coordinated in order to minimise the 

generation fuel costs. Generation systems which have considerable intermittent RES tend to further 

increase the complexity of this optimisation problem. Regarding its complexity and high 

computational requirements, research efforts have been concentrated on heuristic UC+ED 

algorithms. The literature on the application of optimisation methods on this topic is vast [2]–[6], 

including several different techniques such as extended priority list, dynamic programming, 

Lagragian relaxation approach, simulated annealing and evolutionary programming. 

Masuta et al. [7] considers  a BESS to reduce the curtailment of a solar power plant. The algorithm 

firstly sets the BESS schedule for the next day based on the weather forecasts. Then, and 

considering the scheduling of the BESS, the UC+ED is also executed over this day. The UC+ED 

uses the extended priority list method, which considers the lower unit price generators to have a 

higher priority to be started-up in relation to the more expensive ones. The BESS charges when 
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solar power curtailment exists and discharges to avoid the UC+ED from starting up the most 

expensive thermal generators.  

Setas et al. [8] focuses on the economic assessment of a Water Pumped Storage System (WPSS) 

to be integrated into Terceira island electrical system. In order to determine the economic benefits 

of this project, the excess of electric energy available is calculated. The resulting surplus of energy 

is considered to be pumped up for a reservoir in order to be stored as potential energy. This potential 

energy is then converted back to electricity and reintroduced into the electrical grid in peak demand 

hours. The fuel savings obtained by minimising fuel costs of the thermal generators are regarded 

as profits to cover the initial investment on the WPSS. 

Senjyu et al. [9], introduces a scheduling method for thermal generators to interact with a generic 

ESS through the UC+ED. In this research, no installed RES is considered. The storage is 

incorporated to achieve peak load levelling. In the charging phase, the algorithm considers that 

whenever the UC violates the ramp down constrain, the thermal generator is kept at the same 

power, which is used to charge the storage device. On the other hand, the ESS discharges at peak 

hours, therefore avoiding starting-up costly thermal generators. 

Gao et al. [10] focuses on determining the optimal size of a BESS for microgrids. For the day-ahead 

dispatch of the thermal generators, the algorithm considers the maximum available discharging 

power of the BESS to be used to ensure spinning reserve requirements. This allows the UC+ED to 

avoid selecting combinations of generators that force RES curtailment. Hence, the load assigned to 

thermal generators is reduced, therefore resulting in fuel savings, which are considered for the 

calculation of the Net Present Value (NPV) of the project. 

Chen et al. [11] develops an algorithm that maximises the penetration of wind power into the 

electrical system with the help of a BESS that minimises the cost of thermal generators’ dispatch. 

This algorithm, for each of the input hourly periods, comprises the following two main stages. The 

first one optimises the thermal generators dispatch by executing the UC+ED when the BESS 

dispatch freezes. It considers a fixed BESS discharge power and selects the combination of thermal 

generators that minimise the total fuel costs. The second stage optimises the battery dispatch 

considering that the previous best UC+ED solution determined freezes (on/off status of the thermal 

generators). The algorithm now tests different situations where the BESS either charges, discharges 

or remains idle and selects the combination that incurs in the minimum fuel cost.  

Miranda et al. [12] develops an optimisation tool that selects the most suitable battery technology 

and its optimum size in order to minimise the overall cost of the power generation system of Terceira 

island, Portugal. The developed algorithm is composed of 3 different stages. The 1st stage optimises 

the thermal generators dispatch by executing the UC+ED. It considers all the energy that the BESS 

is capable of discharging as spinning reserve that the thermal generators do not have to ensure. 

The 2nd stage applies a Model Predictive Control (MPC) technique to capture the influence of 

intermittent RES and load uncertainty. It is applied by executing persistence wind speed forecasts 

and considering linear variations of load between predicted values for each input period. The 3rd 
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and last stage performs generation adjustments to the thermal generators’ output and the BESS 

operational state to 1 minute RES and load fluctuations.  

We hereby highlight the main differences between the proposed algorithms and the ones presented 

in some of the above mentioned papers.  

References [10]–[12] consider BESSs integrated into UC+ED to increase the penetration of RES 

into electrical grids, which is the same approach followed in this report. However, all these 3 studies 

consider BESSs without modularity. This means that it is not possible to assign different modules 

to different tasks, such as charging or discharging. Therefore, studies [10] and [12] consider all the 

discharge power of the BESS to be regarded as spinning reserve, whereas  the algorithm proposed 

in this report presents a method to determine the precise amount of power required to ensure 

spinning reserve, and can therefore use the remaining BESS power to other tasks.  

The algorithm developed in [12] uses the UC+ED with the objective of minimising the cost function, 

whereas the proposed algorithm always selects the combinations of thermal generators that 

minimise the RES curtailment.  

Finally, [11] does not considers the UC+ED to ensure spinning reserve requirements but instead 

discharges in peak load periods. 
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Chapter 3 

3. Methods 

Methods 

 

3.1. General Assumptions and Considerations 

The main objective of the proposed algorithm is to, for a specific electrical grid, determine the size 

of the BESS that maximises the integration of renewable energy sources (RES) while presenting a 

positive net present value (NPV) within the expected lifetime of the storage technology. 

The algorithm requires two different inputs of data: the power assigned to the thermal generators – 

which is the total load demand required by customers subtracted of the total available renewable 

power – and the spinning reserve that is required for the available renewable power, which is mainly 

conditioned by the speed of the wind and the output power of the wind turbines. This input data 

comprises periods of 1-hour average values of past real typical days. In order to achieve a realistic 

simulation, this data was treated not as what happened in the past but, instead, regarded as 

predicted values. The frequency regulation and load following are considered to be under the 

responsibility of the thermal power plant. Throughout this report, as all the computations are based 

on 1h average values, W and Wh units may be mixed together. The algorithm requires a data input 

of 12 typical days of the tested electrical grid: one weekday, one Saturday and one Sunday from 

each season of the year. This algorithm could be executed over the data of a whole typical year 

(with 365 typical days), however the computation time would linearly increase with the number of 

days that are inputted to the algorithm. 

This small input of typical days is due to the fact that utilities are usually sensible to make data 

available for this kind of academic studies. This occurs as a result of their apprehensiveness with 

possible infringement of the data protection that accompanies this kind of information. The data 

used in this MSc thesis was kindly provided by EDA, which is the system operator of Terceira island, 

where the developed algorithm was tested. 
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3.2. Unit Commitment and Economic Dispatch 

3.2.1. Concept and Constraints 

The Unit Commitment and Economic Dispatch (UC+ED) is a mathematical optimisation problem 

related with finding, for all input periods, which is the most economical sequence of a combination 

of thermal generators – called states - that are capable of satisfying the predicted load demand 

while also ensuring the spinning reserve requirements. This algorithm calculates the optimal power 

distribution within the chosen thermal generators thus ensuring the system with the most affordable 

solution. This is, therefore, a problem of economic optimisation, given by the objective function: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = min ∑ 𝑆𝑡𝑎𝑡𝑒 𝐶𝑜𝑠𝑡

𝑡

(3.1) 

𝑆𝑡𝑎𝑡𝑒 𝐶𝑜𝑠𝑡 = 𝑚𝑖𝑛 ∑ (𝐶𝑜𝑠𝑡𝑖 + 𝑆𝑢𝑝𝑐𝑖
+ 𝑆𝑑𝑤𝑐 𝑖

)

𝑖

(3.2) 

Where: 

• 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡, is the most economic sequence of feasible states; 

• 𝑆𝑡𝑎𝑡𝑒 𝐶𝑜𝑠𝑡, is the cost of each feasible state that constitute the sequence; 

• t is the period index; 

• i, is the thermal generator index; 

• 𝑆𝑢𝑝𝑐𝑖
, is the start-up cost of thermal generator i;  

• 𝑆𝑑𝑤𝑐𝑖
, is the shutdown cost of thermal generator i; 

• 𝐶𝑜𝑠𝑡𝑖, is the production cost for thermal generator i, based on the fuel costs, at period t, in 

€, given by a quadratic function: 

𝐶𝑜𝑠𝑡𝑖 = 𝑎𝑖 + 𝑏𝑖×𝑃𝑖(𝑡) + 𝑐𝑖×𝑃𝑖(𝑡)2 (3.3) 

Where: 

• 𝑎𝑖, is the fixed parameter in €; 

• 𝑏𝑖, is the linear factor in €/MW; 

• 𝑐𝑖, is the quadratic factor in €/MW2; 

• 𝑃𝑖(𝑡), is the power for thermal generator i, at period t, in MW. 

Therefore, the goal of this algorithm is to find, within all the input periods, the most economical 

sequence of states that minimises the total cost of the system while regarding the thermal 

generators’ constraints, which are described below:  
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• Load Demand and Technical Minimum; 

• Spinning reserve Requirements; 

• Ramp up/down rates; 

• Minimum up/down time; 

• Minimum number of online thermal generators. 

3.2.1.1. Load Demand and Technical Minimum 

The electrical grid architecture and thus its losses are not considered. The residual demand 

satisfaction function is given, for each period t, by: 

𝐷(𝑡) = 𝐷𝐿(𝑡) − 𝑃𝑅𝐸𝑆 (𝑡) (3.4) 

∑ 𝑃𝑖(𝑡)

𝑖

= 𝐷(𝑡) (3.5) 

𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 ≤ ∑ 𝑃𝑖(𝑡)

𝑖

≤ 𝑃𝑠𝑡𝑎𝑡𝑒𝑗
𝑀𝐴𝑋 (3.6) 

𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 = ∑ 𝑃𝑖 
𝑀𝐼𝑁

𝑖

(3.7) 

𝑃𝑠𝑡𝑎𝑡𝑒𝑗
𝑀𝐴𝑋 = ∑ 𝑃𝑖 

𝑀𝐴𝑋

𝑖

(3.8) 

Where: 

• 𝐷(𝑡), is the residual demand assigned to the thermal generators for period t (MW); 

• ∑ 𝑃𝑖(𝑡)𝑖 , is the thermal generators total power output the for period t (MW); 

• 𝐷𝐿(𝑡), is the total load demand required by customers for period t (MW); 

• 𝑃𝑅𝐸𝑆(𝑡), is the renewable energy sources output for period t (MW); 

• 𝑃𝑠𝑡𝑎𝑡𝑒𝑗
𝑀𝐴𝑋 , is the maximum power output of state j (MW); 

• 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 , is the technical minimum power output of state j (MW); 

• 𝑃𝑖
𝑀𝐴𝑋, is the maximum output power of thermal generator i (MW); 

• 𝑃𝑖
𝑀𝐼𝑁, is the technical minimum power output of thermal generator i (MW). 

3.2.1.2. Spinning Reserve Requirements 

Adding to the previous load demand constraints, the UC+ED must also comply with the spinning 

reserve requirements: 

𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 ≤ ∑ 𝑃𝑖(𝑡)

𝑖

+ 𝑆𝑅𝑡𝑜𝑡𝑎𝑙 (𝑡) ≤ 𝑃𝑠𝑡𝑎𝑡𝑒𝑗 
𝑀𝐴𝑋 (3.9) 

The total required spinning reserve, for period t, is defined by the maximum between the rated output 

of the largest online thermal generator and the RES spinning reserve requirements: 
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𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡) = max(𝑆𝑅𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ; 𝑆𝑅𝑅𝐸𝑆) (3.10) 

Where: 

• 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve needs, for period t (MW); 

• 𝑆𝑅𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟, is the rated power of the largest online thermal generator (MW); 

• 𝑆𝑅𝑅𝐸𝑆, is the spinning reserve requirements to ensure reliable renewable power (MW). 

The spinning reserve that is required to ensure reliability to RES is mostly restricted to the spinning 

reserve requirements associated with wind turbines which are defined based on: 

𝑊𝑠𝑝𝑒𝑒𝑑 > 15 m/s 𝑆𝑅𝑅𝐸𝑆 = 50%𝑃𝑟𝑊𝐺 (3.11) 

𝑊𝑠𝑝𝑒𝑒𝑑 ≤ 15 m/s 𝑆𝑅𝑅𝐸𝑆 = 100%𝑃𝑔𝑊𝐺 (3.12) 

Where: 

• 𝑆𝑅𝑅𝐸𝑆, is the spinning reserve requirements to ensure reliability to the power generated by 

RES; 

• 𝑊𝑠𝑝𝑒𝑒𝑑, is the average wind speed at the wind farm (m/s); 

• 𝑃𝑟𝑊𝐺 , is the rated power of the wind farm (MW);  

• 𝑃𝑔𝑊𝐺 , is the total output power at the wind farm (MW). 

The wind spinning reserve requirements are decided based on the power curve of a typical wind 

generator, which is shown in Figure 3.1. When the wind speed is below 15m/s, the output power 

has a significant variation with the wind speed and therefore the spinning reserve should be equal 

to 100% of the total output power of the wind farm. However, if the wind speed is above 15m/s, this 

variation is approximately zero (Δ𝑃𝑊𝐺 ≅ 0). This small Δ𝑃𝑊𝐺  in relation to Δ𝑣𝑤𝑖𝑛𝑑   explains the 

reason for the grid operator to choose to keep only 50% of the output power as spinning reserve 

and still guarantee the reliability of the electrical grid. 

 

Figure 3.1 – Typical wind turbine power curve 
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3.2.1.3. Ramp up/down rates 

The ramp-up and ramp-down thermal generator rates are defined as the power that the thermal 

generator can increase or decrease per unit of time and is expressed in MW/h. These rates are 

used to determine which are the lowest and the highest achievable output power of each thermal 

generator depending on the current power output. The following equations define both these rates: 

𝑙𝑏𝑃𝑖(𝑡) = max(𝑃𝑖
𝑀𝐼𝑁 , 𝑃𝑖,𝑡−1 − 𝑅𝑃𝑑𝑤𝑛𝑖) (3.13) 

𝑢𝑏𝑃𝑖(𝑡) = min(𝑃𝑖
𝑀𝐴𝑋 , 𝑚𝑎𝑥(𝑃𝑖

𝑀𝐼𝑁 , 𝑅𝑃𝑢𝑝𝑖)), 𝑖𝑓 𝑢𝑛𝑖𝑡 𝑖 𝑤𝑎𝑠 𝑜𝑓𝑓𝑙𝑖𝑛𝑒 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡 − 1 (3.14) 

𝑢𝑏𝑃𝑖(𝑡) = min(𝑃𝑖
𝑀𝐴𝑋 , 𝑃𝑖,𝑡−1 + 𝑅𝑃𝑢𝑝𝑖), 𝑖𝑓 𝑢𝑛𝑖𝑡 𝑖 𝑤𝑎𝑠 𝑜𝑛𝑙𝑖𝑛𝑒 𝑎𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡 − 1 (3.15) 

Where: 

• 𝑙𝑏𝑃𝑖,𝑡 , is the lowest output power of thermal generator i, for period t (MW); 

• 𝑢𝑏𝑃𝑖,𝑡 , is the upper operating bound of thermal generator i, for period t (MW); 

• 𝑅𝑃𝑑𝑤𝑛𝑖, is the ramp-down power rate of thermal generator i (MW/h); 

• 𝑅𝑃𝑢𝑝𝑖, is the ramp-up power rate of thermal generator i (MW/h). 

• 𝑃𝑖
𝑀𝐴𝑋, is the maximum output power of thermal generator i (MW); 

• 𝑃𝑖
𝑀𝐼𝑁, is the technical minimum power output of thermal generator i (MW). 

3.2.1.4. Minimum up/down times 

The minimum thermal generator up and down times are, respectively, the minimum time that a 

generator has to be kept online, once it has been started, and the minimum time it has to remain 

offline, once it is shutdown. These times are given by the thermal generator state variable 𝑋𝑖,𝑡 that 

indicates the time periods that the generator is online, or offline: 

 𝑋𝑖,𝑡 = 𝑋𝑖,𝑡−1 + 1, 𝑖𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖 𝑖𝑠 𝑜𝑛𝑙𝑖𝑛𝑒 

𝑋𝑖,𝑡 = 1, 𝑖𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑜𝑛𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑋𝑖,𝑡−1 ≤ −𝐺𝑚𝑖𝑛𝑑𝑤𝑛𝑖 

𝑋𝑖,𝑡 = 𝑋𝑖,𝑡−1 − 1, 𝑖𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖 𝑖𝑠 𝑜𝑓𝑓𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑋𝑖,𝑡−1 ≤ −1 

𝑋𝑖,𝑡 = −1, 𝑖𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖 𝑖𝑠 𝑜𝑓𝑓𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑋𝑖,𝑡−1 ≥ 𝐺𝑚𝑖𝑛𝑢𝑝𝑖 

(3.16) 

Where: 

• Gmindwni, is the minimum downtime of thermal generator i, which is the minimum time that 

the generator must remain stopped once it is shutdown; 

• Gminupi, is the minimum uptime of thermal generator i, which is the minimum time that the 

generator must remain operating once it is working. 
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3.2.1.5. Minimum number of online thermal generators 

This constraint specifies the minimum number of thermal generators that must be online at a given 

period. 

3.2.2. Solving the UC+ED problem 

To solve the UC+ED problem, the followed approach is particularly interesting as it can solve 

multiple problems while respecting the system’s constraints. The time horizon is divided into hourly 

periods. For each period, the states under analysis must respect simultaneously both conditions 

(3.6) and (3.9) in order to be considered feasible states. To better understand the operation of the 

UC+ED, there is an example shown in Figure 3.2, where states A, B and C are considered feasible 

during all three periods, which means that all three comply with equations (3.6) and (3.9). For 

instance, from hour t = 1 to hour t = 2 the algorithm first calculates all the transition costs from the 

past feasible states of hour t = 1 (states A, B and C) to the first feasible state of hour t = 2, which is 

state A. Then, the algorithm adds these transitions and their costs to their respective paths – which 

is the sequence of all previous transitions – and repeats this procedure to the remaining states of 

hour t=1, in this example states B and C. When all the states of this period are checked, the 

algorithm proceeds to analyse the transitions from hour t = 2 to hour t = 3. As such transitions may 

require starting or shutting down thermal generators, each path is characterised by its accumulated 

cost associated with each committed transition. After going through all the periods and building the 

total number of possible paths, the algorithm backtracks the least cost path to find the optimal 

cheapest solution. 

