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Abstract — The electrical system of Azores, 

challenged by various geographical peculiarities (location, 

environmental resources availability and morphology) and 

by the great distance to the European continent, presents 

potentialities and limits which impose specific modus 

operandi, both as regards facilities and infrastructures and 

in management terms. The decision of undertaking this 

study and developing the present paper arises from the 

acknowledged necessity of identifying valuable alternatives 

to the existing systems and methods, bearing in mind the 

fundamental balance between costs and benefits.  
The first part of the present paper proposes a 

comprehensive study about the Azorean electrical sector, 

which includes the analysis of infrastructures, 

management processes of power-plants and the relative 

technologies, transport and distribution grids as well as 

energy consumption statistics. Subsequently, significant 

attention is devoted to the island of S. Miguel, which 

presents the largest extension, population and energy 

consumption as well as a greater availability of geothermal 

resources – feature which makes it unique. The mentioned 

study is followed by the proposal and the respective 

economic and technical assessment and feasibility analysis 

of the installation of a maritime electrical energy transport 

system capable of carrying through the interconnection 

between the isolated networks of three islands of the 

central group of the Archipelago: S. Jorge, Pico and Faial. 

A quantitative costs-benefit analysis is then carried out on 

the basis of past similar researches and of the study of the 

specificities that each island’s electrical system presents 

(including the characteristics of the power-plants, the 

transport and distribution grids and the different 

production and consumption statistics). At last, the thesis 

is corroborated by a simulation of the network using the 

programme DPlan, where every interconnection 

hypothesis is tested in greater detail, both in peak and in 

valley hours, and the consequences of connection losses are 

clearly defined. 
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I. INTRODUCTION 

In Portugal, the electircal sector is operated differently 

depending on the location of the system (continent or 

autonomous regions of Madeira and Azores), both in terms of 

infrastructures and management. The present papar aims, first 

of all, to present the main differences between such 

management methods.   

It is then fundamental to express the reasons underlying the 

decision of drafting the present document: It has been in fact 

recognized the need to explore alternatives to current 

procedures and methods, improving the balance costs-benefits.  

The archipelago of Azores is composed of nine volcaninc 

islands in the North Atlantic Oceaan, about 1 360 km (850 mi) 

west of continental Portugal. Each island presents its own 

electrical grid, completly independent and with power-plants 

and other infrastructures based on its dimension, consumption 

and environmental features. In fact, for their volcanic origin 

and their location, the Azores present exclusive geographical 

particuliarities and a great geothermal potential.   

The first chapter of the paper comprehensively presents, 

defines and characterizes the processes forming the electrical 

sector of the Archipelago: production, transportation, 

distribution and consumption. Special attention is devoted to 

further necessities such as, for examples, the more complex 

sea fuel transportation practices.    

The island of São Miguel is the largest island of the 

Archipelago, not only from a geographical point of view but 

also in terms of energy potential, production and consumption.  

One of the main objectives of the present thesis is a detailed 

analysis of the electrical system of the island and its possible 

future improvements.  

The second part of the papaer is dedicated to the study and 

proposal of the installation of an interconnection system 

between the three small grids of São Jorge, Pico e Faial, 

aiming to build a much more stable and wider grid which can 

maximise the resources’ exploitation. 

The analysis of the existing producion and transportation 

infrastructures is therefore presented, together with the 

definition of its consumption values. Such introductory study 

is followed by an in-depth research of the mentioned 

interconnection, which includes the description of the 

necessary equipment, the position and installation procedure 

of the submarine cables as well as the study of the structural 

requirements for their collocation.    
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For a better undestanding of the proposal, this thesis is 

corroborated by a precise and comprehensive simulation based 

on the real grids’ characteristics. This additional tool permits a 

clear definition and explanation of: how the interconnection 

will function in peak-and valley hours; the transit of electicity; 

possible short-circuit circumnstances; possible losses and 

provisions of reactive power in the cables.   

At last, an economic study identifies: the costs of the new 

equipment; finantial benefits and profits related to the 

efficiency improvement, as well as the investment value 

beyond which the building of such interconnection can be 

considered as finantially viable.   

