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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. Isolated electrical systems present high levels 
of Renewable Energy Sources (RES) curtailment as 
intermittency and isolation impose challenges regarding 
the integration of this energy into the electrical grid. 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. It 
is inserted into the Unit Commitment and Economic 
Dispatch (UC+ED) and regarded as another dispatchable 
generator, in order to replace dispatched thermal 
generators. The results suggest that the investment in 
this technology may be profitable and considerably 
decreases the levels of RES curtailment. 

 

     Index Terms – Battery Energy Sources, Unit 
Commitment and Economic Dispatch, Integration of 
Renewable Energy Sources, Isolated Electrical System 

 

I. INTRODUCTION 

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 thermal 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. In case 
of infringement of the generator’s constraints, namely the 
ones related to the technical minimum, renewable power 
curtailment is the solution as it increases the power assigned 
to the 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. This 
procedure is shown in Figure 1: 

 

 

Figure 1 - Determination of the power assigned to thermal 
generators 

 

The main generator’s constraint states that the power system 
has to operate with a combination of thermal generators that 
is able to simultaneously generate their assigned power and 
ensure the total spinning reserve requirements. If the selected 
combination of generators does not comply with this 
constraint, the system searches for another combination of 
generators, by turning on or shutting down units, which exhibit 
a higher technical minimum power output and can supply both 
the demand and spinning reserve. 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. The required curtailment 
power is the difference between the previous demand 
assigned to the generators and the technical minimum power 
of the combination of generators selected now. 

The literature on Unit Commitment and Economic Dispatch 
(UC+ED) of optimisation methods on this topic is vast [1]–[5], 
including several different techniques such as extended 
priority list, dynamic programming, Lagragian relaxation 
approach, simulated annealing and evolutionary 
programming.  

Masuta et al. [6] 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 BESS charges 
when solar power curtailment exists and discharges to avoid 
the UC+ED from starting up the most expensive thermal 
generators.  

Senjyu et al. [7], 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 
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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. [8] 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 fuel savings are considered for the 
calculation of the Net Present Value (NPV) of the project. 

Chen et al. [9] 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 comprises two main stages. The first 
executes the UC+ED considering the BESS dispatch freezes. 
The second stage optimises the battery dispatch considering 
that the previous best UC+ED solution determined freezes 
(on/off status of the thermal generators). 

Miranda et al. [10] 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 and last stage performs generation 
adjustments to the thermal generators’ output and the BESS 
operational state to 1 minute RES and load fluctuations. 

The intended algorithm development has the main goal of 
avoiding RES curtailment. To do so, the BESS is responsible 
for ensuring portions of spinning reserve, in order to prevent 
the grid operator to be forced to start-up thermal generator 
only to ensure spinning reserve requirements. 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. 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 in order to find the optimum solution 
that minimises the RES curtailment. 

 

 

 

II. METHODS DESCRIPTION 

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: 

A. Thermal Generators Constraints  

1) Load Demand  

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) (1) 

∑ 𝑃𝑖(𝑡)

𝑖

= 𝐷(𝑡) (2) 

Wherein 𝐷(𝑡) is the load assigned to the thermal generators, 

𝑃𝑖(𝑡)is the output power of the thermal generator i, 𝐷𝐿(𝑡) is the 

total load demand required by customers and 𝑃𝑅𝐸𝑆(𝑡) is the 
RES output power. 

2) Technical Minimum 

The chosen state must have an output power above the 
technical minimum: 

∑ 𝑃𝑖(𝑡)

𝑖

≥ 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 (3) 

Wherein ∑ 𝑃𝑖(𝑡)𝑖  is the thermal generators total output power 

and 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛  is the technical minimum power output of state j. 

3) Spinning Reserve Requirements 

The UC+ED must also comply with the spinning reserve 
requirements: 

𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛 ≥ ∑ 𝑃𝑖(𝑡)

𝑖

+ 𝑆𝑅𝑡𝑜𝑡𝑎𝑙 (𝑡) ≥ 𝑃𝑠𝑡𝑎𝑡𝑒𝑗 
𝑀𝐴𝑋 (4) 

Wherein ∑ 𝑃𝑖(𝑡)𝑖  is the thermal generators total output power,  

𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve needs, 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑀𝐴𝑋  is the 

maximum power output of state j, 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛  is the technical 

minimum power output of state j. 

4) 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. The 
ramp up/down rates of the thermal generators are not 
considered to constrain the algorithm. 

5) Minimum up/down times 

The minimum thermal generator up and down times are, 
respectively, the minimum time that a generator has to keep 
online, once it has been started, and the minimum time it has 
to remain offline, once it is shutdown. The minimum up/down 
times of the thermal generators are not considered to 
constrain the algorithm. 

6) Minimum Number of Online Thermal Generators 

This constraint specifies that a minimum of 2 thermal 
generators must always be online. 
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B. List of Possible States  

Considering all the specified characteristics of Terceira’s 
power system presented, Table 4.1 lists all the possible states 
and presents their maximum and minimum output power. 

 

Table 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 

 

C. BESS selection and Specifications  

The BESS product selected to test the algorithm is the 
Powerpack manufactured by Tesla Inc. 
(www.tesla.com/energy). 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 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 2. 

 

Table 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. The 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). All the nominal energies of each selected rated power 
available on the website are selected to be tested. 