 

Figure 3.2 – Brute force UC+ED example 
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Besides being a very complex problem, especially when the number of thermal generators becomes 

large, it even becomes more difficult, as all the transitions from one period to the following must be 

considered. For example, for 5 thermal generators and 24 periods, the number of total possible 

combinations would be 6,2 x 1035 [4]. Even considering that, due to electrical system limits and 

constraints, not all the generators could operate at any given period, therefore reducing the number 

of possible combinations, it would still be a very large and complex problem. This computational 

problem is also perceived in Figure 3.2, as it only considers three feasible states over three hours, 

and in the end of the third hour, there are already 27 possible paths. Given this situation, it is evident 

that the “brute force” approach is not practical and is unfeasible to computationally solve this 

problem within a reasonable amount of time. Therefore, it is necessary to consider an optimisation 

method. 

Forward Dynamic Programming (FDP) algorithm is implemented to guarantee that the UC is 

executed within a reasonable amount of time.  The FDP algorithm is based on the work developed 

in [4], [13], [14], and a quadratic function optimisation method is used for the ED problem. This last 

method is integrated into the FDP algorithm, by using the QUADPROG function of MATLAB. This 

function uses the Interior-Convex-Point method to minimise quadratic functions, such as the cost 

equation (3.3), therefore determining the optimum power generated by each committed thermal 

generator, subject to the constraints mentioned in section 3.2.1. 

3.2.2.1. Forward Dynamic Programming (FDP) – Algorithm Description 

The FDP improves the computational speed of the problem in relation to the previously described 

“brute force” method regarded in Figure 3.2. This method saved all the possible transitions and 

added all of them to their respective paths. However, the FDP only considers and saves a pre-

defined number of the cheapest transitions. In Figure 3.3 the same situation considered in Figure 

3.2 is illustrated, although the FDP algorithm is applied instead of the “brute force method”. In this 

example, only the two cheapest transitions were saved which are illustrated by the solid lines 

transitions. Conversely, the dashed lines exemplify transitions that are discarded and thus the 

shadowed paths are the ones that are not considered. For instance, from hour t = 1 to hour t = 2 

and comparing with the “brute force” method, it is possible to see that instead of 9 saved paths, the 

FDP only saves the 6 cheapest transitions, which represents a decrease of approximately 33% of 

the complexity of the problem. From hour t = 2 to hour t = 3 the reduction of complexity raises to 

approximately 77% as only 6 paths are considered feasible instead of twenty-seven regarded by 

the brute “force method”. 



18 

 

 

Figure 3.3 – Forward dynamic programming UC+ED example 

 

The FDP is based on disregarding transitions that are not the most affordable ones. This procedure 

has a considerable probability of disregarding the optimal solution that would eventually be found 

by the “brute force” method. However, studies comparing Particle Swarm Optimisation (PSO) 

algorithm with FDP suggest that even though PSO finds a more accurate solution, FDP is still a 

reliable approximation [15]. As the solution found by the PSO was assumed to be the optimum 

solution, which is the “brute force” method solution, it is possible to conclude that the FDP solution 

is a reliable approximation in relation to the “brute force” method. 

The UC+ED algorithm used as the starting point of this MSc thesis was developed by Vladimir 

Stanojevic [16]. The following chapter describes the modifications that were implemented in this 

algorithm to make it possible to consider a BESS to increase the penetration of RES in the tested 

electrical system. 

3.3. Unit Commitment and Economic Dispatch with BESS 

The main objective of this algorithm is to use the BESS to minimise the curtailment of RES while 

presenting a positive NPV within the expected lifetime of the storage technology. Therefore, the 

algorithm is always searching for groups of states that minimise it and chooses these ones. The 

UC+ED algorithm always searches for the most economical path solution. However, in this 

developed modified version, it will choose the most affordable path within the ones that minimise 

the most the RES curtailment. Thus, the initial UC+ED version of the algorithm, which does not 
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consider the system with a BESS, may find a cheaper final path solution than this modified version 

but this solution would also incur in an undesirable higher level of RES curtailment. 

The grid operator is obliged to force RES curtailment in situations where none of the feasible states 

complies with the constraints defined in section 3.2.1. Regarding the power system with a BESS, it 

will force RES curtailment if these previous and the own BESS’s constraints are not respected. 

These later constraints are defined in the following section. 

3.3.1. BESS Constraints 

This section describes the BESS’s constraints that the algorithm has to respect in order to select 

which are the possible feasible states for each period. The table below introduces the relevant 

parameters of the BESS. 

Table 3.1 – BESS parameters 

Symbol Unit Description 

𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 − Number of modules of the BESS 

𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥  [𝑊ℎ] Nominal Energy of the BESS 

𝑃𝐵𝐸𝑆𝑆
𝐷  [𝑊] Power Discharged from BESS 

𝑃𝐵𝐸𝑆𝑆
𝐶  [𝑊] Power Charged to BESS 

𝑃𝐵𝐸𝑆𝑆 [𝑊] Rated Power of the BESS 

𝑃𝐵𝐸𝑆𝑆
𝑖𝑛  [𝑊] Power absorbed from the grid to BESS 

𝑃𝐵𝐸𝑆𝑆
𝑜𝑢𝑡  [𝑊] Power released to the grid from BESS 

𝜂𝐵𝐸𝑆𝑆 [%] Round-trip efficiency of the BESS 

𝜂𝐵𝐸𝑆𝑆
𝐶  [%] Charging efficiency of the BESS 

𝜂𝐵𝐸𝑆𝑆
𝐷  [%] Discharging efficiency of the BESS 

𝛿𝐷𝑜𝐷 [%] Depth of discharge of the BESS 

𝜓𝐵𝐸𝑆𝑆 [%] Self-discharge per hour of the BESS 

𝑁𝑐𝑦𝑐𝑙𝑒𝑠 − Number of equivalent full cycles of the BESS 

𝑆𝑂𝐶 [%] State of charge of the BESS 

 

The state of charge (SOC) is the ratio of the current energy available stored in the battery in relation 

to its nominal energy: 

𝑆𝑂𝐶(𝑡) =
𝐸(𝑡)

𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 (3.17) 

Where: 

• 𝐸(𝑡), is the current energy available stored in the battery (MWh). 

A BESS with a MW scale is composed of thousands of individual battery cells that are combined 

with different inverters. These inverters are independent, which means that they can provide 

different power flows. The rated power of the battery cells connected to each inverter is called a 
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module. Each module can independently have, for the same period, different assigned tasks such 

as charging, discharging or remaining idle. The rated power of each inverter used in the system 

determines the number of modules that comprises the BESS. The equations below establish the 

constraints that have to be respected regarding the modules: 

𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠
𝑢𝑠𝑒𝑑 (𝑡) ≤ 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 (3.18) 

𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 =
𝑃𝐵𝐸𝑆𝑆

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

(3.19) 

𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠
𝑢𝑠𝑒𝑑 = 𝑐𝑒𝑖𝑙 (

𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡)

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

) + 𝑐𝑒𝑖𝑙 (
𝑃𝐵𝐸𝑆𝑆

𝐷 (𝑡)

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

) 1 (3.20) 

𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡) + 𝑃𝐵𝐸𝑆𝑆

𝐷 (𝑡) ≤ 𝑃𝐵𝐸𝑆𝑆(𝑡) (3.21) 

Where: 

• 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠
𝑢𝑠𝑒𝑑 (𝑡), is the number of modules used; 

• 𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 , is the inverter rater power (MW); 

• 𝑐𝑒𝑖𝑙, is the ceiling division function. 

In a charging or discharging situation, the energy transferred to or from the electrical grid needs to 

respect the following constraints: 

𝐸(𝑡) = 𝐸(𝑡 − 1) + (𝑃𝐵𝐸𝑆𝑆
𝑖𝑛 (𝑡)×𝜂𝐵𝐸𝑆𝑆

𝐶 −
𝑃𝐵𝐸𝑆𝑆

𝑜𝑢𝑡 (𝑡)

𝜂𝐵𝐸𝑆𝑆
𝐷 ) ×Δ𝑡 (3.22) 

𝛿𝐷𝑜𝐷×𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 < 𝐸(𝑡) < 𝐸𝐵𝐸𝑆𝑆

𝑚𝑎𝑥 (3.23) 

Where: 

• 𝐸(𝑡), is the current energy available stored in the battery (MWh); 

• The depth of discharge (𝛿𝐷𝑜𝐷) is a parameter that is provided by the manufacturer.  

As the roundtrip efficiency of the BESS is a parameter that is specified by the manufacturer, in order 

to consider the charging and discharging efficiencies, it was assumed that: 

𝜂𝐵𝐸𝑆𝑆 = 𝜂𝐵𝐸𝑆𝑆
𝐶 ×𝜂𝐵𝐸𝑆𝑆

𝐷 (3.24) 

𝜂𝐵𝐸𝑆𝑆
𝐶 = 𝜂𝐵𝐸𝑆𝑆

𝐷 = √𝜂𝐵𝐸𝑆𝑆 (3.25) 

The BESS manufacturer specifies the predicted total number of cycles that the storage system is 

supposed to accomplish before its 𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥  does not drop below 80% of its initial value. A full cycle is 

defined as a total discharge followed by a full charge. However, as in a real application these devices 

are not usually fully discharged and then charged, equivalent full cycles are considered. An 

equivalent full cycle considers that each time the accumulated charged and discharged energy is 

equal to a full charge and discharge, it is counted as one cycle. In order to calculate this, it was 

assumed that the total discharged energy is equal to the total charged energy. This is a reasonable 

                                                      
1 𝐶𝑒𝑖𝑙𝑖𝑛𝑔(𝑥) = ⌈𝑥⌉, is the least integer greater than or equal to x. 
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approximation as for the BESS to discharge a specific amount of energy, it has had to charge this 

same amount of energy somewhere in the past. The error is related to the SOC difference between 

the beginning and the end of the utilisation of the BESS, which is in the worst-case scenario is equal 

to one full cycle, if the system started completely discharged and ended with full energy. 

𝑁𝑐𝑦𝑐𝑙𝑒𝑠 = ∑ 𝑐𝑒𝑖𝑙 (
𝑃𝐵𝐸𝑆𝑆

𝐷

𝛿𝐷𝑜𝐷×𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 )

𝑡

𝑖=1

(3.26) 

The self-discharge per hour was considered zero. This is a reasonable simplification as nowadays, 

Lithium-ion battery energy storage systems have self-discharge of approximately 3-5% per month 

[17]. As these systems are designed to cycle more than 400 times a year, it is a reasonable 

approximation. 

𝜓𝐵𝐸𝑆𝑆 ≅ 0 (3.27) 

3.3.2. Algorithm Structure and Explanation 

The whole structure of this algorithm is illustrated in Figure 3.4. Initially, the algorithm reads the 

residual demand and spinning reserve requirements for the period under analysis. Then, a 

probabilistic distribution simulates the percentage of utilisation of the spinning reserve. This can be 

either spinning reserve up or down. In a situation of spinning reserve down, the algorithm tries to 

lower the load assigned to the thermal generators. If, based on their own constraints, it is not 

possible to lower the generator’s load, then the remaining necessary energy that needs to be 

lowered is curtailed from the renewable power available. In a situation of spinning reserve up, the 

system simply increases the thermal generators’ load. The algorithm considers Beta distributions to 

predict the utilisation of spinning reserve. The details of these distributions can be found below in 

this report, in section 3.3.3. 

Having a reasonable number of available modules within the BESS increases the integration of RES 

into the grid, as these modules enable the storage system to maximise the power assigned to 

different operational modes (charge, discharge or idle) and therefore also maximise the profitability 

of this storage device. The operational mode of each module is defined according to the three priority 

functions presented below. Firstly, the number of modules necessary to ensure the minimum 

amount of RES curtailment is determined. Then, if there are still unused modules, they are assigned 

to the second function which is charging the BESS. If there are still available modules, they are 

selected to decrease load that is assigned to the thermal generators. Lastly, if there are unused 

modules, they remain idle. These priority functions are now described in detail: 

• First priority function (FPF): Ensure minimum amount of RES curtailment; 

• Second Priority Function (SPF): Charge the BESS with the energy curtailment available at 

each hour; 

• Third Priority Function (TPF): Reduce the load assigned to the thermal generators. 
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Figure 3.4 – UC+ED with BESS 

3.3.2.1. First Priority Function (FPF) – Description 

The function described in this section is the main and most important of the whole algorithm as this 

is the one which is responsible for providing a solution to the problem described in chapter 1. To 

implement it, one modification needs to be inserted into the UC+ED constraints described in section 

3.2.1.2. So, the main idea for this function is to use the BESS to increase the number of considered 

feasible states, thus possibly avoiding states that incur into RES curtailment. According to equations 

(3.6) and (3.9), the feasible states regarded as possible must simultaneously ensure the residual 

demand and the spinning reserve requirements. These two equations also specify that this residual 

demand and spinning reserve must be ensured only by the thermal generators, as at this stage the 

BESS was still not being considered. However, considering that a BESS is integrated into the power 

system, it can also be used to ensure spinning reserve. With the BESS into the system, equation 

(3.9) is now modified into the following equation: 

𝑃𝑖
𝑀𝐼𝑁 ≤ ∑ 𝑃𝑖(𝑡)

𝑖

+ 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡) − 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) ≤ 𝑃𝑖
𝑀𝐴𝑋 (3.28) 
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Where: 

• ∑ 𝑃𝑖(𝑡)𝑖 , is the thermal generators total power output the in period t (MW); 

• 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve requirements in period t (MW); 

• 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡), is the portion of spinning reserve assigned to the BESS in period t (MW); 

• 𝑃𝑖
𝑀𝐴𝑋, is the maximum output power of thermal generator i (MW); 

• 𝑃𝑖
𝑀𝐼𝑁, is the technical minimum power output of thermal generator i (MW). 

The 𝐵𝐸𝑆𝑆𝑆𝑅 has to comply with the following constraints: 

𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) ≤ 𝑃𝐵𝐸𝑆𝑆 (3.29) 

𝑁𝑀1(𝑡) = 𝑐𝑒𝑖𝑙 (
𝐵𝐸𝑆𝑆𝑆𝑅(𝑡)

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

) (3.30) 

𝑁𝑀1(𝑡) < 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 (3.31) 

Where: 

• 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡), is the portion of spinning reserve assigned to the BESS in period t (MW); 

• 𝑃𝐵𝐸𝑆𝑆, is the nominal power of the BESS; 

• 𝑁𝑀1(𝑡), is the number of modules used by this FPF in period t; 

• 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠, is the number of modules in the BESS. 

To determine 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) the algorithm follows the set of steps outlined in Figure 3.5 which are 

described below: 

Step 1. Determine which states are feasible only considering the residual demand assigned to 

the thermal generators and ignoring the spinning reserve requirements, as described by equation 

(3.6). This group of states is labelled as group A.  

Step 2. Determine the feasible states considering not only the residual demand but also the 

sum of residual demand and spinning reserve requirements. Thus, it is the feasible states that 

simultaneously comply with equation (3.6) and equation (3.9). This group of states is labelled as 

group B. 

Step 3. Group B is always a subgroup of A. This means that, for instance, if A = {1;2;3}, then B 

could be, for example, {1;2;3}, {2;3}, {3} or even an empty group. Group B is the list of states that 

are feasible without considering the contribution of the BESS to the spinning reserve. 

Step 4. All members of A that are not part of B are possible states that the BESS can step in to 

ensure spinning reserve to turn them feasible. This group of states is labelled as group C. 

Step 5. If C is not an empty group, the algorithm determines 𝐵𝐸𝑆𝑆𝑆𝑅 for each one of these states 

and checks whether or not the BESS constraints are respected. Therefore, this group is composed 

of the feasible states that simultaneously comply with equation (3.6) and with equation (3.28). 
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Step 6. The final list of feasible states is labelled as group D. This group is 𝐷 = B ⋃ C, which is 

the reunion of the states that are feasible with and without the aid of the BESS.  

Step 7. If group D is an empty group, it means that the thermal generators’ load has to be 

increased. According to equation (3.6), this implies RES curtailment which has to be enough for the 

generators’ load to equal the technical minimums (𝑃𝑠𝑡𝑎𝑡𝑒𝑗 

𝑚𝑖𝑛 ) of the state that follows the last member 

of group A. Then, with the new value of load assigned to the thermal generators, go to step 1. 

Step 8. Group D is the group of next feasible states that the UC+ED will examine. 

 

 

Figure 3.5 – FPF flowchart 

 

In order to better understand this FPF, some examples are illustrated in Figure 3.6. Each situation 

(2a), (2b) and (2c) represent a different period. In the power system exemplified, there are three 

possible states (1,2 and 3) and the round-trip efficiency of the whole BESS including inverters 

efficiency is assumed to be 88%. 

𝑆𝑡𝑎𝑡𝑒 1 𝜖 [6; 11,8] 𝑀𝑊 

𝑆𝑡𝑎𝑡𝑒 2 𝜖 [9; 17,7] 𝑀𝑊 

𝑆𝑡𝑎𝑡𝑒 3 𝜖 [9; 17,9] 𝑀𝑊 
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Figure 3.6 – Example of FPF 

 

Consider period (2a) of Figure 3.6 where the residual demand 𝐷(𝑡) =  9 𝑀𝑊 and spinning reserve 

𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡) =  3,39 𝑀𝑊. In this situation, group A is {1;2;3} because all these states can ensure 

𝐷(𝑡)  =  9 𝑀𝑊 and group B is composed by {2;3} because those are the states that can ensure not 

only 𝐷(𝑡) = 9 𝑀𝑊 but also 𝐷(𝑡)  + 𝑆𝑅𝑡𝑜𝑡𝑎𝑙  =  12,39 𝑀𝑊. So, group C is {1} which is the only state 

that belongs to group A but not to B. This is the only state that requires the BESS to ensure a margin 

of the spinning reserve to turn it also a feasible state. If BESS constraints are respected while 

ensuring 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) =  0,59 𝑀𝑊2 of the spinning reserve requirements – which corresponds to a 

SOC reserve of 0,628 MW due to the round-trip efficiency – state 1 is also regarded as feasible and 

group D is {1;2;3}. Otherwise, state 1 is discarded and group D is {2;3}. 