II. CHARACTERIZATION AND EVOLUTION OF THE AZOREAN ELECTRICAL 

SYSTEM 

1. The Azorean electrical system 

1.1. The introduction of electricity in Azores 

 

In 1900 the Portuguese engineer José Cordeiro built the first 

power-plant in Azores, in the island of São Miguel:  the 

Fábrica da Vila, which operated until 1972. An electrical grid 

for the lighting of the most populated areas was then installed.  

In 1907, José Cordeiro founded the firm Empresa de 

Eletricidade e Gás, Lda.  

Later on, following the technological and consumption 

evolutions, thermal power-plants were finally set up. 

 In 1980 the first geothermal power-plant was build and 

immediately followed by the constitution of the firm Empresa 

de Eletricidade dos Açores (EDA), which aimed to create an 

institution able to meet the needs of the Azorian electical 

sector, which, at that time, faced various diffficulties.The firm 

would then be responsible for the whole sector: from the 

production to the transportation and distribution of electricity 

in the region.  

In 2002, the Portuguese regulatory authority ERSE - 

Entidade Reguladora dos Serviços Energéticos (Regulatory 

Authority of Energy Services) was extended to the 

autonomous regions of Azores and Madeira. All firms 

operated in the field started thereby to comply with ERSE 

regulations and control. 

 

1.2. Comparison between the European and the Azorean 
model 

 

In 2001, the Portuguese government, in collaboration with 

the Spanish establishment, implemented, in the context of the 

European single market, a new model for the electricity 

market. Both the production and the commercialization were 

liberalized and opened to the market. As regards the 

transportantion and distribution, natural monopolies with high 

fixed costs and investments, they started to be operated by 

private firms subjected to a single regulatory authority to 

avoid extra costs for the final consumer.   

Special conditions were guaranteed to the regions of Azores 

and Madeira, due to their peripherial condition. The semi-

public firm EDA, with a traditional vertical organization, 

therefore still is the only resposible for the production, 

transportation, distribution and commercialization of 

electricity in the archipelago of Azores. However, the sector is 

subject to the regulation of the mentioned Portuguese 

competent Authority (ERSE). It is allowed to set-up private 

firms for the production of energy: subject, however, to prior 

operating agreements with EDA.  

The absence of competition, together with the necessity of 

transporting fuel by sea and the low returns of small diesel 

engines, results in a substantial increase of the price of enegy, 

which is then shared with the rest of the country.  

 

1.3. The consumption 

 

 The autonomous region of Azores has a population of 

246.102 inhabitants. In 2017, the number of consumers of low 

and medium voltage amounted to 124 176 people and the total 

consumption amounted to 734 582 799 kWh, of which 61.3% 

corresponded to low-voltage consumers and 38.7% to 

medium-voltage consumers. Such terms corresponded to a 

value of 2 985 MWh/inhabitant, below the national average of 

2016, which was 4 583 MWh/inhabitant. 

 
1.4. The production 

 

The electricity producion in Azores is majorely managed by 

EDA, and there exists very few others independent productors. 

Such production is mainly based on fossil fuels. In 2017, it 

amounted to 802 944 MWh, of which 36.6% is based on 

renewable resources and 63.4% derives from thermal sources: 

55.0% is based on heavy fuel and 8.4% on diesel. Every island 

is provided with a thermoelectric power-plant and there does 

not exsist any electrical connection between them.  

Geothermal energy and hydroelectric power have already 

been widely explored due to their proven viability: thereby 

there continue to exist various investments to update and 

improve the existing systems and infrastructures. The 

Archipelago furthermore possesses eight wind parks, 54 

windmills and a total capacity of 32.95 MW, to which 

contributes also a private wind park. 

The island of Flores represents a special case, as there was 

registered a substantial number of service hours in which the 

consumption needs were met exclusively through the usage of 

renewable technologies, thanks to its strong hydroelectrical 

and wind component and to the existence of an inertia 

flywheel which allows to limit negative impacts on the grid 

frequency quality. At present, works are in progress on the 

construction of two new photovoltaic parks on the islands of 

Santa Maria and Corvo. On the latter, the installation of the 

mentioned park would represent the very first renewable 

power-plant of the island.  