D. Utilisation of Spinning Reserve 

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. A Beta distribution 
is used to simulate the utilisation of spinning reserve. As this 
distribution in comprehended between 0 and 1, this output 
expanded to match the desired range between – 0.25 and 1:  

𝑆𝑅𝑢𝑠𝑒 = 1.25×𝑓𝑥(𝑥; 𝛼, 𝛽) − 0.25 (5) 

Wherein 𝑆𝑅𝑢𝑠𝑒 is the utilisation of spinning reserve and 

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

E. Algorithm Methodology 

The whole structure of this algorithm is illustrated in Figure 2. 
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 a Beta distributions to predict the 
utilisation of spinning reserve with 20% of its total values 
corresponding to negative values of utilisation of spinning 
reserve. 

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 2 – UC+ED Considering a BESS 

 

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 ensuring spinning reserve, thus avoiding the 
start-up of additional thermal generators to ensure this 
spinning reserve. To implement it, one modification needs to 
be inserted into the thermal generators constraints described 
in section A 3). Therefore, equation (4) is now changed into 
the following equation: 

𝑃𝑖
𝑀𝐼𝑁 ≥ ∑ 𝑃𝑖(𝑡)

𝑖

+ 𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡) − 𝐵𝐸𝑆𝑆𝑆𝑅(𝑡) ≥ 𝑃𝑖
𝑀𝐴𝑋 (6) 

Wherein ∑ 𝑃𝑖(𝑡)𝑖  is the thermal generators total output power,  

𝑆𝑅𝑡𝑜𝑡𝑎𝑙(𝑡), is the total spinning reserve needs, 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑀𝐴𝑋  is the 

maximum power output of state j, 𝑃𝑠𝑡𝑎𝑡𝑒𝑗

𝑚𝑖𝑛  is the technical 

minimum power output of state j and 𝐵𝐸𝑆𝑆𝑆𝑅(t) is the portion 
of spinning reserve assigned to the BESS. 

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. 

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. 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 addressed when the results are presented. 

III. RESULTS AND ANALYSIS 

The designed algorithm is now executed over the typical year 
to determine the parameters 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. 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. 

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.  

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 with 5 times execution. For this scenario 
and for both configurations of TPF deactivated and activated, 
the best BESS solutions are determined 

1) TPF Deactivated 

The algorithm is now executed with the TPF deactivated for 
all the BESSs. Table 3 displays the simulations that result in 
a positive NPV. All negative NPVs are discarded. We recall 

that 𝜉
𝐶𝑢𝑟𝑡𝑎𝑖𝑙

 is the percentage of reduction of RES curtailment 

in relation to the simulation with BESS offline. The number of 
cycles and the profit displayed is for a typical year simulation.  
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Table 3 - TPF Deactivated: Results with Positive NPV 

P(kW) E(kWh) 
Profit 

 (€) 
𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍 

(%) 
Cycles NPV (€) 

750 

1 430 184 918 32.41 0 644 805 

2 190 199 747 32.03 0 441 610 

3 150 201 343 32.64 0 149 586 

1000 
1 900 203 827 37.33 0 569 828 

2 950 221 726 37.32 0 272 938 

1250 

2 380 319 509 40.30 0 1 178 473 

3 710 318 619 39.83 0 634 355 

5 250 320 093 39.77 0 125 866 

1500 
2 850 299 250 44.21 0 812 729 

4 470 300 342 42.75 0 167 287 

1750 3 330 243 444 46.65 1 212 997 

2000 3 800 267 486 52.24 1 158 402 

2250 4 280 273 760 54.65 1 2 528 

2500 4 750 374 978 56.00 0 505 662 

 

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. 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. 

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%. 

2) TPF Activated 

The algorithm is now executed with the TPF activated for all 
the tested BESSs. Table 4 displays the simulations that result 
in a positive NPV. All negative NPVs are discarded. 

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. 

 

Table 4  - TPF Deactivated: Over Cycles blue highlighted 

P(kW) E(kWh) 
Profit 
 (€) 

𝝃𝑪𝒖𝒓𝒕𝒂𝒊𝒍 
(%) 

Cycles NPV (€) 

750 

1 430 189 994 39.73 1002 680 459 

2 190 223 531 40.87 685 608 659 

3 150 232 214 42.79 522 366 413 

3 780 219 560 43.23 439 11 625 

4 410 253 623 43.22 384 13 350 

1000 

1 900 190 236 46.80 989 474 372 

2 950 253 126 49.16 669 493 480 

4 200 303 732 50.61 506 422 946 

1250 

2 380 254 804 51.92 982 724 007 

3 710 319 246 53.93 657 638 759 

5 250 350 775 55.36 491 341 361 

1500 

2 850 330 124 57.29 956 1 029 576 

4 470 384 114 58.62 650 755 671 

6 300 384 671 60.09 476 140 566 

1750 
3 330 322 120 60.69 936 765 582 

5 230 375 413 62.41 622 371 512 

2000 3 800 340 163 64.83 885 668 858 

2250 4 280 363 757 67.56 843 634 627 

2500 4 750 413 651 70.34 807 777 290 

 

However, many simulations present problems regarding the 
number of cycles incurred in a typical year, reason why the 
ones that cycle more than 550 times are 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 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. 

3) Final Optimum Solution  

The best selected solutions are now executed over 400 times 
in order to eliminate the uncertainty of the random distribution 
used to predict the utilisation of spinning reserve. 
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The optimum solution that maximises the reduction of RES 
curtailment while maintaining a positive NPV is the BESS 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, after understanding the concepts presented in this 
research, 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. 

IV. CONCLUSIONS 

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. 
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