 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) =  (𝐷(𝑡)  + 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡)) − 𝑃𝑠𝑡𝑎𝑡𝑒1 
𝑀𝐴𝑋  

𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡) = (
𝐵𝐸𝑆𝑆𝑆𝑅(𝑡)

𝜂𝐵𝐸𝑆𝑆
𝐷 ) ×Δ𝑡 

𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) = (9 + 3,39) − 11,8 = 0,59 𝑀𝑊/𝑀𝑊ℎ 

𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡) = (
0,59

√0,88
) ×1 = 0,628 MW 

(3.32) 

Where: 

• 𝐷(𝑡), is the residual demand assigned to the thermal generators in period t (MW); 

• 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve needs in period t (MW); 

• 𝑃𝑠𝑡𝑎𝑡𝑒𝑗
𝑀𝐴𝑋 , is the maximum power output of state j (MW); 

• 𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡), is the amount of energy that the BESS reserves for the case it is necessary 

to be discharged as spinning reserve in period t; 

• 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡), is the portion of spinning reserve assigned to the BESS in period t (MW). 

 

                                                      
2 As previously mentioned and as 1h periods are considered, MW and MWh have the same numerical 
value throughout this report when referring to BESS power and energy. 
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Consider now period (2b) of Figure 3.6, where D(𝑡) = 6 MW and SRtotal(t) = 6,39 MW. Group A is 

{1} because only state 1 can ensure D(𝑡)  = 6 MW. Group B is an empty group as no state can 

ensure simultaneously the D(t) = 6 MW and D(t) + SRtotal(t)  =  12,39 MW. Group C is {1} as the 

BESS will try to turn it into a feasible state, as long as it can discharge to guarantee the surplus of 

spinning reserve that state 1 cannot ensure, which is 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) = 0,59 MW. This corresponds to 

0,628 MW SOC reserve when affected by the round-trip efficiency. 

 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) =  (𝐷(𝑡)  + 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡)) − 𝑃𝑠𝑡𝑎𝑡𝑒1
𝑀𝐴𝑋  

𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡) = (
𝐵𝐸𝑆𝑆𝑆𝑅(𝑡)

𝜂𝐵𝐸𝑆𝑆
𝐷 ) ×Δ𝑡 

𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) = (9 + 3,39) − 11,8 = 0,59 𝑀𝑊 

𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡) = (
0,59

√0,88
) ×1 = 0,628 MW 

(3.33) 

In case the BESS constraints are all respected, the next feasible state to be regarded by the UC+ED, 

is group D which is {1}. Figure 3.7 illustrates this situation from the perspective of the UC+ED 

procedure, as it considers that the BESS constraints are respected, state 1 is considered feasible 

and the other states (shadowed) are not considered as these would incur into RES curtailment. 

 

Figure 3.7 – BESS avoiding curtailment 

 

If the system is not equipped with a BESS or, in case it does, its constraints do not allow the 

discharge of the required amount of energy, group D is an empty group and the algorithm will now 

proceed to consider the next group of states that have the lowest technical minimum, which in this 

example are states 2 and 3. The technical minimum of these two states are 9 MW, however, the 

load assigned to the thermal generators is D(𝑡) = 6 MW. This forces the load assigned to thermal 

generator to be D(𝑡) = 9 MW as illustrated in the situation (2c) of Figure 3.6. As the power assigned 
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to generators is increased, the same amount of power needs to be curtailed from RES, as explained 

above in step 7.  

 𝑃𝐶𝑢𝑟𝑡(𝑡) =   𝐷𝑛𝑜𝑤 − 𝐷𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 

𝑃𝐶𝑢𝑟𝑡(𝑡) = 9 − 6 = 3 𝑀𝑊 

(3.34) 

Where: 

• 𝐷𝑛𝑜𝑤, is the new residual demand after curtailment (MW); 

• 𝐷𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠, is the previous residual demand before curtailment (MW); 

• 𝑃𝐶𝑢𝑟𝑡(𝑡), is the RES curtailment power that occurs in period t (MW). 

After adjusting the residual demand to 9 MW and curtailing 3 MWh of energy, the algorithm proceeds 

as usual. Group A is {2;3} and group B is also {2;3}. This means that group C is an empty group, 

which means that the BESS is not useful in this situation, and the unit commitment will regard these 

two states {2;3} as feasible. Figure 3.8 illustrates this situation from the perspective of the UC+ED 

procedure. As it considers that the BESS constraints are not respected (state 1 shadowed), only 

state 2 and 3 are considered feasible. 

 

Figure 3.8 – RES curtailment 

 

In situation (3a) of Figure 3.9 is depicted a typical situation with the predicted residual demand (dark 

orange) and spinning reserve requirements (light orange) where, for the UC+ED to choose state 1, 

the BESS needs to ensure the portion of spinning reserve requirements represented by the green 

bar, as shown in situation (3b). The spinning reserve requirements ensured by the thermal groups 

are represented by light orange colour. As it is possible to see from situation (3b) in case the BESS 

ensures part of the spinning reserve bar, it is always the final part of it. Even though this technique 

may avoid a considerable amount of RES curtailment, the BESS is seldom discharged to ensure 
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the margin of spinning reserve that it is responsible for, as it only discharges if the utilisation of the 

spinning reserve is high enough to reach this margin, which occurs when this utilisation assumes 

values close to 100%. The BESS will discharge, in case it is needed, according to the following 

equation: 

𝑆𝑂𝐶𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒(𝑡) = 𝛼×𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡) (3.35) 

Where: 

• 𝑆𝑂𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑(𝑡), is the amount of SOC that the BESS reserves for the case it is necessary to 

be discharged as spinning reserve in period t; 

• 𝑆𝑂𝐶𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒(𝑡), is the SOC ratio that is discharged from BESS in period t; 

• 𝛼, is the utilisation ratio of discharged spinning reserve assigned to BESS 

 

Figure 3.9 – Spinning reserve utilisation  

 

From the initial situation depicted in (3b), both situations (3c) and (3d) represent different 

percentages of utilisation of spinning reserve. In situation (3c) the utilisation is only ensured by the 

thermal generators as it is not high enough to reach the green bar, thus resulting in a BESS 

utilisation ratio of 𝛼 = 0, as described in equation (3.35). However, in situation (3d) this utilisation is 

high enough to reach this green bar. Hence, the BESS needs to discharge the portion of spinning 

reserve that was necessary. Therefore, the BESS utilisation ratio in this situation is 𝛼 =
𝐶−2𝑀𝐴𝑋

𝐷−2𝑀𝐴𝑋
. 

The frequency of utilisation of spinning reserve near 100% only happens a few times over a whole 

year, which means that the energy that the BESS ensures in this priority function is barely ever 

discharged. 

3.3.2.2. Second Priority Function (SPF) - Description 

To charge the BESS it is necessary to exist RES curtailment in that period, as the BESS only 

charges from renewable energy that is curtailed. Considering that there is curtailment, it is also 

necessary that the previous function left some unused modules to be used to charge. Meeting both 

conditions mentioned, the BESS will charge until maximum SOC is reached or until the total amount 

of RES curtailed is charged. These constraints are defined by the following equations: 

𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡) = min(𝑃𝐶𝑢𝑟𝑡(𝑡), 𝑃𝐹𝑟𝑒𝑒 𝐶𝐻 , 1 − 𝐸(𝑡)) (3.36) 



29 

 

𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡) ≤ 𝑃𝐵𝐸𝑆𝑆 − 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) (3.37) 

𝑃𝐹𝑟𝑒𝑒 𝐶𝐻(𝑡) = 𝑁𝐹𝑅𝐸𝐸 𝐶𝐻(𝑡)×𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (3.38) 

𝑁𝐹𝑅𝐸𝐸 𝐶𝐻(𝑡) = 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 − 𝑁𝑀1(𝑡) (3.39) 

𝑁𝑀2(𝑡) = 𝑐𝑒𝑖𝑙 (
𝑃𝐵𝐸𝑆𝑆

𝐶 (𝑡)

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

) (3.40) 

𝑁𝑀2(𝑡) ≤ 𝑁𝐹𝑅𝐸𝐸 𝐶𝐻(𝑡) (3.41) 

𝐸(𝑡) = 𝐸(𝑡 − 1) + (𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡)×𝜂𝐵𝐸𝑆𝑆

𝐶 )×Δ𝑡 (3.42) 

Where: 

• 𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡), is the power charged by the BESS in period t (MW); 

• 𝑃𝐶𝑢𝑟𝑡(𝑡), is the RES curtailment power that occurs in period t (MW); 

• 𝑁𝐹𝑅𝐸𝐸 𝐶𝐻(𝑡), is the number of available modules to charge in period t; 

• 𝑃𝐹𝑟𝑒𝑒 𝐶𝐻(𝑡), is the sum of the power of the available modules in period t (MW); 

• 𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟, is the rated power of the inverter and of each module (MW); 

• 𝑃𝐵𝐸𝑆𝑆, is the rated power of the BESS (MW); 

• 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡), is the spinning reserve margin ensured by BESS in period t (MW); 

• 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠, total number of modules in the BESS; 

• 𝑁𝑀1(𝑡), is the number of modules used by this FPF in period t; 

• 𝑁𝑀2(𝑡), is the number of modules used by the SPF in period t; 

• 𝐸(𝑡), is the current energy available stored in the battery (MWh) in period t; 

• 𝜂𝐵𝐸𝑆𝑆
𝐶 , is the charging efficiency of the BESS. 

This configuration increases the integration of RES as even the energy which was initially curtailed 

from the FPF, can be injected into the electrical grid through the BESS. 

3.3.2.3. Third Priority Function (TPF) - Description 

After ensuring the two priorities described above, in case the BESS still has free modules, it will try 

to reduce the load assigned to the thermal generators. This will only happen in case these 

generators are working above their technical minimums and will only lower their load until the 

technical minimum is reached. These constraints are described by the following equations: 

𝑃𝐵𝐸𝑆𝑆
(𝑡)𝐷

= min (
𝑃𝐴𝑉 𝐷𝐼𝑆𝐶𝐻(𝑡)

𝜂𝐵𝐸𝑆𝑆
𝐷 , 𝑃𝐹𝑟𝑒𝑒 𝐷𝐼𝑆𝐶𝐻 , 𝐸(𝑡)) (3.43) 

𝑃𝐵𝐸𝑆𝑆
𝐷 (𝑡) ≤ 𝑃𝐵𝐸𝑆𝑆 − 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) − 𝑃𝐵𝐸𝑆𝑆

𝐶 (𝑡) (3.44) 

𝑃𝐴𝑉 𝐷𝐼𝑆𝐶𝐻(𝑡) = 𝐷(𝑡) − 𝑃𝑠𝑡𝑎𝑡𝑒𝑗 

𝑚𝑖𝑛 (3.45) 

𝑃𝐹𝑟𝑒𝑒 𝐷𝐼𝑆𝐶𝐻(𝑡) = 𝑁𝐹𝑅𝐸𝐸 𝐷𝐼𝑆𝐶𝐻(𝑡)×𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (3.46) 
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𝑁𝐹𝑅𝐸𝐸 𝐷𝐼𝑆𝐶𝐻(𝑡) = 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠 − 𝑁𝑀1(𝑡) − 𝑁𝑀2(𝑡) (3.47) 

𝑁𝑀3(𝑡) = 𝑐𝑒𝑖𝑙 (
𝑃𝐵𝐸𝑆𝑆

𝐷 (𝑡)

𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

) (3.48) 

𝑁𝑀3(𝑡) ≤ 𝑁𝐹𝑅𝐸𝐸 𝐷𝐼𝑆𝐶𝐻(𝑡) (3.49) 

𝐸(𝑡) = 𝐸(𝑡 − 1) − (𝑃𝐵𝐸𝑆𝑆
𝐷 (𝑡))×Δ𝑡 (3.50) 

Where: 

• 𝑃𝐵𝐸𝑆𝑆
𝐷 (𝑡), is the power discharged by the BESS in period t (MW); 

• 𝑃𝐴𝑉 𝐷𝐼𝑆𝐶𝐻(𝑡), is the power that is available to be lowered from generators in period t; 

• 𝜂𝐵𝐸𝑆𝑆
𝐷 , is the charging efficiency of the BESS; 

• 𝑃𝐹𝑟𝑒𝑒 𝐷𝐼𝑆𝐶𝐻(𝑡), is the sum of the power of the available modules in period t (MW); 

• 𝑁𝐹𝑅𝐸𝐸 𝐷𝐼𝑆𝐶𝐻(𝑡), is the number of available modules to discharge in period t; 

• 𝐸(𝑡), is the current energy available stored in the battery in period t (MWh); 

• 𝑃𝐵𝐸𝑆𝑆, is the nominal power of the BESS (MW); 

• 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡), is the spinning reserve margin ensured by BESS in period t (MW); 

• 𝑃𝐵𝐸𝑆𝑆
𝐶 (𝑡), is the power charged by the BESS in period t (MW); 

• 𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟, is the rated power of the inverter (MW); 

• 𝑁𝑚𝑜𝑑𝑢𝑙𝑒𝑠, total number of modules in the BESS; 

• 𝑁𝑀1(𝑡), is the number of modules used by this FPF in period t; 

• 𝑁𝑀2(𝑡), is the number of modules used by the SPF in period t; 

• 𝑁𝑀3(𝑡), is the number of modules used by the TPF in period t. 

The algorithm will never regard discharge to a point where it has to change the current operating 

state because it would not only change the natural working principle of the UC+ED, introducing new 

states in the middle of its sequence, but also force the BESS to discharge great amounts of stored 

energy, which would increase the occurrence probability of the problem that is explained in the next 

paragraph. 

The activation of this function raises a question. Is it worth discharge load assigned to the thermal 

generators and reduce the fuel costs, but on the other hand increase the risk of not having enough 

stored energy to avoid the RES curtailment provided by the FPF? To answer this question, it was 

decided to execute the algorithm with both this function activated and deactivated. The assessment 

of this topic will be discussed in chapter 4 of results and analysis. 

3.3.3. Utilisation of Spinning Reserve 

The Beta distribution was the chosen probabilistic distribution because it has a finite output between 

0 and 1, whereas the normal distribution, which is the most common in this kind of applications, 
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tends to infinity. The probability density function and cumulative distribution function of the Beta 

distribution are defined as: 

𝑓𝑥(𝑥; 𝛼, 𝛽) =
Γ(𝛼 + 𝛽)

Γ(𝛼)Γ(𝛽)
𝑥𝛼−1(1−𝑥)𝛽−1

(3.51) 

Γ(𝑧) = ∫ 𝑥𝑧−1𝑒−𝑥𝑑𝑥
∞

0

(3.52) 

𝐹𝑋(𝑥) = ∫ 𝑓𝑥(𝑡) 𝑑𝑡
𝑥

−∞

(3.53) 

Where: 

• 𝑓𝑥, is the probability density function of the Beta distribution; 

• 𝐹𝑋, is the cumulative distribution function of the Beta distribution; 

• 0 ≤ 𝑥 ≤ 1; 

• 𝛼, 𝛽 > 0; 

• Γ, is the gamma function; 

To design a coherent distribution, the following topics were considered: spinning reserve down 

means that the total load demand was lower than the value predicted or the forecasted RES 

generated power was overestimated. Conversely, spinning reserve up may happen by multiple 

causes: total load demand was higher than previously anticipated, forecasted RES power was 

underestimated, unpredictable occurrences with renewable energy sources (such as sudden loss 

of wind speed, wind or hydro turbines problems resulting in unpredicted shutdowns, problems with 

either the geothermal production or the waste incineration power plant) or an unforeseen stop of a 

thermal generator.  

The Beta distribution ranges between 0 and 1 whereas the utilisation of spinning reserve ranges 

between the minimum utilisation of spinning reserve, which corresponds to the minimum spinning 

reserve down, and the maximum utilisation of spinning reserve which corresponds to the maximum 

spinning reserve up: 

 𝑆𝑅𝑚𝑖𝑛 ≤ 𝑆𝑅𝑢𝑠𝑒 ≤ 𝑆𝑅𝑚𝑎𝑥 

−1 < 𝑆𝑅𝑚𝑖𝑛 < 0 

𝑆𝑅𝑚𝑎𝑥 = 1 

(3.54) 

Where: 

• 𝑆𝑅𝑢𝑠𝑒 is the utilisation of spinning reserve; 

• 𝑆𝑅𝑚𝑖𝑛, is the minimum spinning reserve down; 

• 𝑆𝑅𝑚𝑎𝑥, is the maximum spinning reserve up. 

The output values of the Beta distribution were expanded to match the desired range between 𝑆𝑅𝑚𝑖𝑛 

and 𝑆𝑅𝑚𝑎𝑥, according to the following equations: 
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𝑆𝑅𝑢𝑠𝑒 = (𝑆𝑅𝑚𝑎𝑥 − 𝑆𝑅𝑚𝑖𝑛)×𝑓𝑥(𝑥; 𝛼, 𝛽) + 𝑆𝑅𝑚𝑖𝑛 (3.55) 

0 < 𝑓𝑥(𝑥; 𝛼, 𝛽) < 1 (3.56) 

Where: 

• 𝑓𝑥(𝑥; 𝛼, 𝛽), is the probability density function of the Beta distribution; 

• 𝑆𝑅𝑢𝑠𝑒 is the utilisation of spinning reserve; 

• 𝑆𝑅𝑚𝑖𝑛, is the minimum spinning reserve utilisation; 

• 𝑆𝑅𝑚𝑎𝑥, is the maximum spinning reserve utilisation. 

In the situation of, for any unpredicted reason, the utilisation of spinning reserve is higher than 

predicted (𝑆𝑅𝑚𝑎𝑥 > 1), it is assumed that the grid operator will black out some electrical regions in 

order to keep the electrical grid from collapsing. This option is called load shedding. 

As the probability of the utilisation of the spinning reserve depends on the characteristics of the 

thermal generation system of the electrical grid, the exact Beta distributions used will be described 

in the next chapter 4, when Terceira island electrical grid is described. 