The Graciosa Island undertook a programme called 

YOUNICOS, which combines an amplified wind park 

(4.5MW), a photovoltaic park (1MW) and a large set of 

batteries (4MW/3.2MWh) and aims to improve the island’s 

electrical micro-grids management trying to meet almost 70% 

of local needs through renewable resources. 

 

1.5. Transportation and distribution grids 

 

At the moment there are no major infrastructures for the 

transportation of electricity in the region. Some smaller islands 

are only provided with small distribution grids. As for the 
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island of S. Miguel, the transportation is made via a high –

voltage network (60 kV) and the distribution through 30 kV, 

10 kV and 0.4 kV. On the island of Sta. Maria there exists 

only a 10 kV and 4kV distribution network while on Terceira 

and Pico the transportation is made through 30 kV and the 

distribution 15 kV, 0.4 kV and 6.9 kV. Faial e Flores have a 

transportation grid of 15 kV. The other distribution networks 

operate with voltages of 15 kV and 0.4 kV.  

 

1.6. Fuel transportations 

 

For obvious reasons, fuels are transported by sea. In the first 

place they are transported to the islands of S. Miguel and 

Terceira. The fuel reserved for the other islands is then stored 

in S. Miguel. Secondly, transportation is made to the other 

islands except for Corvo, for which a marginal part of fuel is 

stored on and shipped from the island of Flores.  

 

2. The case of S. Miguel 

 

The island of S. Miguel, as said, is the largest island of the 

Archipelago, with a surface of 744.7 km2, and a population of 

137 699 people, which corresponds to 63 292 consumers [4]. 

 

2.1. Consumption 

 

In 2017 the island of S. Miguel presented a total 

consumption of 402 924 026 kWh [4], of which 59.5% 

corresponded to low-voltage. The main consumers of 

medium-voltage are industries and the sales sector while low 

voltage is mainly consumed by the general population. The 

consumption per capita corresponded to 2.926 

kWh/inhabitant. The consumption of S. Miguel does not 

follow the evolution occurred in continental Portugal. On the 

island, the higher value of energy consumption is registered in 

summer while Portugal consumption records trun out to be 

during winter.  

Despite the economic growth, significant increases in 

electrical consumption are not expected, mainly due to a better 

energy and management efficiency. [9]. 

 

2.2. Energy production infrastructures 

 

On the island of S. Miguel there are 11 power-plants, 

currently operating, based on different technologies.  

 The main infrastructure still remains the thermal power-

plant of Caldeirão, built in 1987, with eight groups of power 

generatiors which correspond to a total of 98 MW (123.6 

MVA) [1]. The plant has the necessary capacity to meet all the 

energy needs of S. Miguel, even in peak hours.  

The production through hydroelectrical energy is carried out 

by seven smaller power plants. In most cases, such production 

is based on small quantities of water combined with a high 

height difference between the dam and the plant. All these 

hydroelectrical plants are connected by a 30kV distribution 

grid.   

The wind park Parque Eólico dos Graminhais, built in 2012, 

is provided with synchronous 900 kW windmills (type 

ENERCON E-44) which have a 44-metre diameter rotor and a 

45-metre tall nacelle [11]. 

Geothermal energy is rare on the planet. The islands of S. 

Miguel and Terceira are the only islands of the Archipelago 

which explore such energy. It was firstly exploited with the 13 

MW power-plant Central do Pico Vermelho, which has now 

been upgraded to 13 MW. As regards geothermal power-plant, 

it is furthermore needed to mention the Ribeira Grande plant, 

with a capacity of 16.6 MW 

 

2.3. Production 

 

 In 2017 the total production of the island of S. Miguel 

amounted to 433 771 795 kWh, which resulted from the sum 

of the following production categories:  212 150 462 kWh of 

thermal energy; 23 878 725 kWh of hydroelectricity; 

183 180 046 kWh of geothermal energy; 13 914 505 kWh of 

wind energy; 317 024 kWh of microgeneration; 331 033 kWh 

provided by other renewable resources [4]. During 2017 

records were recognized during summer months (July, Agust 

and September) for the highest production values, while in 

February the lowest valueswere registered. 

 

2.4. Transportation and distribution grids 

 

As regards the electrical grid, the island is provided with a 

60kV high-voltage transportation grid, a 30kV and 10kV 

medium-voltage distribution grid and a 0.4kV low-voltage 

grid. The distribution network has a high-voltage distribution 

grid of 10kV and 30kV.   