3.3.4. Simulation of the whole year 

As it was already mentioned above in this report, the algorithm has only an input of 12 typical days. 

However, the algorithm is designed to simulate the operation of the electrical grid throughout a 

whole year, which is accomplished by building typical weeks with the available data. As there are 

one weekday, one Saturday and one Sunday for each season of a year (totalizing 12 typical days), 

each simulated week is composed of 5 equal weekdays followed by the respective Saturday and 

Sunday. To simulate the whole year, eight typical weeks were established: one typical week per 

each season of the year – totalizing to 4 weeks – and another four that represent the transitions 

between seasons. The interseason weeks were considered to have the first three weekdays of the 

previous season and the last four typical days of the new one. The layouts of these typical weeks 

are described in table 3.2.  

Table 3.2 – Typical weeks 

Typical Week Typical Day of the Week 

1. Win Win-WD Win-WD Win-WD Win-WD Win-WD Win-SAT Win-SUN 

2.Win to Spr Win-WD Win-WD Win-WD Spr-WD Spr-WD Spr-SAT Spr-SUN 

3. Spr Spr-WD Spr-WD Spr-WD Spr-WD Spr-WD Spr-SAT Spr-SUN 

4. Spr to Sum Spr-WD Spr-WD Spr-WD Sum-WD Sum-WD Sum-SAT Sum-SUN 

5. Sum Sum-WD Sum-WD Sum-WD Sum-WD Sum-WD Sum-SAT Sum-SUN 

6. Sum to Aut Sum-WD Sum-WD Sum-WD Aut-WD Aut-WD Aut-SAT Aut-SUN 

7. Aut Aut-WD Aut-WD Aut-WD Aut-WD Aut-WD Aut-SAT Aut-SUN 

8. Aut to Win Aut-WD Aut-WD Aut-WD Win-WD Win-WD Win-SAT Win-SUN 
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Where: 

• Win – Winter 

• Spr – Spring 

• Sum - Summer 

• Aut – Autumn 

• WD – Weekday 

• SAT – Saturday 

• SUN – Sunday 

One year has approximately 52 weeks. This means that each season has 13 weeks. However, as 

the interseason weeks are being considered, each season comprises 12 typical weeks plus the 

interseason one. To transform the typical weeks into the desired typical year: 

𝑇𝑦𝑝𝑖𝑐𝑎𝑙 𝑌𝑒𝑎𝑟 = 12 ∗ ( ∑ 𝑊𝑒𝑒𝑘(𝑖)

𝑖=1;3;5;7

) + ∑ 𝑊𝑒𝑒𝑘

𝑗=2;4;6;8

(𝑗) (3.57) 

Where: 

• i and j are the row indexes of table 3.2. 

To simulate the whole year, it is only necessary to execute the algorithm through these 8 typical 

weeks and with their outputs, expand them to the whole year according to equation (3.57). The 

algorithm calculates, for each single typical week presented in table 3.2, the total fuel costs 

(𝑊𝑒𝑒𝑘𝑐𝑜𝑠𝑡𝑠), the total RES curtailment (𝑊𝑒𝑒𝑘𝐶𝑢𝑟𝑡𝑎𝑖𝑙) and the total energy charged into the BESS 

(𝑊𝑒𝑒𝑘𝐶ℎ𝑎𝑟𝑔𝑒𝑑). Then these values are expanded to match the whole year through equations (3.58) 

to (3.60). 

1. The total fuel costs per year: 

𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠 = 12 ∗ ( ∑ 𝑊𝑒𝑒𝑘𝑐𝑜𝑠𝑡𝑠(𝑖)

𝑖=1;3;5;7

) + ∑ 𝑊𝑒𝑒𝑘𝑐𝑜𝑠𝑡𝑠

𝑗=2;4;6;8

(𝑗) (3.58) 

2. The total amount of RES curtailment: 

𝑌𝑒𝑎𝑟𝑐𝑢𝑟𝑡𝑎𝑖𝑙 = 12 ∗ ( ∑ 𝑊𝑒𝑒𝑘𝑐𝑢𝑟𝑡𝑎𝑖𝑙(𝑖)

𝑖=1;3;5;7

) + ∑ 𝑊𝑒𝑒𝑘𝐶𝑢𝑟𝑡𝑎𝑖𝑙

𝑗=2;4;6;8

(𝑗) (3.59) 

3. The total energy charged into the BESS per year: 

𝑌𝑒𝑎𝑟𝐶ℎ𝑎𝑟𝑔𝑒𝑑 = 12 ∗ ( ∑ 𝑊𝑒𝑒𝑘𝐶ℎ𝑎𝑟𝑔𝑒𝑑(𝑖)

𝑖=1;3;5;7

) + ∑ 𝑊𝑒𝑒𝑘𝐶ℎ𝑎𝑟𝑔𝑒𝑑

𝑗=2;4;6;8

(𝑗) (3.60) 

  



34 

 

Where: 

• 𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠, is the total fuel costs of the thermal generators for a typical year (€); 

• 𝑊𝑒𝑒𝑘𝑐𝑜𝑠𝑡𝑠(𝑖), is the total cost of typical week i (€); 

• 𝑌𝑒𝑎𝑟𝑐𝑢𝑟𝑡𝑎𝑖𝑙, is the total RES curtailment in a typical year (€); 

• 𝑊𝑒𝑒𝑘𝑐𝑢𝑟𝑡𝑎𝑖𝑙(𝑖), is the total curtailment occurred in typical week i (€); 

• 𝑌𝑒𝑎𝑟𝐶ℎ𝑎𝑟𝑔𝑒𝑑, is the energy charged into the BESS in a typical year (€); 

• 𝑊𝑒𝑒𝑘𝐶ℎ𝑎𝑟𝑔𝑒𝑑(𝑖), is the total energy charged into the BESS of typical week i (€). 

3.3.5. Parameters used to compare tested BESSs 

3.3.5.1. Profit Per Year 

To calculate the economic benefits of integrating a BESS into the electrical grid, it is necessary to 

calculate both the fuel costs of the system with and without BESS, according to equation (3.58). As 

the BESS reduces the amount of RES curtailment, it is also expected to reduce the yearly fuel costs 

of the system. This is expected but not always true, as the UC+ED in this algorithm is not blindly 

selecting the cheapest states and path, but is instead searching for the feasible states that minimise 

the RES curtailment and only then choosing from these, which is the cheapest path. The fuel savings 

per year are determined based on the following equation: 

𝑃𝑟𝑜𝑓𝑖𝑡 𝑃𝑒𝑟 𝑌𝑒𝑎𝑟 = (𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠)𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝐸𝑆𝑆 − (𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠)𝑊𝑖𝑡ℎ 𝐵𝐸𝑆𝑆 (3.61) 

Where: 

• 𝑃𝑟𝑜𝑓𝑖𝑡 𝑃𝑒𝑟 𝑌𝑒𝑎𝑟, is the total fuel costs avoided as a result of introducing a specific BESS 

into the electrical system (€); 

• (𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠)𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝐸𝑆𝑆, is the total fuel costs of the thermal generators for a typical year 

considering the electrical system is not equipped with a BESS (€); 

• (𝑌𝑒𝑎𝑟𝑐𝑜𝑠𝑡𝑠)𝑊𝑖𝑡ℎ 𝐵𝐸𝑆𝑆, is the total fuel costs of the thermal generators for a typical year 

considering the electrical system is equipped with a BESS (€). 

3.3.5.2. Reduction of RES Curtailment 

To calculate the reduction of RES curtailment that results from the integration of a BESS into the 

electrical grid, it is necessary to calculate the individual contributions from the FPF, the SPF and 

from the TPF, in case it is activated. 

𝜉𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 =
𝑌𝑒𝑎𝑟𝐼𝑛𝑡

(𝑌𝑒𝑎𝑟𝐶𝑢𝑟𝑡𝑎𝑖𝑙)𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝐸𝑆𝑆

×100 (3.62) 

𝑌𝑒𝑎𝑟𝐼𝑛𝑡 = (𝑌𝑒𝑎𝑟𝐶𝑢𝑟𝑡𝑎𝑖𝑙)𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝐸𝑆𝑆 − (𝑌𝑒𝑎𝑟𝐶𝑢𝑟𝑡𝑎𝑖𝑙)𝑊𝑖𝑡ℎ 𝐵𝐸𝑆𝑆 (3.63) 
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Where: 

• 𝜉𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡, is the total reduction of curtailment (%); 

• 𝑌𝑒𝑎𝑟𝑖𝑛𝑡 , is the total integrated renewable energy that would have been curtailed without 

BESS (MWh); 

• (𝑌𝑒𝑎𝑟𝑐𝑢𝑟𝑡𝑎𝑖𝑙)𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝐸𝑆𝑆, is the RES curtailment that occurs considering the electrical system 

is not equipped with a BESS (MWh); 

• (𝑌𝑒𝑎𝑟𝑐𝑢𝑟𝑡𝑎𝑖𝑙)𝑊𝑖𝑡ℎ 𝐵𝐸𝑆𝑆, is the RES curtailment that occurs considering the electrical system 

is equipped with a BESS (MWh); 

3.3.5.3. Cycles Used per Year 

As mention and explained in section 3.3.1. the number of cycles used per year: 

𝐶𝑦𝑐𝑙𝑒𝑠 𝑈𝑠𝑒𝑑 =
𝑌𝑒𝑎𝑟𝐶ℎ𝑎𝑟𝑔𝑒𝑑

𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 (3.64) 

Where: 

• 𝐶𝑦𝑐𝑙𝑒𝑠 𝑈𝑠𝑒𝑑, is the total number of cycles used in the typical year; 

• 𝑌𝑒𝑎𝑟𝐶ℎ𝑎𝑟𝑔𝑒𝑑, is the energy charged into the BESS in a typical year (MWh); 

• 𝐸𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 , is the BESS nominal energy (MWh). 

3.3.5.4. Economic Model: Net Present Value 

The economic model uses the fuel savings in each year to calculate the NPV of the system. The 

discount rate 𝑘 is applied to this savings by the formula below. The initial investment in the BESS is 

considered to be done in the year 0 and the profits start to be generate from year 1. 

NPV = ∑
CFi

(1 + k)i

n

i=1

− I0 (3.65) 

CFi = 𝑃𝑟𝑜𝑓𝑖𝑡 𝑃𝑒𝑟 𝑌𝑒𝑎𝑟 − COMi (3.66) 

Where: 

• NPV, is the net present value of the project (€); 

• i, is the year index; 

• n, is the total number of years considered for the investment; 

• CFi, is the cash flow for year i (€); 

• COMi, are the operation and maintenance costs of the BESS for year i (€); 

• k, is the discount rate of the project investment; 

• I0, are the investment costs related to the acquisition of the BESS.  
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3.3.6. Final overview of the Algorithm 

The final overview of the algorithm is illustrated in Figure 3.10. This illustration outlines with only a 

few steps an overview of the whole MSc thesis. 

 

Figure 3.10 – Algorithm overview 

 

  



37 

 

 

 

Chapter 4 

4. Results and Analysis 

Results and Analysis 

 

4.1. Terceira Island Power Generation System 

The considered power system is the Terceira island one, which is located in the archipelago of 

Azores, Portugal. This power system is responsible for supplying electricity to the consumers, with 

a 35 MW peak load. The power system, as planned for 2020, comprises different power sources, 

from fossil fuel based generation to Renewable Energy Sources (RES), as described below: 

1. One thermal power plant – Belo Jardim thermal power plant (CTBJ) – constituted by 6 internal 

combustion engines driving electrical generators, with a total installed capacity of 47.6 MW 

divided by 4 units of 5.9 MW and 2 units of 12 MW; 

2. Different RES composed of: 

a. Serra do Cume wind park (PESC) – with a total installed power of 12.6 MW divided by 

14 units of 900 kW; 

b. Three small-hydro power plants, adding to a total installed power of 1432 kW; 

c. One geothermal power plant, with a total installed power of 3000 kW; 

d. One waste-to-energy power plant, with a total installed power of 1700 kW (which is not 

entirely renewable but it is assumed as if it is). 

The data made available by the local utility EDA (Eletricidade dos Açores) consists of 12 typical 

days – one weekday, one Saturday and one Sunday for each season of the year –, divided into 

hourly periods, and consisting of: 

1. The wind speed at PESC; 

2. The total load required by the costumers; 

3. The total power generated by RES (wind, geothermal, hydro and waste incineration); 

a. The power generated by the wind turbines; 

b. The output power of the geothermal power plant is assumed to be constant at rated 

power (3000 kW); 
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c. The power generated by the small hydropower plant; 

d. The output power of the waste-to-energy power plant is assumed to be constant at rated 

power (1700 kW); 

The author deeply acknowledges EDA for making available the mentioned data and the following 

that will be detailed next. 

4.2. Case Study – Definition 

The power generation system comprises two types of thermal generators in CTBJ power plant: 5.9 

MW (4 units) and 12 MW (2 units). The parameters of the cost curves detailed in equation (3.3) of 

section 3.2.1 were obtained by adjusting a polynomial curve to a set of values, also made available 

by the utility. The parameters obtained for the cost curve coefficients are, for each thermal 

generator: 

Thermal Generators of 5.9 MW: 

𝑎 = 32.35 € 

𝑏 = 40.99 €/𝑀𝑊 

𝑐 = 1.476 €/𝑀𝑊2 

Thermal Generators of 12 MW: 

𝑎 = 107.27 €; 

𝑏 = 36.49 €/MW 

𝑐 = 0.830 €/𝑀𝑊2 

The internal combustion engines that drive the electrical generators are fueled by fuel oil, which is 

a type of fossil fuel that is extremely viscous and therefore needs to be heated before injected into 

the engine to become more fluid. Because of this viscous fuel, to start-up or shut-down an internal 

combustion engine, it is necessary to run it for a specific amount of time with diesel before injecting 

the heated fuel oil. This procedure is used to make sure that no fuel oil is left behind to cool down 

inside the engine. These diesel costs define the start-up and shut-down costs of the thermal 

generators: 

Thermal Generators of 5.9 MW: 

𝑆𝑢𝑝𝑐1
= 𝑆𝑑𝑤𝑐1

=  105.25 € (4.1) 

Thermal Generators of 12 MW: 

𝑆𝑢𝑝𝑐2
= 𝑆𝑑𝑤𝑐 2

=   398.45 € (4.2) 
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Where: 

• 𝑆𝑢𝑝𝑐𝑖
, is the start-up cost of thermal generator i;  

• 𝑆𝑑𝑤𝑐𝑖
, is the shut-down cost of thermal generator i. 

4.2.1. Technical Minimum of Thermal Generators 

The grid operator EDA states that the technical minimum of the thermal groups is approximately 

50% of their rated power. Therefore, the minimum for the 5.9 MW units is 3 MW and for the 12 MW 

units is 6 MW. 

4.2.2. Energy Balance Model 

Considering the layout of the power generation system without a BESS, the power production has 

always to be equal to the total load demand required by customers for each period t. The electrical 

grid architecture and thus its losses are not considered. 

𝑃𝑙𝑜𝑎𝑑𝑡 = 𝑃𝑐𝑡𝑏𝑗𝑡 + 𝑃ℎ𝑖𝑑𝑟𝑜𝑡 + 𝑃𝑝𝑒𝑠𝑐𝑡 + 𝑃𝑔𝑡ℎ𝑡 + 𝑃𝑤𝑡𝑒𝑡 (4.3) 

Therefore, the load assigned to the CTBJ power plant is calculated: 

𝑃𝑐𝑡𝑏𝑗𝑡 = 𝑃𝑙𝑜𝑎𝑑𝑡 − 𝑃ℎ𝑖𝑑𝑟𝑜𝑡 − 𝑃𝑝𝑒𝑠𝑐𝑡 − 𝑃𝑔𝑡ℎ𝑡 − 𝑃𝑤𝑡𝑒𝑡 (4.4) 

In case a BESS is introduced into the electrical system of Terceira Island, equation (4.4) has to 

consider the contribution of the battery device to the power generation system: 

𝑃𝑐𝑡𝑏𝑗𝑡 = 𝑃𝑙𝑜𝑎𝑑𝑡 − 𝑃ℎ𝑖𝑑𝑟𝑜𝑡 − 𝑃𝑝𝑒𝑠𝑐𝑡 − 𝑃𝑔𝑡ℎ𝑡 − 𝑃𝑤𝑡𝑒𝑡 − 𝑃𝐵𝐸𝑆𝑆 𝑡×𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (4.5) 

Where: 

• 𝑃𝑙𝑜𝑎𝑑𝑡, is the total load demand required by costumers in period t (MW); 

• 𝑃𝑐𝑡𝑏𝑗𝑡, is the load assigned to the thermal generators in period t (MW); 

• 𝑃ℎ𝑖𝑑𝑟𝑜𝑡, is the hydro power production in period t (MW); 

• 𝑃𝑝𝑒𝑠𝑐𝑡, is the wind power production in period t (MW); 

• 𝑃𝑔𝑡ℎ𝑡, is the total geothermal power production in period t (MW); 

• 𝑃𝑤𝑡𝑒𝑡, is the total waste to energy power production in period t (MW); 

• 𝑃𝐵𝐸𝑆𝑆 𝑡, is the discharge power of the BESS in period t (MW); 

• 𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, is the discharge efficiency of the BESS. 

4.2.3. Spinning Reserve Requirements 

In section 3.2.1.2 of chapter 3, the spinning reserve requirements were defined as the maximum 

between the rated output of the largest online thermal generator and the spinning reserve needs 

that are required by RES.  

𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡) = max(𝑆𝑅𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ; 𝑆𝑅𝑅𝐸𝑆) (4.5) 
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• 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve needs in period t (MW); 

• 𝑆𝑅𝑅𝐸𝑆, is the spinning reserve requirements to ensure reliability to the power generated by 

RES (MW); 

• 𝑆𝑅𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟, is the rated capacity of the largest online thermal generator (MW). 

The wind turbines are, within the available RES in Terceira island, the renewable source that 

dictates the spinning reserve required for the system to ensure reliability while injecting considerable 

amounts of RES power into the grid. Hence, the spinning reserve requirements are defined based 

on the following equations: 

𝑊𝑠𝑝𝑒𝑠𝑐 > 15 m/s;  𝑆𝑅𝑅𝐸𝑆 = 50% 𝑃𝑟𝑝𝑒𝑠𝑐 (4.6) 

𝑊𝑠𝑝𝑒𝑠𝑐 ≤ 15 m/s;  𝑆𝑅𝑅𝐸𝑆 = 100% 𝑃𝑔𝑝𝑒𝑠𝑐 (4.7) 

Where: 

• 𝑆𝑅𝑅𝐸𝑆, is the spinning reserve requirements to ensure reliability to the power generated by 

RES (MW); 

• 𝑊𝑠𝑝𝑒𝑠𝑐, is the average wind speed at PESC wind park (m/s); 

• 𝑃𝑟𝑝𝑒𝑠𝑐, is the rated power of PESC wind park (MW);  

• 𝑃𝑔𝑝𝑒𝑠𝑐, is the total output power at PESC wind park (MW). 

4.2.4. Ramp Up/Down Rates and Minimum Up/Down Times 

The ramp up/down rates and the minimum up/down times of the thermal generators are not 

considered to constrain the algorithm. Nevertheless, a simple procedure has been implemented as 

follows:  as each typical day is divided into hourly periods, the ramp up/down is considered to be 

equal to the rated power of the thermal generator and the minimum up/down times are considered 

to be equal to 1 period of 1 hour. Therefore, the ramp up/down rate can always respond to changes 

in the output power of the generator, as it is able to go from rated power to zero in a single period 

and the generators are never obliged to stay online or offline for the next considered period, as the 

minimum up/down time is equal to 1 hour.  

𝑅𝑃𝑑𝑤𝑛5,9 𝑀𝑊 = 5.9 𝑀𝑊/ℎ 𝑅𝑃𝑢𝑝5,9 𝑀𝑊 = 5.9 𝑀𝑊/ℎ  

Gmindwn5,9 MW = 1 ℎ Gminup5,9 MW = 1 ℎ  

𝑅𝑃𝑑𝑤𝑛12 𝑀𝑊 = 12 𝑀𝑊/ℎ 𝑅𝑃𝑢𝑝5,9 𝑀𝑊 = 12 𝑀𝑊/ℎ  

Gmindwn12 MW = 1 ℎ Gminup12 MW = 1 ℎ  

4.2.5. Minimum Number of Operating Generators 

The grid operator, to ensure safety and reliability, defined that a minimum number of 2 generators 

must always be online, at each period. This condition is included, by considering only the operational 

states where at least two units are online. These states are defined in Table 4.1. 
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4.2.6. List of Possible States 

Considering all the specified characteristics of Terceira’s power system presented in the sections 

above, Table 4.1 lists all the possible combination of generators (states) and presents the maximum 

and minimum output power of each state. The maximum power of a specific state occurs when all 

the generators that are part of it are operated at rated output power, whereas the state’s minimum 

power occurs when all units are operated at technical minimum. 

Table 4.1 – Possible states of CTBJ 

State’s 
Number 

Combination / Unit Power (MW) 
Total Power 

(MW) 

12 12 5.9 5.9 5.9 5.9 Min. Max. 

1   X X   6 11.8 

2   X X X  9 17.7 

3 X  X    9 17.9 

4   X X X X 12 23.6 

5 X  X X   12 23.8 

6 X X     12 24.0 

7 X  X X X  15 29.7 

8 X X X    15 29.9 

9 X  X X X  18 35.6 

10 X X X X  X 18 35.8 

11 X X X X X  21 41.7 

12 X X X X X X 24 47.6 
 

4.2.7. Utilisation of Spinning Reserve: Beta Distributions 

In section 3.3.3 of chapter 3, it was stated that the spinning reserve up may be caused by multiple 

reasons and thus its utilisation maximum is considered to be 100% of the pre-defined value. On the 

other hand, the spinning reserve down is only caused by either an overestimation of the predicted 

total load demand or an overestimation of the forecasted RES generated power. Hence, the 

minimum utilisation of spinning reserve is considered to be - 25% of the predicted spinning reserve 

requirements.  

𝑆𝑅𝑚𝑎𝑥 = 1 

𝑆𝑅𝑚𝑖𝑛 = −0.25 

These values are assumed, as the utility did not provide enough data to draw conclusions on this 

topic. Minimum spinning reserve down of - 25% seems to be a reasonable value as the system 

operator has been managing the grid over several decades. 

The Beta distribution has a finite output between 0 and 1, however the utilisation of spinning reserve 

(𝑆𝑅𝑢𝑠𝑒) has an output between the maximum and minimum utilisation of spinning reserve:  

 𝑆𝑅𝑚𝑖𝑛 ≤ 𝑆𝑅𝑢𝑠𝑒 ≤ 𝑆𝑅𝑚𝑎𝑥 

−0.25 ≤ 𝑆𝑅𝑢𝑠𝑒 ≤ 1 
(4.8) 
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Therefore, the output values of the Beta distribution are expanded to match the desired range 

between 𝑆𝑅𝑚𝑖𝑛 and 𝑆𝑅𝑚𝑎𝑥 , according to the following equation: 

𝑆𝑅𝑢𝑠𝑒 = 1.25×𝑓𝑥(𝑥; 𝛼, 𝛽) − 0.25 (4.9) 

Where: 

• 𝑆𝑅𝑢𝑠𝑒, is the utilisation of spinning reserve; 

• 𝑓𝑥(𝑥; 𝛼, 𝛽), is the probability density function output of the Beta distribution; 

Figure 4.1 to 4.3 illustrate three Beta distributions designed to simulate the utilisation of spinning 

reserve according to several constraints described in Appendix A. The blue line represents the 

probability distribution function (PDF) and the cumulative distribution function (CDF) is represented 

by the green line. The coefficient Ntimes represents the number of times per year, in average, that 

𝑆𝑅𝑢𝑠𝑒 ≥ 0.9. 

The Beta distribution with 10% of its total values corresponding to negative 𝑆𝑅𝑢𝑠𝑒 coefficients and 

𝑁𝑡𝑖𝑚𝑒𝑠 = 4.7 𝑡𝑖𝑚𝑒𝑠/𝑦𝑒𝑎𝑟  is illustrated in Figure 4.1. The coefficients of the Beta distribution are: 

𝛼 = 1.85         𝛽 = 4 

 

Figure 4.1 – 10% Beta distribution PDF and CDF 

 

  



43 

 

The Beta distribution with 20% of its total values corresponding to negative 𝑆𝑅𝑢𝑠𝑒 coefficients and 

𝑁𝑡𝑖𝑚𝑒𝑠 = 2.3 𝑡𝑖𝑚𝑒𝑠/𝑦𝑒𝑎𝑟  is illustrated in Figure 4.2. The coefficients of the Beta distribution are: 

𝛼 = 2.25         𝛽 = 4 

 

Figure 4.2 – 20% Beta distribution PDF and CDF 

 

The Beta distribution with 30% of its total values corresponding to negative 𝑆𝑅𝑢𝑠𝑒 coefficients and 

𝑁𝑡𝑖𝑚𝑒𝑠 = 1.4 𝑡𝑖𝑚𝑒𝑠/𝑦𝑒𝑎𝑟  is illustrated in Figure 4.3. The coefficients of the Beta distribution are: 

𝛼 = 2.99         𝛽 = 4 

 

Figure 4.3 – 30% Beta distribution PDF and CDF 
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4.2.8. Economic model: NPV Computation Assumptions 

The computation of the NPV is set for a project lifetime of 10 years, which is the warranty time 

guaranteed by the manufacturer of the BESS that will be described in the next section. The operation 

and maintenance costs of the whole project are considered to be zero. This is a reasonable 

approximation as they are mainly related to some minor battery cell or cabling replacements, which 

is an insignificant quantity of money in relation to the initial investment of the BESS.  

In 2016, Setas Lopes et al. [8] conducted a study in Terceira island electrical system to determine 

the economic feasibility of a water pumped storage system. The discount rate was considered to be 

4.76% however, water pumped storage is considered to be a matured technology and thus the 

discount rate considered for a BESS has to be higher. Therefore, the NPVs are calculated with a 

discount rate of 7% and a sensitivity analysis is conducted with two more discount rate options: 5% 

and 9%. 

The initial cost of the BESS is provided by the manufacturer in U.S dollars (USD). As the whole 

economic analysis is computed in Euros (EUR), the conversion ratio of 1 € = 0,946508095 $ (as 

fixed on 3rd of March of 2017) was used to convert USD to EUR (http://www.xe.com). 

4.3. BESS Selection and Specifications – Tesla Powerpack 

The BESS product selected to test the algorithm is the Powerpack manufactured by Tesla Inc. 

(www.tesla.com/energy). It is difficult to have access to costs of MW scale battery devices, as 

manufacturers only grant them after customers require an assessment of their needs. Not only Tesla 

is one of the major worldwide suppliers of these storage devices, but also has available on their 

website a calculator that estimates the costs of their BESSs within an interesting range of rated 

power and nominal stored energy.  

The Tesla Powerpack is built from a combination of several battery packs which are used in the 

home application product also commercialised by Tesla: The Powerwall. On their website, the depth 

of discharge is specified as 100% and the whole system efficiency, including inverters, is specified 

as approximately 88%. This device is coupled to 250 kW inverters, which means that each module, 

as described in section 3.3.1 of chapter 3, has also a 250 kW output power. The warranty of the 

product is guaranteed for 10 years or 5000 cycles. These specifications are listed in Table 4.2.  

Tesla website presents BESSs with sufficient nominal energy to continuously supply a load at rated 

output power from two to six hours (2h, 3h, 4h, 5h and 6h). This duration in hours is the approach 

used by Tesla to facilitate customers to understand the concept of the nominal energy of the BESS. 

To have access to BESS’s costs with either higher rated power or with a duration of more than 6 

hours it is necessary to request a call to the sales department. Therefore, batteries with more power 

and energy than the ones available on the website are not considered. 
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Table 4.2 – Tesla powerpack specifications 

Description Parameters 

Depth of Discharge 𝛿𝐷𝑜𝐷 = 1 

Round-trip efficiency of the BESS 𝜂𝐵𝐸𝑆𝑆 = 0,88 

Power of each module 𝑃𝑚𝑜𝑑𝑢𝑙𝑒 = 250 𝑘𝑊 

Warranty 10 years or 5000 Cycles 

 

The list of selected BESSs consists of devices with a rated output power between 500 kW and 

2500 kW with a power increment of 250 kW. All the nominal energies of each selected rated power 

available on the website are selected to be tested. The power increment was fixed at 250 kW as 

each inverter has this exact same power and therefore incrementing the output power by 250 kW is 

in fact, introducing in the system one more inverter, thus one more module. The minimum tested 

output power of 500 kW was selected based on the minimum of 2 modules in the storage system.  

In Table 4.3 there is an example of the data collected from the website, for the rated power of 

500 kW. For this specifically rated output power, there are 2 modules of 250 kW, which totalize 

500 kW. The listed BESS price includes the battery modules, the inverters, the controllers, the 

cabling and site support hardware. The cost per kWh is also calculated and an example of the tested 

BESSs with rated power of 500 kW is listed in Table 4.3. The whole list of BESSs tested is attached 

to this report in Appendix B. 

Table 4.3 – Tested BESSs with rated power of 500 kW 

Power (kW) Duration (h) Energy (kWh) Price (USD) 

500 

2 950 $            454 860 

3 1 430 $            657 810 

4 2 100 $            902 360 

5 2 520 $        1 069 650 

6 2 940 $        1 236 950 

 

4.4. Typical Year Simulation – Results and Analysis 

In order to validate the working principles of the algorithm, a case study with one day operation 

example is presented in Appendix C. In this Appendix, 3 simulations are presented: one with the 

electrical system without BESS, one with BESS considering that the TPF is deactivated and one 

with BESS but considering that the TPF is activated. The implemented priority functions (first, 

second and third) are described in section 3.3.2 of chapter 3. The results clearly show the 

effectiveness of the developed algorithm. 

The designed algorithm is now executed over the typical year as described in section 3.3.4 to 

determine the parameters described in section 3.3.5 that are used to compare different tested 

BESSs. Initially, and to determine the average total cost of the electrical system when it operates 

without a BESS, the algorithm is executed 400 times for each of the three Beta distributions 
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designed in section 4.2.7. This number of times was set to reduce the random profile of the Beta 

distributions while the algorithm still executes within an acceptable time window. Therefore, the 

numeric value of each output parameter of the algorithm is considered to be the average value of 

the 400 times. 

To test each of the selected BESS configurations listed in Appendix B, each Beta distribution was 

executed 5 times. This value was set to reduce the random profile of a single execution. After 

determining the group of the best solutions, these are also executed over 400 times to turn the result 

as accurate as the simulation of the system without BESS. 

The manufacturer of the BESS guarantees 5000 cycles or 10 years before its energy capacity 

lowers to 80% of its nominal energy. In the calculations of the NPV throughout the 10 years of the 

project, this degradation of the energy capacity of the BESS along the years was not considered. 

Therefore, the total energy capacity was considered to be 100% of its initial value throughout the 

project lifetime. Hence, the project is considered to have the same profit per year, which is described 

in the economic analysis in section 3.3.5.4. 

The optimal solution is the size of the BESS that maximises the integration of RES while maintaining 

a positive NPV within the expected lifetime of the storage technology. However, in case the grid 

operator prefers to maximise the NPV of the project while increasing the integration of RES, the 

best BESS solution for this situation is also presented. The algorithm is implemented for the base 

case with the 20% Beta distribution and 7% discount rate. For this scenario and for both 

configurations of TPF deactivated and activated, the best BESS solutions are determined. Further 

in this report, a sensitivity analysis is conducted not only to analyse other discount rates of 5% and 

9%, but also to analyse the sensitivity of the results to the other two designed Beta distributions of 

10% and 30%(reserve down). 

4.4.1. Base Case – 20% Beta Distribution; 7% Discount Rate 

We recall that 20% Beta distribution means that the probability of the spinning reserve utilisation 

being negative is 20%. The 400 times execution results with BESS offline are presented in table 

4.4. 

Table 4.4 – BESS offline and 20% Beta distribution 

 Average 

Total Fuel Costs (€) 8 988 666 

Overall Curtailment (MWh) 13 127 
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4.4.1.1. TPF Deactivated 

The algorithm is now executed with the TPF deactivated for all the BESSs listed in Appendix B. 

Table 4.5 displays the simulations that result in a positive NPV. All negative NPVs are discarded 

and can be found in Appendix D, which lists all the results of this simulation. We recall that 

𝜉𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 is the percentage of reduction of RES curtailment in relation to the simulation with BESS 

offline. 

Table 4.5 – Positive NPVs:  TPF deactivated. Best BESSs are green highlighted 

BESS 
Power 
(kW) 

BESS 
Energy 
(kWh) 

BESS 
Investment 

Cost (€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕 
(%) 

Cycles/year NPV (€) 

750 

1 430 659 980 184 918 32.41 0 644 805 

2 190 961 330 199 747 32.03 0 441 610 

3 150 1 264 563 201 343 32.64 0 149 586 

1000 
1 900 861 767 203 827 37.33 0 569 828 

2 950 1 284 374 221 726 37.32 0 272 938 

1250 

2 380 1 065 626 319 509 40.30 0 1 178 473 

3 710 1 603 489 318 619 39.83 0 634 355 

5 250 2 122 336 320 093 39.77 0 125 866 

1500 
2 850 1 289 078 299 250 44.21 0 812 729 

4 470 1 942 187 300 342 42.75 0 167 287 

1750 3 330 1 496 855 243 444 46.65 1 212 997 

2000 3 800 1 720 307 267 486 52.24 1 158 402 

2250 4 280 1 920 247 273 760 54.65 1 2 528 

2500 4 750 2 128 025 374 978 56.00 0 505 662 
 

Table 4.5 displays the parameters described in section 3.3.5 of chapter 3 to compare different tested 

BESS. As expected, with increasing rated power, the profits per year increase, as BESSs with 

higher rated power can ensure more spinning reserve requirements, therefore increasing the 

probability of avoiding starting up thermal generators only to ensure spinning reserve.  

As the TPF is deactivated in these simulations, the number of cycles per year is almost or exactly 

zero as the battery system is only ensuring the final portion of the spinning reserve requirements, 

as illustrated and explained in Figure 3.9 of chapter 3. This is the reason why the profit per year and 

the reduction of curtailment are both approximately constant for a BESS with equal rated power but 

increasing nominal energy. As the battery system seldom discharges, the benefits of increasing its 

nominal energy are negligible and any small variation on the results are caused by the Beta 

distribution random output. 

The BESS investment costs do not increase considerably with the rated power but mainly increase 

with the nominal energy of the device. The NPV depends not only on the profit per year of each 

tested BESS but also on the initial investment for the procurement of the battery device. Therefore, 

for the same rated power but increasing nominal energy, the profits per year are approximately 

constant but, as the costs of the BESS increase, the NPVs decrease accordingly. 
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Both BESSs that are green highlighted in Table 4.5 are the two best solutions. Therefore, 

considering the TPF deactivated, the BESS with rated power of 2500 kW and 4750 kWh presents 

the highest reduction of curtailment of approximately 56% while maintaining a positive NPV and the 

BESS with rated power of 1250 kW and nominal energy of 2380 kWh has the highest NPV of 

approximately 1 200 000 € while decreasing the RES curtailment by approximately 40%. 

4.4.1.2. TPF Activated 

The algorithm is now executed with the TPF activated for all the BESSs listed in Appendix B. Table 

4.6 displays the simulations that result in a positive NPV. All negative NPVs are discarded and can 

be found in Appendix E, which lists all the results of this simulation. 