Connections to the ground, in the case of high-voltage, are 

made only though the power plants of Caldeirão and Ribeira 

Grande. As regards the 30Kv medium-voltage, it is established 

a resistive ground with RN = 57.7  (3 I0 = 300 A). As for 

10kV low-voltage, connection to the groud is made though the 

impedance grounding with Z0 = 57.7 /ph (3 I0 = 300 A), Z0 = 

17 Ω/ph (3 I0 = 1000 A) [1]. 

 

2.5. Voltage and frequency control 

 

Frequency regulation is carried out through the electrical 

machines speed control. There’s the need of an adjustable 

energy resource. Voltage control results from the utilization of 

determined equipment such as voltage regulators, machines’ 

excitation or through transformers’ management. For those 

reasons, frequency control is a much slower and more 

complex process compared to voltage control. 

Currently in Azores, frequecy regulation is performed 

though the control of the thermal power-plants groups of 

generators, sometimes with the assistance of a flywheel. Such 

frequency control limits the renewable energy penetration in 

the grid, as generator groups cannot operate under 40% of 

their nominal power.  

 

2.6. Main future developments and investments 

 

 An innovative project based on the utilization of batteries in 

small grids is underway on the Graciosa Island, which will 

allow to reduce the current thermal production from 100% to 
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little more than 30%. On the islands of S. Miguel and Terceira 

there exist two projects for the creation of reversible 

hydroelectrical systems, which can store the energy with 

artificial reservoirs, with a much greater installed power 

compared to the existing hydroelectrical plants.  It will 

therefore be possible, through pumped storage, to exploit 

renewable sources that would be waisted in valley-hours and 

to generate energy in peak hours. Such reversible power plants 

furthermore allow contributing to the grid voltage and 

frequency control, which will reduce the dependence existing 

in power plants.  

 

2.7. Costs of the Caldeirão power-plant  

 

As any other thermoelectrical power-plant, the total cost is 

composed by two fundamental factors: fixed costs and 

variable costs. Fixed costs inlcude constant charges, such as 

the amortisation and the remuneration of the accounting value 

of the assets, operation and maintenance costs i.a.. Variable 

costs are those costs which vary depending on the produced 

quantity, such as the cost of fuel and emissions ratings.  

To calculate the costs of Caldeirão power plant, fuel costs 

must be firstly considered. Various factors must thereby be 

taken in consideration: fuel costs, its maritime transportation, 

commercialization margins, the consumption expected for the 

current or following year as well as the fixed and variable 

costs related to unloading and storage costs in the Port of 

Ponta Delgada. Values extimated by ERSE for 2018 are: 

Cunit fuel = 308.69€/t; Consumfuel = 44 023 t; 
Cunload storage fuel = 1 960 557 €; Cunit diesel = 541 €/t ; 

Consumdiesel = 415.54 t; Cunload storage diesel = 5 782 €. 

Multiplying the unit cost for the consumption and summing 

the cost of unloading and storage, there will be an expected 

cost of: Cexp fuel = 15 549 861€; Cexp 𝑑𝑖𝑒𝑠𝑒𝑙 = 230 551€. In 

total it corresponds to Cfossil fuels = 15 780 412€. As regards 

the cost of CO2 emissions in 2018, ERSE has forseen a cost of 

7.481€/t [12].  Multiplying this value for the expected fuel oil 

and diesel consumption, it results in a cost of 332 444€. The 

variable cost will therefore corresponds to Cvariable =
16 112 856 €. 
 To calculate the plant’s fixed costs there must be taken in 

consideration different factors. First of all, the amortizations 

of thermoelectrical equipment, which might take from 3 to 40 

years. A period of 20 years (n) is therefore assumed, as the 

first groups were installed between 1987 and 1993, while the 

most recent four groups were installed between 2002 and 

2004. While all of them will be subjected to operation and 

maintanance costs, only the latters are considered to have 

different costs related to the assets’ amortization [18]. An 

investment cost of 1600€/kW is assumed [14]. These last four 

groups are provided with an installed power of 16 820 kW 

each, which corresponds to a total investment of 107.648 

million euros. With an interest rate of 10%, an annual value of 

about 12.6 M € is expected.  