Table 4.6 – Positive NPVs: TPF activated. Over cycles blue highlighted 

BESS 
Power 
(kW) 

BESS 
Energy 
(kWh) 

BESS 
Investment 

Cost (€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕 
(%) 

Cycles/year NPV (€) 

750 

1 430 659 980 189 994 39.73 1002 680 459 

2 190 961 330 223 531 40.87 685 608 659 

3 150 1 264 563 232 214 42.79 522 366 413 

3 780 1 530 475 219 560 43.23 439 11 625 

4 410 1 767 992 253 623 43.22 384 13 350 

1000 

1 900 861 767 190 236 46.80 989 474 372 

2 950 1 284 374 253 126 49.16 669 493 480 

4 200 1 710 340 303 732 50.61 506 422 946 

1250 

2 380 1 065 626 254 804 51.92 982 724 007 

3 710 1 603 489 319 246 53.93 657 638 759 

5 250 2 122 336 350 775 55.36 491 341 361 

1500 

2 850 1 289 078 330 124 57.29 956 1 029 576 

4 470 1 942 187 384 114 58.62 650 755 671 

6 300 2 561 204 384 671 60.09 476 140 566 

1750 
3 330 1 496 855 322 120 60.69 936 765 582 

5 230 2 265 230 375 413 62.41 622 371 512 

2000 3 800 1 720 307 340 163 64.83 885 668 858 

2250 4 280 1 920 247 363 757 67.56 843 634 627 

2500 4 750 2 128 025 413 651 70.34 807 777 290 

 

The profit per year and the reduction of curtailment increase with the rated power of the BESS, for 

the same reasons described for the situation of TPF deactivated. As suggested by the number of 

BESS cycles, the system is constantly charging and discharging to decrease the load assigned to 

the thermal generators, as the TPF is activated. 

However, many simulations present problems regarding the number of cycles incurred in a typical 

year, which is the reason for the ones that cycle more than 550 times to be considered unfeasible. 

This considered number of cycles per year, over the 10 years’ project lifetime, exceeds the total of 

5000 cycles guaranteed by the BESS manufacturer. However, the calculation of cycles is dependent 
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on the Beta distributions defined above, therefore a tolerance of 50 cycles per year is considered. 

All the simulations that have more than this threshold value of cycles are blue highlighted and 

discarded. 

For simulations with the same rated power but increasing nominal energy, both the profit per year 

and the reduction of RES curtailment increase. Due to the higher nominal energy, it is possible to 

store more energy in the battery and therefore increase the probability of charging the RES 

curtailment, thus reintegrating this energy into the grid. Additionally, it also increases the 

probabilities of having enough energy stored to ensure spinning reserve requirements avoiding 

starting-up thermal generators.  

Still considering simulations with the same rated power but increasing nominal energy, the number 

of cycles used substantially decrease, as the variation of both the reduction of curtailment and the 

profit per year are considerably small in comparison with the variation of nominal energy. Hence, 

the main benefit of increasing the nominal energy of a BESS is to decrease the number of cycles 

incurred to a number that is below the limit of 550 cycles per year. This trend is more evident in 

Appendix E where both simulations with positive and negative NPVs are listed. 

The BESSs listed in Table 4.7 are the simulations that present both acceptable number of cycles 

and positive NPV. Both BESSs that are green highlighted in this table are the best solutions. 

Therefore, considering the TPF activated, the BESS with rated power of 1500 kW and 6300 kWh 

presents the highest reduction of curtailment of approximately 60% while maintaining a positive 

NPV and the BESS with rated power of 1000 kW and nominal energy of 4200 kWh has the highest 

NPV of approximately 420 000 € while decreasing the RES curtailment by approximately 50%. 

Table 4.7 – Positive NPVs and limited cycles: TPF activated. Best are green highlighted 

BESS  
Power 
(kW) 

BESS Energy 
(kWh) 

BESS 
Investment 

Cost (€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year NPV (€) 

750 

3 150 1 264 563 232 214 42.79 522 366 413 

3 780 1 530 475 219 560 43.23 439 11 625 

4 410 1 767 992 253 623 43.22 384 13 350 

1000 4 200 1 710 340 303 732 50.61 506 422 946 

1250 5 250 2 122 336 350 775 55.36 491 341 361 

1500 6 300 2 561 204 384 671 60.09 476 140 566 
 

4.4.1.3. Comparison of Both Simulations with TPF Deactivated and Activated 

Comparing BESSs with equal rated power and nominal energy of both configurations described in 

Table 4.5 and 4.6, the reduction of RES curtailment is always higher with the TPF activated. This 

confirms the hypothesis considered in the end of section 4.4.2.2 which stated that, for the objective 

of reducing the overall RES curtailment, activate the TPF is the best option. However, this 

configuration also raises concerns regarding the number of cycles per year incurred by the BESS. 

Comparing the profit per year of both simulations, they are mainly higher when considering the TPF 

activated, which is explained by the higher integration of RES into the grid. However, for some 
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specific simulation examples, such as 1250 kW and 2380 kWh, the profit per year is higher with the 

TPF deactivated. This profit per year trend inversion happens as these combinations of rated power 

and nominal energy greatly decrease the probability of success of the FPF, as the economic benefits 

of the FPF are greater than the TPF. The reason for this is that the FPF avoids fuel and transitions 

costs by avoiding starting-up more thermal generators only to ensure spinning reserve 

requirements, whereas the TPF only avoids fuel costs by reducing the load assigned to the 

generators. 

4.4.2. Final Solution and Sensitivity Analysis 

The best selected solutions, which are green highlighted in both Tables 4.5 and 4.7 are now 

executed over 400 times in order to eliminate the uncertainty of the random distribution used to 

predict the utilisation of spinning reserve. The results are considered as the average values of these 

results and listed in Tables 4.8 and 4.9. The green highlighted BESS are the optimum solutions. 

Table 4.8  – Best Solutions:  TPF deactivated. Highest NPV is green highlighted 

BESS  
Power 
(kW) 

BESS  
Energy 
(kWh) 

BESS 
Investment 

Cost (€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year NPV (€) 

1250 2 380 1 065 626 332.122 40.08 0 1 196 757 

2500 4 750 2 128 025 353.113 56.52 1 352 098 

 

Table 4.9 – Best solutions:  TPF activated. Highest curtailment reduction is green highlighted 

BESS  
Power 
(kW) 

BESS 
 Energy 
(kWh) 

BESS 
Investment 

Cost (€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year NPV (€) 

1 000 4 200 1 807 000 280 580 49.80 503 260 339 

1 500 6 300 2 660 520 388 945 58.7 473 170 585 

 

The optimum solution that maximises the reduction of RES curtailment while maintaining a positive 

NPV is the BESS presented in Table 4.9 with rated power of 1500 kW and nominal energy of 

6300 kWh which considers the TPF activated. This solution requires an initial investment of 

approximately 2 660 000 € and presents, in average, a reduction of curtailment of approximately 

59% with a positive NPV of approximately 170 000 €, while respecting the number of allowed cycles 

per year.  

In case Terceira island system operator prefers to increase the reduction of RES curtailment while 

maximising the NPV of the project, the best solution is the BESS with rated power of 1250 kW and 

nominal energy of 2380 kWh. This solution requires an initial investment of approximately 

1 065 000 € and presents a positive NPV of approximately 1 200 000 € with a reduction of 

curtailment of approximately 40% and, as the TPF is deactivated, an average of 0 cycles used per 

year. The fact of not using, in average, any cycles per year and still result in a positive NPV over 

1 million € may be counter-intuitive for anyone who is suddenly presented with this result. However, 
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after understanding the concepts introduced in chapter 3 and validated in the case study in Appendix 

C, the reason for this result should be clear. 

The solutions presented are based on the 20% Beta distribution to predict the utilisation of spinning 

reserve. However, the results of the simulations would have been different if any other distribution 

of utilisation of spinning reserve was used. The simulations with the TPF activated are likely to suffer 

more from these distribution variations, as in case the utilisation of spinning reserve is higher than 

predicted, the number of cycles could increase to a level that would surpass the acceptable limit. 

On the other hand, for the simulations considering the TPF deactivated, even if the utilisation of 

spinning reserve would greatly increase in relation to the considered distribution, it would never 

increase enough to raise the cycles from 0 to more than the limit of 550 cycles. This is the reason 

why the solutions with TPF deactivated are more stable and therefore also more reliable. 

The selected optimum BESS solutions are now subject to a sensitivity analysis in order to assess 

the variation of their parameters when subject to the other 2 Beta distributions (10% and 30% - 

reserve down) outlined in section 4.2.7 and to 2 other discount rates (5% and 9%). For the electrical 

system with offline BESS, the algorithm is again executed 400 times for both additional Beta 

distributions and are listed in tables 4.10 and 4.11. 

Table 4.10 – BESS offline and 10% Beta distribution (reserve down) 

 Average 

Total Fuel Costs (€) 8 777 557 

Overall Curtailment (MWh) 13 804 

 

Table 4.11 – BESS offline and 30% Beta distribution (reserve down) 

 Average 

Total Fuel Costs (€) 9 347 031 

Overall Curtailment (MWh) 12 501 

 

The results of the sensitivity analysis are presented from Tables 4.12 to 4.15. Both Table 4.12 and 

4.13 display the parameters of the optimum solution regarding the reduction of curtailment. 

Additionally, Table 4.14 and 4.15 display the parameters of the optimum solution regarding the 

highest NPV. 

Regarding the optimum solution of the reduction of curtailment, the number of cycles fluctuate, as 

expected, when different Beta distributions are tested, although the number of cycles is kept lower 

than the established limit of 550 per year. These solutions present a negative NPV for a 9% discount 

rate however, it is an insignificant value when compared to the initial investment of over 2 660 000 

€. Therefore, this negative value is regarded as a break-even point and not as a deterrent NPV. 

Regarding the NPV optimum solution, as it considers the TPF deactivated, the number of cycles per 

year do not present any significant variations for any of the Beta distributions designed. The 

minimum NPV for all the executed simulations is approximately 938 000 euros, which is a 

considerable value for the system operator not to be apprehensive with the return of the investment.  
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Table 4.12 – Discount rate sensitivity analysis: reduction of curtailment optimum solution 

 10% BETA DISTRIBUTION 20% BETA DISTRIBUTION 30% BETA DISTRIBUTION 

Power  
(kW) 

Energy  
(kWh) 

NPV (€) NPV (€) NPV (€) 

5% 7% 9% 5% 7% 9% 5% 7% 9% 

1 500 6 300 413 604 144 639 - 88 794 442 128 170 585 - 65 086 420 681 151 077 - 82 911 

 

Table 4.13 – Parameters sensitivity Analysis: reduction of curtailment optimum solution 

 10% BETA DISTRIBUTION 20% BETA DISTRIBUTION 30% BETA DISTRIBUTION 

Power 
(kW) 

Energy 
(kWh) 

BESS COST 
(€) 

Profit/Year 
(€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year 
Profit/Year 

(€) 
𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  

(%) 
Cycles/Year 

Profit/Year 
(€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year 

1 500 6 300 2 660 520 385 251 57.20 480 388 945 58.70 473 384 168 60.21 467 

 

Table 4.14 – Discount rate sensitivity analysis: NPV optimum solution 

 10% BETA DISTRIBUTION 20% BETA DISTRIBUTION 30% BETA DISTRIBUTION 

Power (kW) 
Energy 
(kWh) 

NPV (€) NPV (€) NPV (€) 

5% 7% 9% 5% 7% 9% 5% 7% 9% 

1 250 2 380 1 475 824 1 246 041 1 046 613 1 421 640 1 196 756 1 001 581 1 345 492 1 127 493 938 293 
 

Table 4.15 – Parameters sensitivity analysis: NPV optimum solution 

 10% BETA DISTRIBUTION 20% BETA DISTRIBUTION 30% BETA DISTRIBUTION 

Power 
(kW) 

Energy 
(kWh) 

BESS Cost 
(€) 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year 
Profit/Year 

 (€) 
𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  

(%) 
Cycles/Year 

Profit/Year 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍𝒎𝒆𝒏𝒕  
(%) 

Cycles/Year 

1 250 2 380 1 065 626 329 129 38.48 0 332 122 40.08 0 312 250 41.62 0 
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Chapter 5 

5. Conclusion 

Conclusion 

 

This chapter presents the general conclusions that can be outlined from the obtained results. 

Additionally, several recommendations to enhance the quality of the results are listed, as well as 

proposals towards future work. 

The considerable penetration of RES into power generation systems is struggling with excessive 

levels of RES curtailment, particularly on isolated systems. These systems are usually composed 

of fossil fuel fired generators with low rated power generating expensive electricity. As a result, 

utilities are not pleased to force RES curtailment, while replacing the curtailed power by running 

expensive thermal generators. Therefore, the main objective of this work was to size the optimum 

BESS that maximises the integration of RES with a positive NPV. Additionally, as the utility may 

also be interested, the size of the BESS that maximised the NPV was also presented. 

To do this, an available Unit Commitment and Economic dispatch (UC+ED) algorithm was modified 

in order to incorporate a BESS seen as an additional thermal generator. Two different algorithm 

configurations were implemented: the first one just considered the use of the BESS to ensure the 

spinning reserve. The second option still took into account the spinning reserve requirements, but 

also considered cycling the BESS as a way to decrease the load assigned to the thermal generators. 

BESS charge was performed using the electricity curtailed from RES. Terceira island was the 

selected isolated electrical power system to be analysed. The selected BESS was the Powerpacks 

manufactured by TESLA Inc. 

Several BESS sizes were tested for both configurations and two optimum solutions were found to 

comply with both the objectives of this work. The BESS solution that maximises the integration of 

RES, which considers the TPF activated, has a rated power of 1500 kW and a nominal energy of 

6300 kWh. This solution presents, for the base case, a reduction of curtailments of approximately 

59% and an NPV of approximately 170 000 € while maintaining an acceptable number of cycles. 

The BESS that maximises the NPV, which considers the TPF deactivated, has a rated power of 

1250 kW and nominal energy of 2380 kWh. This solution presents, for the base case, an NPV of 
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approximately 1 200 000 €. This solution presents a reduction of RES curtailment of approximately 

40.1%. 

The integration of a BESS could also contribute to solve the lack of flexibility of the current power 

generation system of Terceira island. In a situation in which one of the thermal generators is under 

maintenance, the system operator is hoping that none of the other generators will suddenly fail. If it 

does, it is plausible that load shedding will be the solution. The reduced number of available thermal 

generators in this power generation system is the reason for this condition. The grid operator may 

be planning to install more generators, however, the installation of a BESS would, not only increase 

the integration of RES, but could also be used to ensure spinning reserve requirements. As so, it 

adds flexibility to the system. 

Local experts state that the intermittent renewable power installed in Terceira island is already 

saturated. The installation of a BESS could decrease this saturation level, opening space for 

installing more renewable power. 

Regarding the environmental benefits, as the average fuel oil consumption by the thermal 

generators is 0.195 kg/kWh, the following conclusions can be drawn: for the solution that maximises 

the reduction of RES curtailment, the fuel oil consumption would decrease by more than 1500 tons 

per year, whereas for the solution that maximises the NPV, the consumption of fuel oil would 

decrease by more than 1000 tons per year.  

We offer some recommendations regarding future work on this topic: 

• Develop an optimisation tool to decrease the computation time of executing the algorithm, 

such as Particle Swarm Optimisation or Genetic Algorithms; 

• Implement a different approach for the typical year simulation, which considers more typical 

days thus resulting in a fairer comparison with reality; 

• Implement a different approach to estimate the utilisation of spinning reserve, based on real 

data supplied by the utility; 

• Develop an enhanced version of the third priority function (TPF) that avoids the cycles from 

exceeding its limit.  

• Wind turbines may be suddenly shut down if the wind speed surpasses a threshold value 

(cut out wind speed), forcing thermal generators to incur in high ramp up rates to 

compensate the power loss. High ramp up/down rates are not good for the operating 

conditions of the equipment and decrease the number of operational hours that each 

thermal generator can operate before a regular maintenance. Therefore, a functionality that 

uses the BESS to provide this ramp up/down rates should also be studied. 
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Appendix A – Beta Distributions Constraints 

A.  

In order to design reasonable Beta distributions that simulate the utilisation of spinning reserve, two 

constraints are considered: 

1. The total percentage of negative values of utilisation of spinning reserve is considered to be 

10%, 20% and 30% of the whole values: 

𝑃(𝑆𝑅𝑢𝑠𝑒 < 0) = {10%; 20; 30%} (𝐴. 1) 

Where: 

• 𝑃(𝑆𝑅𝑢𝑠𝑒 < 0), is the probability of the utilisation of spinning reserve to be negative. 

The negative utilisation of spinning reserve is a value which is expanded from the Beta 

distribution. Therefore, it is necessary to determine which output of the Beta distribution 

corresponds to a utilisation of spinning reserve equal to zero: 

𝑆𝑅𝑢𝑠𝑒 = 1.25×𝑓𝑥(𝑥; 𝛼, 𝛽) − 0.25 

0 = 1.25×𝑓𝑥(𝑥; 𝛼, 𝛽) − 0.25 (𝐴. 2) 

𝑓𝑥(𝑥; 𝛼, 𝛽) = 0.2 

Therefore, all the Beta distributions values below 𝑥 = 0.2 correspond, when expanded by 

equation (4.9), to negative values of utilisation of spinning reserve. It is intended to design three 

different Beta distributions with 10%, 20% and 30% of its total outputs to be under 0.2, which 

corresponds to negative utilisations of spinning reserve: 

𝐹𝑋(0,2) = 0.1      𝑓𝑜𝑟    𝑃(𝑆𝑅𝑢𝑠𝑒 < 0) = 10% (𝐴. 3) 

𝐹𝑋(0,2) = 0.2      𝑓𝑜𝑟    𝑃(𝑆𝑅𝑢𝑠𝑒 < 0) = 20% (𝐴. 4) 

𝐹𝑋(0,2) = 0.3      𝑓𝑜𝑟    𝑃(𝑆𝑅𝑢𝑠𝑒 < 0) = 30% (𝐴. 5) 

Where: 

• 𝐹𝑋, is the cumulative distribution function of the Beta distribution. 

 

2. For all three Beta distributions defined in the previous constraint, the utilisation of spinning 

reserve greater than 90% occurs less than 10 times in a typical year simulation, which is a 

reasonable value: 

𝑁𝑡𝑖𝑚𝑒𝑠 = 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝑠/𝑦𝑒𝑎𝑟× 𝑃(𝑆𝑅𝑢𝑠𝑒 ≥ 0.9) 

𝑁𝑡𝑖𝑚𝑒𝑠 ≤ 10 𝑠𝑖𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠 (A. 6) 

𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝑠/𝑦𝑒𝑎𝑟 = 8760 
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As the utilisation of spinning reserve is a value expanded from the Beta distribution, now the 

output of the Beta distribution that corresponds to  𝑆𝑅𝑢𝑠𝑒 = 0.9 has to be determined: 

0.9 = 1.25×𝑓𝑥(𝑥; 𝛼, 𝛽) − 0.25 (𝐴. 7) 

𝑓𝑥(𝑥; 𝛼, 𝛽) = 0.92 

Therefore: 

𝑁𝑡𝑖𝑚𝑒𝑠 = 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝑠/𝑦𝑒𝑎𝑟× 𝑃(𝑆𝑅𝑢𝑠𝑒 ≥ 0.9) 

𝑃(𝑆𝑅𝑢𝑠𝑒 > 0.9) = 𝐹𝑋(1) − 𝐹𝑋(0.92) (𝐴. 8) 

𝑁𝑡𝑖𝑚𝑒𝑠 = 8760×(𝐹𝑋(1) − 𝐹𝑋(0.92)) 

Where: 

• 𝑁𝑡𝑖𝑚𝑒𝑠, is the number of times that the utilisation of spinning reserve is higher than 90% over 

a typical year simulation; 

• 𝑃(𝑆𝑅𝑢𝑠𝑒 ≥ 0.9), is the probability of the utilisation of spinning reserve to be higher than 90%; 

• 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝑠/𝑦𝑒𝑎𝑟, is the total number of periods that exist in a typical year; 

• 𝐹𝑋, is the cumulative distribution function of the respective Beta distribution; 

• 𝑓𝑥(𝑥; 𝛼, 𝛽), is the probability density function output of the Beta distribution. 
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Appendix B – List of Tested BESS 

B.  
Table B.1 – List of tested BESS 

Power (kW) Energy (kWh) Price (USD) USD/kWh 

500 

950 454 860 478.8 

1 430 657 810 460.0 

2 100 902 360 429.7 

2 520 1 069 650 424.5 

2 940 1 236 950 420.7 

750 

1 430 690 940 483.2 

2 190 1 015 660 463.8 

3 150 1 336 030 424.1 

3 780 1 616 970 427.8 

4 410 1 867 910 423.6 

1000 

1 900 910 470 479.2 

2 950 1 356 960 460.0 

4 200 1 807 000 430.2 

5 040 2 141 590 424.9 

6 090 2 559 820 420.3 

1250 

2 380 1 125 850 473.0 

3 710 1 694 110 456.6 

5 250 2 242 280 427.1 

6 300 2 660 520 422.3 

7 560 3 162 400 418.3 

1500 

2 850 1 361 930 477.9 

4 470 2 051 950 459.0 

6 300 2 705 950 429.5 

7 560 3 207 830 424.3 

9 030 3 793 360 420.1 

1750 

3 330 1 581 450 474.9 

5 230 2 393 250 457.6 

7 350 3 146 920 428.2 

8 820 3 732 450 423.2 

10 500 4 401 630 419.2 

2000 

3 800 1 817 530 478.3 

5 990 2 751 100 459.3 

8 400 3 610 590 429.8 

10 080 4 279 760 424.6 

11 970 5 032 590 420.4 

2250 

4 280 2 028 770 474.0 

6 750 3 084 100 456.9 

9 450 4 040 190 427.5 

11 340 4 793 010 422.7 

13 440 5 629 040 418.8 

2500 

4 750 2 248 290 473.3 

7 410 3 384 810 456.8 

10 500 4 481 160 426.8 

12 600 5 317 630 422.0 

14 910 6 237 750 418.4 
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Appendix C – Case study: One Day Operation Example 

C.  

The working principles of the algorithm are demonstrated in this section for a specific typical day. In 

order to do this, 3 simulations are presented in this section: one with the electrical system without 

BESS, one with BESS considering that the TPF is deactivated and one with BESS but considering 

that the TPF is activated. The implemented priority functions (first, second and third) are described 

in section 3.3.2 of chapter 3. 

The data of the typical day under analysis is listed in Table C.1 and illustrated in Figure C.1. As 

explained in section 4.1, the load assigned to the thermal generators (represented by the blue line) 

is the total load demand required by customers subtracted of the total power generated by RES. 

The spinning reserve requirements (represented by the orange line) is the total amount of spinning 

reserve required to ensure reliability to the electrical system. The sequence of coefficients of the 

utilisation of spinning reserve used for each period is set to be the same for each simulation 

presented in this section and is also listed in Table C.1. These coefficients are generated based on 

the 10% Beta distribution described in section 4.2.7. The reason for using the same sequence of 

coefficients is to achieve a fair comparison between the simulations. 

The 24 hours’ data under analysis in this section belongs to a winter typical day, which implies that 

the PESC wind park output power is considerably high, as winter is typically characterised by strong 

winds. This profile can be noticed when examining Figure C.1, as the load assigned to the thermal 

generators, from t = 1h to t = 7h, is lower than the technical minimum of state 1 presented in Table 

4.1. This is caused not only because it is night and customers require a reduced load, but also the 

RES, mainly the PESC wind park, is generating a considerable output power. While executing the 

algorithm, the load assigned to the thermal generators may increase in relation to the values listed 

in both Table C.1 and Figure C.1. As explained in section 3.3.2, if the thermal generators’ constraints 

are not respected, the grid operator has to force RES curtailment which increases the load assigned 

to the generators in order to comply with the constraints. 
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Table C.1 – Data of the tested typical day 

Hour 
Thermal Generator’s 

Load (MW) 
Spinning Reserve 

Requirements (MW) 
Utilisation of Spinning 

Reserve 

1 3.632 6.000 0.3459 

2 1.941 6.316 - 0.1429 

3 1.494 6.341 0.6512 

4 0.593 6.393 - 0.0643 

5 1.453 6.327 0.6122 

6 2.117 6.351 0.2871 

7 4.325 6.724 0.1654 

8 6.801 8.900 - 0.0298 

9 9.885 10.670 0.5358 

10 10.915 11.288 0.0295 

11 11.791 10.615 0.0353 

12 12.188 12.000 0.3328 

13 9.560 11.032 - 0.1689 

14 12.825 12.000 0.0555 

15 11.682 10.299 0.0003 

16 9.638 10.077 0.2520 

17 7.521 11.823 0.4457 

18 11.736 6.359 0.5580 

19 14.481 12.016 0.2498 

20 13.553 12.196 0.0008 

21 12.270 12.099 0.3021 

22 10.776 6.308 - 0.1105 

23 8.538 6.339 0.5606 

24 6.696 6.000 - 0.0985 
 

 

 

Figure C.1 – Data of the tested typical day 
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Typical Day Simulation – BESS offline 

Figure C.2 shows the RES curtailment (represented by the red line) and the states chosen by the 

algorithm (represented by the green bars) when it is executed with BESS offline over the typical day 

described in the previous section. 

Regarding the different values of thermal generator’s load and spinning reserve requirements 

throughout the 24 periods illustrated in Figure C.1, and comparing them with the information 

displayed in Figure C.2, it is perceptible that the highest peaks in RES curtailment happen at periods 

when the spinning reserve requirements are approximately equal or higher than the thermal 

generator’s load. As explained in section 3.3.2 of chapter 3, RES curtailment is continuously 

increased in order to comply with the thermal generator’s constraints. If a state cannot 

simultaneously respect the constraints regarding the generator’s load and the spinning reserve 

requirements, it is required to start up more thermal generators. As more generators are started up, 

the technical minimum of the combination of online generators increases, possibly resulting in RES 

curtailment, as explained in section 1.3 of chapter 1. Therefore, when the spinning reserve 

requirements are higher than the load assigned to the generators, curtailment is expected to occur. 

In specific periods as t = 13h or t = 17h, it is perceptible from Figure C.1 that the spinning reserve 

requirements are higher than the load assigned to the generators, therefore these two periods in 

Figure C.2 display high levels of RES curtailment. Conversely, in periods as t = 18h or t = 22h the 

spinning reserve is lower than the generator’s load, thus resulting in almost or even zero RES 

curtailment. 

RES curtailment may also increase as a result of other thermal generator’s constraints that are not 

respected, such as the minimum number of online thermal generators outlined in section 4.2.5. As 

described in this section, the utility has defined a minimum of 2 online thermal generators for each 

period, therefore setting the minimum power assigned to the thermal power plant as 6 MW, as listed 

in state 1 of Table 4.1.  So, when the load assigned to thermal generators is lower than 6 MW, the 

grid operator forces RES curtailment until this minimum is reached. For example, from t = 1h to t = 

7h the generator’s load is below 6 MW, which does not respect this constraint, thus resulting in RES 

curtailment. It still increases due to not complying with other constraints, such as the high spinning 

reserve explained in the previous paragraph. For example, in t = 4h the amount of RES curtailment 

results from not complying with both these constraints.  



66 

 

 

Figure C.2 – RES curtailment and selected states with BESS offline 

 

Table C.2 displays two different values of RES curtailment and the total cost of the system with 

BESS offline for this typical day. The initial curtailment is the amount of RES that is curtailed. The 

overall curtailment is this initial curtailment subtracted of the total energy charged from the SPF, as 

this is energy that was curtailed but is re-integrated into the electrical system, therefore not 

considered anymore as curtailed energy. In this case, as the simulation did not consider the BESS, 

both these curtailments present the same value. The total cost is the accumulated costs of the most 

affordable path selected by the algorithm, which is illustrated by the green bars. 

Table C.2 – RES curtailment and total cost of the typical day 

 
Initial Curtailment 

(MWh) 

Overall Curtailment 

(MWh) 
Total Cost (€) 

Simulation With Offline 

BESS 
79.911 79.911 19.897 

 

Typical Day Simulation – Considering BESS 

A BESS with a rated power of 2500 kW and nominal energy of 4750 kWh is used in the following 

simulations with TPF deactivated and activated. 

TPF Deactivated 

Figure C.3 shows the RES curtailment that the electrical system incurs when the selected BESS is 

integrated into the system with the TPF deactivated. In this simulation, as TPF is deactivated, the 

BESS is discharged to decrease load assigned to the thermal generators. 

The comparison between Figure C.2 and C.3 highlights the benefits of introducing a BESS into the 

system. The first improvement to be noticed is that the overall level of RES curtailment lowers in 

this simulation. The reason behind this reduction of curtailment is because the BESS is ensuring 

portions of the spinning reserve requirements and therefore avoiding the algorithm to choose states 
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that start-up additional thermal generators only to ensure spinning reserve. Secondly, the selected 

states (represented in both figures by the green bars) are generally lower in this simulation with the 

BESS. According to Table 4.1, lower states are combinations of thermal generators with cheaper 

total operational costs, as they combine smaller or less online generators than higher states. As the 

battery avoids starting-up thermal generators, it enables the algorithm to choose lower states that 

not only avoid RES curtailment but also lower the total fuel costs.  

The interval from t = 1h to t = 7h is a good example of the operation of the BESS. As explained in 

the previous section and depicted in Figure C.2, the RES curtailment in this interval was increased 

in order to comply with 2 different thermal generators constraints. However, the RES curtailment is 

lower in Figure C.3 as the spinning reserve requirements constraint is ensured by the BESS. 

For this same interval, Figure C.2 suggests that state 2 is the most affordable and selected state. 

According to table 4.1, this state has 3 online thermal generators of 5.9 MW. Regarding Figure C.3 

and for the same interval, the algorithm selects state 1. This state has 1 less online thermal 

generator of 5.9 MW in comparison with state 2. State 1 is being selected because the BESS is 

ensuring the remaining power necessary to comply with the spinning reserve’s constraint. This 

suggests how the algorithm performs when considering a BESS integrated into the electrical 

system. As this period comprises 7 hours of operating thermal generators, considering a BESS not 

only avoids connecting another thermal generator but also avoids the fuel costs of running it for 7 

hours.  

Regarding the states selected from period t = 9h to t = 15h, in Figure C.3 the algorithm has managed 

to choose state 4. In Figure C.2 however, the algorithm cannot maintain a constant state throughout 

this interval. This example describes how the introduction of the BESS can also avoid transition 

costs between states and therefore reduce the total fuel costs of the operation of the thermal 

generators. 

Even though the BESS introduces improvements, in some situations the BESS is not useful to avoid 

RES curtailment. As an example, in both periods t = 13h or t = 17h the RES in both Figures C.2 and 

C.3 remain unchanged because the BESS does not have the necessarily rated power to ensure the 

required amount of spinning reserve requirements and therefore avoid RES curtailment. 

In chapter 3 it was stated that the main objective of the algorithm is to determine the group of states 

that minimise the RES curtailment and then, from within this group, chooses the cheapest transitions 

from state to state. This is the reason for the algorithm, in t = 16h, to select state 2 instead of 

maintaining constant state 4 that would have caused RES curtailment. Selecting state 4 would have 

been cheaper, however the algorithm is designed to always select the states that avoid RES 

curtailment.  
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Figure C.3 – RES curtailment and selected stated TPF deactivated 

 

Figure C.4 displays the charging and discharging profile of the BESS throughout this typical day. As 

explained in section 3.3.1 of chapter 3, the BESS uses the RES curtailed energy to charge. This is 

perceptible, for example in period t = 1h, when all the energy which is curtailed is charged into the 

BESS. However, the BESS is not discharging in any of the periods. This is caused by the low 

coefficients of utilisation of spinning reserve generated by the Beta distribution and listed in Table 

C.1, as explained in the end of section 3.3.2.1 of chapter 3. 

 

Figure C.4 – BESS profile with TPF deactivated 

 

To demonstrate that the algorithm is discharging the spinning reserve which is ensured by the 

BESS, the coefficient of utilisation of spinning reserve of period t = 16h, listed in Table C.1, is 

manually changed to 1 and illustrated in Figure C.5. As expected, all the spinning reserve assigned 

to the BESS is discharged and the SOC is decreased. The BESS is fully re-charged in period t = 

0

1

2

3

4

5

6

7

8

9

10

11

12

0

1

2

3

4

5

6

7

8

9

10

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

St
at

e

P
o

w
er

 C
u

rt
ai

lm
en

t 
(M

W
)

Hour of the Day

RES curtailment and Selected States State RES Curtailment

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

En
er

gy
 (

M
W

h
)

Hour of the Day

SOC Profile: TPF Deactivated CHARGE(kWh) DISCHARGE(kWh) SOC (kWh)



69 

 

17h as this period has enough curtailment for the battery to charge until maximum SOC is reached 

again. 

 

Figure C.5 – BESS profile with TPF deactivated: manually modified 

 

Table C.3 lists both the RES curtailment and total costs considering the situations with offline BESS 

and TPF deactivated. In the above comparison between Figure C.2 and C.3, it is stated that the 

RES curtailment greatly decreases with a BESS integrated into the system. Therefore, and as 

expected, the initial curtailment in the system offline BESS is 79.911 MWh, whereas with the 

integration of a BESS it decreases to 43.674 MWh. As the BESS is seldom discharging, the overall 

curtailment is approximately equal to the initial curtailment. The difference of both simulations is 

considered as fuel savings. 

Table C.3 – RES curtailment and total cost of typical day 

 
Initial Curtailment 

(MWh) 

Overall Curtailment 

(MWh) 
Total Cost (€) 

Simulation With Offline 

BESS 
79.911 79.911 19.897 

Simulation With BESS: 

TPF Deactivated 
43.674 41.299 17.326 
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TPF Activated 

Figure C.6 illustrates the RES curtailment when the selected BESS is integrated into the system with 

the TPF activated. Therefore, in case the thermal generators are operating above their technical 

minimum, the BESS tries to discharge to decrease the load assigned to the generator, as described in 

section 3.3.2.3. 

In chapter 3 a question was raised while considering the activation of the TPF: Would it be worth 

discharging load assigned to the thermal generators and reduce the fuel costs, but on the other hand 

increase the risk of not having enough energy stored in the BESS to avoid the RES curtailment through 

ensuring spinning reserve? At this stage, it is already possible to partially analyse this question, 

however, the final conclusions will only be drawn when the simulations of the typical year are presented 

below in this report.  

Comparing the RES curtailment represented by the red line in Figure C.3 and Figure C.6, it is perceptible 

that both of them have equal curtailment for most of the 24 periods displayed. However, for example 

t = 20h and t = 24h the curtailment is higher in Figure C.6. To understand the reasons behind these 

differences, Figure C.7 displays the SOC throughout the typical day. As the BESS satisfies load 

assigned to the thermal generators, in the preceding periods of t = 20h and t = 24h, the SOC is not high 

enough to ensure the required spinning reserve as in Figure C.3 and therefore RES curtailment 

increases. This illustrates one disadvantage of using the TPF activated, which is the risk of not having 

enough energy stored in the BESS to ensure spinning reserve requirements. However, some 

advantages should also be considered in order to assess if it is worth to activate the TPF. 

 

Figure C.6 – RES curtailment and selected stated TPF activated 
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Figure C.7 – BESS profile with TPF activated 

 

The SPF states that in periods of RES curtailment, the BESS will try to charge this curtailed energy. 

This charging profile is illustrated in Figure C.6 represented by the dark blue line. Even though the TPF 

decreases the success probability of the FPF, the TPF in combination with the SPF seem to increase 

the overall integration of RES, as both constantly charge curtailed energy and discharge it into the 

system, while decreasing the load assigned to the thermal generators. Therefore, the overall curtailment 

is the RES curtailment represented by the red line subtracted of the energy that is charged into the 

BESS represented by the dark blue line, both represented in Figure C.6. This overall curtailment is 

illustrated in Figure C.8. 

 

Figure C.8 – Overall curtailment and selected states TPF activated 
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Correlating the curtailment that occurs in both situations shown in Figure C.3 and C.8, the overall 

curtailment presented in Figure C.8 is lower than the one presented in Figure C.3. This suggests that 

the algorithm with TPF activated may be better to decrease the level of RES curtailment in the system. 

However, Figure C.7 shows that considering the TPF activated the BESS is constantly charging and 

discharging. Over the whole typical year simulation, there is a risk of incurring in a number of cycles that 

exceeds the guaranteed 5000 cycles by the BESS manufacturer. 