As regards operation and maintanance costs (𝐶𝑜𝑝𝑚), ERSE 

has forseen a cost of 9 272 000€ for all of the power-plants 

managed by EDA [12]. Such value is furtherly divided by the 

total thermal production capacity of EDA, to understand the 

costs per controlled power. Such calculation results in a cost 

of Copm/kW = 44.125€/kW, which, multiplied for the plant’s 

power, corresponds to Copm annual = 4 327 101 €. The final 

fixed value is therefore the sum of annuality costs and 

operational and maintainance costs: Cfixed annual =
16 971 394 €. 

The total annual cost is the sum of variable and fixed costs 

and amounts to: Ctotal annual = 33 084 250 €.  

The average cost corresponds to a single energy unit 

production cost (€/MWh). On the other hand, the marginal 

cost represents the additional costs for the production of more 

than one unit, without considering the fixed costs. When 

relating the expected consumption with the specific engines’ 

consumption (205 g/kWh) it is possible to forsee the energy to 

be produced in this power-plant: Etotal annual =
214 746 𝑀𝑊ℎ. Values of Cmarg = 75 €/MWh and Cavg =

154 €/MWh are consequently obtained. For a unit cost of 

107.9 €/MWh within the Azorean independent electrical 

system, the mentioned results demonstrate that it is cheaper to 

carry on a fuel oil-based production than to acquire energy 

from independent entities.  

III. INTERCONNECTION OF SMALL ISOLATED ENERGY SYSTEMS 

1. Existing studies  

 

In 1922 a submarine energy transportation cable between 

the islands of Pico and Faial was set up. That cable was 

irretrievably damaged in the beginning of 1981 [14].  

In 2000, EDA assessed the possibility of interconnecting the 

electrical grids of Pico, Faial and S. Jorge. Such study 

depended on the profitability of the geothermal resources of 

Pico and Faial, which were under analysis in that period. As a 

conclusion, the project was judjed as unviable as it was 

necessary to maintain all the electricity generators. The 

advantages would have been only the reduction in labour, a 

better efficiency and management of fossil fuel consumption. 

[14]   

After two years, another analysis was carried out. It 

included the study of the interconnection’s technical terms, 

with one or two paths (Pico-Faial and Pico- S. Jorge) of 30kV 

and of 66kV. The similarity to prevous study regarded also the 

results, which was the project’s rejection. 

Lastly, in 2010, some selected members of EDA went for a 

visit on the Canary Islands to assess the existing submarine 

connections. They verifyed the incompatibility of the 

installation and fixing methods of those cables, due to the 

great differences between the two submarine grounds. A new 

analysis can be justifyed by: reconsidering the necessary 

requirements and their advantages, analysing the effective 

savings in terms of energy production without the burden of 

geothermal investments, including a study of a third path, 

establishing the connection Faial-S. Jorge.  

 

2. Advantages of an interconnection grid 

 

Generally, a small electrical grid implyes a further difficulty 

to maintain the quantitative service levels, as such grid is 

easily influenced by slight disturbances. Therefore, a bigger 

grid will represent greater stability in terms of frequency and 

voltage, as well as an additional help when solving load 
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diagram peaks. Such valuable disturbances absorption allows 

therefore a better exploitation of the existing wind parks.     

As regards thermal production, it is possible to reduce costs. 

In Azores, thermal production derives from two types of fuels: 

diesel and fuel oil. The first has a higher cost and, in a short-

term perspective, it is possible to improve the management of 

production costs avoiding the usage of diesel-based engines, 

which are the only energy source in some islands.   

Frequently and, sometimes simoultaneously in the three 

islands in analysis, engines operate with powers far below 

their nominal value: if necessary, renewable energy can also 

get wasted in order not to lower too much the production 

power of the thermal generator groups. Thanks to the 

proposed interconnection it could be possible to minimize the 

number of working engines, maintaining them to the nominal 

value, which corresponds to a greater profit. Such solution 

would avoid wasting and provoke an increase in production 

efficiency, less variable costs, a growth in the longevity of 

engines and even a better and more efficient renewable energy 

usage.     