Table C.4 shows the results of all 3 simulations. As expected, from the simulation with TPF activated, 

the initial curtailment increases in relation to the simulation with TPF deactivated. However, the overall 

curtailment greatly decreases, confirming that the best configuration to decrease the total RES 

curtailment is with the TPF activated. Even though the total costs present a small reduction, it is not 

proportional to the reduction of the overall curtailment. The risk of the BESS incurring in more cycles 

than guaranteed by the manufacturer with the TPF activated can only be assessed with the typical year 

simulation. Therefore, the algorithm is executed over the typical year with the TPF deactivated and 

activated, in order to determine the optimum BESS solution to Terceira island power system. 

Table C.4 – RES curtailment and total cost of the Simulation 

 
Initial Curtailment 

(MWh) 
Overall Curtailment 

(MWh) 
Total Cost (€) 

Simulation With Offline 

BESS 
79.911 79.911 19.897 

Simulation With BESS: 
TPF Deactivated 

43.674 41.299 17.326 

Simulation With BESS: 
TPF Activated 

48.025 30.321 16.302 
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Appendix D – Simulation with TPF Deactivated 
D.  

Table D.1 – TPF deactivated: Results. Green highlighted BESS present positive NPV. Red highlighted present negative NPV 

Power Energy NPV NPV NPV

 (kW) (kWh) 7% Discount Rate 7% Discount Rate 7% Discount Rate

950          12.172,38 €    20,54  0 345.035,00 €-       15.498,36 €    21,16  0 321.674,69 €-       28.459,64 €    21,55  0 230.640,04 €-       

1.430       55.954,83 €    19,99  0 229.619,15 €-       50.810,35 €    21,45  0 265.751,87 €-       52.650,69 €    22,10  0 252.826,08 €-       

2.100       53.244,29 €    19,41  0 480.125,43 €-       52.811,01 €    20,98  0 483.168,62 €-       43.014,14 €    21,27  0 551.977,70 €-       

2.520       40.189,10 €    20,06  0 730.160,95 €-       12.494,05 €    20,62  0 924.679,43 €-       27.996,47 €    21,75  0 815.796,90 €-       

2.940       44.490,23 €    20,94  0 858.302,40 €-       66.669,24 €    20,80  0 702.526,38 €-       26.348,04 €    21,83  0 985.725,57 €-       

1.430       212.853,41 € 30,56  0 841.012,99 €       184.917,76 € 32,41  0 644.804,69 €       191.908,77 € 33,79  0 693.906,59 €       

2.190       200.755,80 € 31,31  0 448.694,34 €       199.747,18 € 32,03  0 441.610,16 €       168.208,30 € 33,95  0 220.094,29 €       

3.150       206.168,93 € 31,48  0 183.481,09 €       201.343,06 € 32,64  0 149.586,17 €       153.425,60 € 34,08  0 186.965,98 €-       

3.780       177.749,45 € 31,87  0 282.037,44 €-       174.080,68 € 32,75  0 307.805,34 €-       182.494,41 € 33,71  0 248.710,85 €-       

4.410       194.157,07 € 30,59  0 404.313,94 €-       198.907,63 € 32,43  0 370.947,97 €-       175.189,62 € 34,14  0 537.533,33 €-       

1.900       184.276,69 € 35,74  0 432.515,15 €       203.826,99 € 37,33  0 569.828,24 €       193.390,75 € 39,38  0 496.528,50 €       

2.950       217.170,75 € 35,57  0 240.942,82 €       221.726,14 € 37,32  0 272.938,03 €       231.676,92 € 38,99  0 342.828,09 €       

4.200       217.786,41 € 36,48  0 180.699,50 €-       222.918,98 € 37,30  0 144.650,50 €-       200.873,86 € 39,08  0 299.486,20 €-       

5.040       228.233,38 € 35,36  0 424.016,55 €-       195.238,54 € 37,08  0 655.758,45 €-       182.701,02 € 39,19  0 743.816,73 €-       

6.090       195.301,24 € 36,46  0 1.051.176,19 €-    201.175,72 € 37,93  0 1.009.916,28 €-    214.163,54 € 39,22  0 918.695,24 €-       

2.380       303.498,42 € 38,52  0 1.066.019,75 €    319.509,29 € 40,30  0 1.178.473,40 €    298.038,70 € 41,58  0 1.027.672,99 €    

3.710       334.438,13 € 38,62  0 745.464,67 €       318.618,62 € 39,83  0 634.355,04 €       296.766,13 € 41,67  0 480.872,28 €       

5.250       319.982,69 € 38,76  0 125.088,34 €       320.093,36 € 39,77  0 125.865,63 €       317.393,68 € 41,28  0 106.904,22 €       

6.300       326.231,07 € 38,02  0 226.893,17 €-       320.270,59 € 40,32  0 268.757,10 €-       306.311,26 € 41,63  0 366.801,64 €-       

7.560       326.203,78 € 38,56  0 702.118,33 €-       309.457,63 € 40,30  0 819.736,31 €-       328.356,86 € 41,45  0 686.996,02 €-       

2.850       300.778,98 € 41,76  0 823.467,92 €       299.250,02 € 44,21  0 812.729,15 €       279.960,05 € 44,89  0 677.244,50 €       

4.470       300.511,44 € 41,38  0 168.479,29 €       300.341,69 € 42,75  0 167.287,04 €       276.177,65 € 45,40  0 2.431,06 €-           

6.300       279.901,91 € 42,17  0 595.289,72 €-       286.640,35 € 42,97  0 547.961,69 €-       272.326,83 € 45,25  0 648.493,89 €-       

7.560       269.099,14 € 41,71  0 1.146.197,30 €-    242.154,79 € 43,50  0 1.335.443,12 €-    262.455,45 € 44,99  0 1.192.859,81 €-    

9.030       305.134,35 € 41,40  0 1.447.309,95 €-    256.746,63 € 43,94  0 1.787.165,03 €-    267.260,49 € 45,04  0 1.713.320,09 €-    

3.330       240.231,88 € 45,01  0 190.432,94 €       243.444,42 € 46,65  1 212.996,53 €       230.247,37 € 48,01  0 120.305,92 €       

5.230       264.969,99 € 45,09  0 404.192,19 €-       260.685,08 € 46,40  0 434.287,59 €-       241.265,61 € 48,34  1 570.681,83 €-       

7.350       269.725,53 € 44,56  0 1.084.146,02 €-    228.946,01 € 46,50  0 1.370.564,32 €-    222.322,61 € 48,14  0 1.417.084,29 €-    

8.820       270.671,05 € 44,86  0 1.631.713,98 €-    259.945,27 € 46,26  0 1.707.047,34 €-    269.592,19 € 47,79  0 1.639.291,44 €-    

10.500     256.270,10 € 44,83  0 2.366.244,49 €-    243.896,37 € 47,39  1 2.453.152,39 €-    243.208,20 € 48,22  0 2.457.985,79 €-    

3.800       264.155,46 € 50,35  0 135.010,56 €       267.485,89 € 52,24  1 158.402,12 €       218.345,40 € 54,16  0 186.740,12 €-       

5.990       248.575,49 € 50,52  0 858.048,23 €-       232.417,56 € 52,71  0 971.534,77 €-       240.103,88 € 53,86  0 917.549,22 €-       

8.400       284.882,07 € 49,75  0 1.416.560,25 €-    239.582,79 € 52,12  0 1.734.723,39 €-    248.758,22 € 53,77  1 1.670.278,99 €-    

10.080     252.988,65 € 50,63  0 2.273.941,04 €-    285.644,29 € 51,64  0 2.044.581,55 €-    212.570,60 € 54,00  0 2.557.820,53 €-    

11.970     257.589,65 € 50,90  0 2.954.185,26 €-    249.384,82 € 52,53  1 3.011.812,58 €-    226.744,87 € 54,19  1 3.170.826,09 €-    

4.280       286.939,01 € 51,94  0 95.092,29 €         273.759,91 € 54,65  1 2.527,80 €           267.257,92 € 56,21  1 43.139,47 €-         

6.750       286.416,26 € 52,91  0 907.457,68 €-       264.322,13 € 54,64  1 1.062.637,56 €-    255.672,69 € 56,26  1 1.123.387,61 €-    

9.450       290.687,57 € 53,10  0 1.782.404,72 €-    290.363,96 € 54,44  1 1.784.677,59 €-    283.257,49 € 56,20  1 1.834.590,49 €-    

11.340     289.235,31 € 52,98  0 2.505.154,98 €-    289.803,60 € 54,46  0 2.501.163,52 €-    291.904,10 € 56,26  0 2.486.410,53 €-    

13.440     294.674,71 € 53,04  1 3.258.260,07 €-    284.193,70 € 54,75  1 3.331.874,31 €-    284.451,78 € 55,90  1 3.330.061,64 €-    

4.750       337.655,11 € 54,34  1 243.523,51 €       374.977,80 € 56,00  0 505.662,50 €       327.021,02 € 57,37  1 168.834,13 €       

7.410       382.960,62 € 54,46  0 513.994,90 €-       345.973,04 € 56,23  1 773.780,23 €-       328.433,23 € 57,68  2 896.972,48 €-       

10.500     371.000,87 € 54,37  1 1.635.699,34 €-    341.594,77 € 55,99  1 1.842.235,49 €-    351.893,81 € 57,41  0 1.769.899,35 €-    

12.600     368.941,79 € 54,68  1 2.441.887,10 €-    350.773,17 € 56,56  0 2.569.495,88 €-    340.561,86 € 57,85  1 2.641.215,86 €-    

14.910     369.595,38 € 55,05  0 3.308.197,57 €-    380.303,37 € 56,07  1 3.232.989,13 €-    345.322,71 € 57,67  1 3.478.678,64 €-    
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Appendix E – Simulations with TPF Activated 
E.  

Table E.1 – TPF Deactivated: Results. Blue highlighted BESSs present cycles over the limit. Green highlighted BESS both respect the cycles limit and presents a positive NPV. Red highlighted 
BESS present negatives NPVs 

 

Power Energy NPV NPV NPV

 (kW) (kWh) 7% Discount Rate 7% Discount Rate 7% Discount Rate

950          29.712,94 €-    25,12  1061 639.219,96 €-       27.197,86 €-    25,63  1063 621.555,03 €-       24.381,25 €-    26,17  1071 601.772,38 €-       

1.430       19.278,14 €    26,27  754 487.220,90 €-       3.673,80 €      27,91  750 596.819,24 €-       8.207,61 €-      29,09  749 680.269,32 €-       

2.100       33.930,86 €    27,19  556 615.774,88 €-       28.724,55 €    29,14  558 652.341,84 €-       27.541,53 €    29,62  554 660.650,87 €-       

2.520       25.210,73 €    28,17  483 835.362,74 €-       6.738,97 €      28,84  478 965.100,67 €-       20.759,68 €    30,32  474 866.625,06 €-       

2.940       41.921,20 €    29,22  420 876.346,19 €-       57.468,08 €    29,41  417 767.151,47 €-       6.244,07 €      30,71  417 1.126.927,44 €-    

1.430       214.892,88 € 37,42  993 855.337,35 €       189.994,12 € 39,73  1002 680.458,87 €       204.296,67 € 41,59  995 780.914,02 €       

2.190       221.667,04 € 40,16  700 595.566,10 €       223.531,17 € 40,87  685 608.658,96 €       190.462,04 € 42,96  682 376.395,26 €       

3.150       233.468,89 € 41,57  525 375.224,59 €       232.214,39 € 42,79  522 366.413,49 €       188.560,13 € 44,23  513 59.804,22 €         

3.780       213.287,81 € 42,13  450 32.430,87 €-         219.560,41 € 43,23  439 11.625,26 €         228.385,02 € 44,40  440 73.605,60 €         

4.410       245.516,51 € 41,23  397 43.586,72 €-         253.623,00 € 43,22  384 13.349,88 €         222.565,26 € 44,82  379 204.786,68 €-       

1.900       181.539,78 € 45,42  993 413.292,19 €       190.236,20 € 46,80  989 474.372,23 €       160.409,12 € 49,02  977 264.879,31 €       

2.950       274.775,55 € 47,37  696 645.534,89 €       253.126,33 € 49,16  669 493.479,81 €       247.822,52 € 51,55  673 456.228,06 €       

4.200       296.094,00 € 49,50  508 369.300,26 €       303.731,94 € 50,61  506 422.945,91 €       272.087,30 € 52,40  492 200.687,20 €       

5.040       299.017,64 € 49,13  439 73.142,50 €         273.947,07 € 50,82  429 102.942,68 €-       256.496,79 € 52,91  419 225.506,15 €-       

6.090       286.152,51 € 50,30  369 413.074,85 €-       287.081,44 € 51,80  359 406.550,42 €-       281.091,47 € 53,27  354 448.621,51 €-       

2.380       266.090,89 € 49,97  977 803.284,94 €       254.803,51 € 51,92  982 724.007,09 €       232.150,11 € 53,30  986 564.899,06 €       

3.710       337.590,89 € 53,07  666 767.608,30 €       319.245,61 € 53,93  657 638.758,75 €       250.963,64 € 56,38  659 159.174,79 €       

5.250       366.004,33 € 54,22  499 448.325,10 €       350.775,00 € 55,36  491 341.360,62 €       341.142,88 € 57,03  479 273.708,65 €       

6.300       375.262,98 € 53,97  426 117.486,43 €       342.244,59 € 56,28  412 114.420,91 €-       326.391,67 € 57,54  404 225.765,20 €-       

7.560       367.217,79 € 55,06  359 414.053,11 €-       345.206,91 € 56,45  351 568.648,30 €-       350.135,13 € 57,75  344 534.034,55 €-       

2.850       342.775,72 € 54,84  969 1.118.435,46 €    330.124,14 € 57,29  956 1.029.576,04 €    312.202,76 € 58,10  965 903.703,80 €       

4.470       386.250,77 € 56,97  653 770.676,51 €       384.114,39 € 58,62  650 755.671,47 €       346.628,38 € 60,87  644 492.385,39 €       

6.300       363.612,01 € 58,46  478 7.344,95 €-           384.671,19 € 60,09  476 140.565,86 €       386.885,29 € 61,60  466 156.116,82 €       

7.560       366.080,60 € 58,71  405 465.040,12 €-       341.846,97 € 60,63  401 635.246,99 €-       381.264,33 € 61,99  395 358.395,94 €-       

9.030       399.865,87 € 58,94  344 781.955,39 €-       356.527,52 € 60,97  339 1.086.345,82 €-    390.083,85 € 62,20  333 850.660,21 €-       

3.330       332.588,40 € 59,29  954 839.106,53 €       322.120,12 € 60,69  936 765.581,67 €       317.004,47 € 61,88  939 729.651,55 €       

5.230       385.557,87 € 61,31  630 442.766,65 €       375.412,80 € 62,41  622 371.511,92 €       342.138,98 € 63,62  612 137.810,52 €       

7.350       389.104,59 € 62,01  455 245.677,44 €-       375.436,91 € 63,78  452 341.673,48 €-       370.896,96 € 65,60  453 373.560,23 €-       

8.820       402.730,63 € 62,72  380 704.182,70 €-       414.767,78 € 64,48  385 619.638,82 €-       415.251,35 € 65,01  380 616.242,40 €-       

10.500     394.241,58 € 63,15  327 1.397.190,52 €-    379.184,71 € 65,07  325 1.502.943,71 €-    389.703,62 € 65,91  319 1.429.063,29 €-    

3.800       332.065,34 € 63,20  866 611.981,15 €       340.163,37 € 64,83  885 668.858,28 €       293.472,32 € 65,37  900 340.919,89 €       

5.990       337.573,26 € 66,83  588 232.965,11 €-       316.738,24 € 67,52  578 379.301,58 €-       305.814,30 € 67,72  580 456.026,77 €-       

8.400       377.129,30 € 66,84  426 768.654,30 €-       336.166,68 € 68,93  425 1.056.358,57 €-    335.223,65 € 69,54  420 1.062.982,02 €-    

10.080     366.181,61 € 68,66  353 1.478.921,07 €-    369.989,27 € 68,85  351 1.452.177,66 €-    303.225,87 € 70,17  355 1.921.095,83 €-    

11.970     373.023,02 € 68,74  299 2.143.429,54 €-    360.896,19 € 70,17  305 2.228.603,35 €-    333.581,10 € 70,84  300 2.420.453,13 €-    

4.280       393.967,89 € 65,20  843 846.818,39 €       363.756,61 € 67,56  843 634.626,95 €       351.689,52 € 68,78  858 549.872,77 €       

6.750       403.246,66 € 69,22  549 86.889,83 €-         400.079,31 € 70,29  548 109.135,94 €-       364.121,31 € 71,42  549 361.689,88 €-       

9.450       431.143,26 € 71,12  407 795.902,67 €-       434.883,75 € 71,75  404 769.631,07 €-       400.842,90 € 72,73  398 1.008.719,73 €-    

11.340     451.460,43 € 71,10  336 1.365.753,64 €-    426.149,65 € 71,74  331 1.543.525,96 €-    422.608,85 € 73,31  336 1.568.395,05 €-    

13.440     452.200,50 € 71,45  293 2.151.864,82 €-    422.199,75 € 72,62  289 2.362.577,58 €-    420.709,38 € 73,44  283 2.373.045,30 €-    

4.750       355.583,90 € 69,10  798 369.447,84 €       413.651,40 € 70,34  807 777.289,65 €       363.691,09 € 71,17  825 426.389,32 €       

7.410       452.288,03 € 71,37  526 27.068,19 €-         410.274,36 € 72,30  537 322.154,67 €-       380.682,72 € 73,55  537 529.993,91 €-       

10.500     471.415,97 € 73,00  390 930.425,72 €-       418.772,12 € 74,62  391 1.300.174,06 €-    435.980,67 € 75,32  385 1.179.308,46 €-    

12.600     467.913,36 € 73,10  322 1.746.752,22 €-    430.810,17 € 74,77  320 2.007.349,49 €-    434.917,14 € 76,19  325 1.978.503,85 €-    

14.910     424.083,46 € 74,09  273 2.925.496,13 €-    484.377,34 € 75,30  274 2.502.017,09 €-    444.067,21 € 76,84  278 2.785.138,59 €-    
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