In a long-term perspective, there exist the possibility of 

orienting the evolution towards the usage of only one thermal 

power plant, which would reduce significantly costs, using 

and maintaining just one infrastructure and keeping the 

existing plants as they can operate. 

 

3. Characterization of the isolated systems 

3.1. General features 

 

The main values which characterize the different analysed 

grids can be summed up in the consumption and production 

registered in 2017. As for Faial Island, there has been a total 

an energy consumption of 43 823 MWh while the production 

amounted to 49 351 MWh, with a peak point of 8.5 MW and a 

minimum record of 3.7 MW. As regards the values of the 

island of Pico, there has been a total consumption of 41 544 

MWh and a production of 46 468 MWh with a peak value of 

7.7 MW and 3.4 MW during valley hours. In S. Jorge the total 

consumption amounted to 26 620 MWh with a production of 

29 252 MWh and a peak value of 4.6 MW and a valley-hour 

value of 2.2.    

 

3.2. Existing power-plants 

 

All the island in analysis are provided with a 

thermoelectrical power-plant and a wind park. Notably, there 

is still a small hydroelectrical plant in Faial Island. The 

thermoelectrical power-plants of S. Roque (Pico) and Santa 

Bárbara (Faial) are fuel oil-based, with and installed power of 

16 763 kW and 19 107 kW, respectively. As regards the 

thermal power-plant of Caminho Novo (S. Jorge), the 

production is still based on diesel with an installed power of 8 

228 kW. The wind parks of Canto (Pico), Urze (S. Jorge) and 

Salão (Faial) possess an installed power of 2 400 kW, 4 108 

kW, 4 250 kW, respectively. At last, the hydroelectrical 

power-plant of Varadouro, with a Pelton turbine, presents an 

installed power of 320 kW.   

 

3.3. Costs of the power-plants 

 

To calculate the costs related to the power-plants of Sta. 

Bárbara, S. Roque and Caminho Novo, the same calculations 

previously made to determitate Caldeirão’s costs must be 

carried out.  

It is fundamental to notice that: for 2018, ERSE forsees a 

cost of 7.481 €/t related to CO2, emission; a value of 1 600 

€/kW is assumed for capacity investments, and operational 

and maintenance costs are considered to be 44.125 €/kW. 

ERSE furthermore forsees the following consumption 

values: as for S. Jorge, 6 436 tons of diesel; as for Pico 8 561 

tons of fuel oil and 282 tons of diesel; as for Faial 8 436 tons 

of fuel oil and 312 tons of diesel. Consideirng the mentioned 

values, the total annual cost will amount 5.57 million Euros 

for S. Jorge, 6.3 million for Pico and 6.8 million for Faial. 

Marginal costs for the islands, following the same order, are: 

144 €/MWh, 99.8 €/MWh and 94.6 €/MWh while average 

costs amount to 219.3 €/MWh, 153.6 €/MWh, 152.3 €/MWh. 

 

3.4. Transportation and distribution grids 

 

Currently, there exists an electricity transportation grid in 

Faial and Pico Islands, while S. Jorge posesses only a 

distribution grid. In Faial, transportation is carried out through 

a 15kV grid while distribution has a grid of 15kV and 0.4kV. 

As far as Pico Island is concerned, its transportation grid has a 

voltage of 30kV, while the distribution is made at 155kV and 

0.4kV. As regards S. Jorge, its only distribution grid works at 

15kV and 0.4kV.   

Considering that Pico’s transportation grid is 11.06km long, 

10.37 km longer than Faial’s network, it is necessary to 

operate with a higher voltage to reduce losses.  

In order to reduce the lenght of the necessary sumarine 

cables it is crucial to identfy strategic nodes to be used in the 

interconnection. As far as the connection Faial-Pico is 

concerned, such nodes are Santa Bárbara power-plant’s dam 

(Faial) and Madalena substation’s dam (Pico). As regards the 

connection between Pico and S. Jorge Islands, the strategic 

nodes are S. Roque thermal power-plant and Caminho Novo 

power-plant.   

 

3.5. Possible capacity for total or parcial reduction of diesel 

utilization  

 

The main advantage brought about by the interconnection is 

the possibility of reducing the thermal diesel-based 

production, mainly by using fuel oil as a cheaper substitute.  

The two existing fuel oil-based power-plants, however, might 

not have enough capacity to meet the whole energy need of 

the three islands, which can turn such reduction unviable.  

To assess such circumnstance, consumption and production 

values referring to 2017 for the three islands have been 

analysed. In 2017 there have been registered the following 

peak values: in Faial 8 456 kW, in Pico 7 737 kW and in S. 

Jorge 4 642 kW, which corresponds to a total amount of 20 

835 kW. Values referring to the installed power in Pico and 

Faial thermal power-plants are 16 763 kW and 19 107 kW. 
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Observing the possible worst-case scenario, it is assumed 

that, in the moment when the three islands reach their highest 

power value, there does not exist any production derived from 

other technologies. As a consequence, the sum of the fuel oil 

based installed power in the two power-plants corresponds to  

𝑃𝑓𝑢𝑒𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 35 870 𝑘𝑊, which exceeds the necessary 20 

835 kW. 

Furthermore, the security criterion “n-2” presumes that the 

maximum peak demand of every system can be met even if 

the major group and the group with lower power are not 

working [9]. The removal of the two major generator groups 

corresponds to Pfuel capacity  n−2 = 28 476 kW, which means it 

is possible to supply the entire grid during peak hours using 

just fuel-oil based thermal power-plants.  

To connect Pico Island to S. Jorge, using exclusively the 

production derived from the fuel-oil based power-plant, the 

installed power is 16.763 kW, a value which exceeds the sum 

of peak power needs of both islands: 12.379 kW. However, 

with the removal of the two generator groups is no longer 

possible to ensure a production that respects the security 

criterion “n-2”, which means the diesel-based power-plant 

must be kept working and will be operated only under 

emergency circumnstances. 

 

4. New interconnections  

 

4.1.  Paths characterization 

 

The first path, designated as Path 1, establishes the 

connection between the thermal power-plant of S. Roque 

(Pico) and the power-plant of Caminho Novo (S. Jorge). A 

22.467 km long submarine cable will be necessary, which will 

get 1.276 km deep. The two points are located 22 km away 

from each other, of which 2.2 km above land and 19.8 above 

sea.   

 The second path, Path 2, makes the connection between the 

thermal power-plant of Santa Bárbara (Faial) and the 

substation of Madalena (Pico). The distance between the two 

is about 11.215 km, of which 7.572km above sea and 3.643 

above land. The maximum depth is 140 meters. There cable 

must be 11.231 km long.   

The third path, designed as Path 3, establishes the 

connection between the thermal power-plant of Santa Bárbara 

(Faial) and the power-plant of Caminho Novo (S. Jorge). The 

total distance between the two is 45.287 km, of which 2.4 km 

above land and 42.89 km above sea. This path is the longest 

and it reaches a maximum depth of 1.269 km. Considering 

these data, the cable shoul be 45.567 km long. 

As a consequence, the total cable lenght will be 79.264 km. 

A more detailed research on the submarine ground is 

furthermore essential to determine and chose the best cable 

routing.  

 

4.2. Characterization of the interconnection cables 

 

In comparison with other electrical AC cables, submarine 

cables need to face different physical forces, a more complex 

installation procedure and other restrictive factors 

It is firstly necessary to consider that such cables require a 

gasket with high level of impermeability and must be able to 

bear light damages without losing such characteristic.  It is 

furthermore essential for them to be anti-twisting and 

adequately installed, as long cables are especially vulnerable 

to ocean currents. To support such forces it is commonly used 

a metallic reinforcement. Such framework must be corrosion-

resistant: a bituminous tack coat coul be therefore needed. For 

the external part of the cable it might be also necessary to 

install a high-density polyethylene (HDPE) sheathing, which 

does not only protect the cable but is also corrosion-resistant.   

The external part of the cable is in direct contact with water 

and there exists a great heat dissipation. For this reason there 

shoul not be overheating problems. [16] 

As a result of an interview to engeneer Mário Damião1 

about the necessity and risks related to a submarine electrical 

connection, the present study was provided with information 

about two cables which can suit the circumnstances of the 

proposal:  CIMT-1101-ENEL-01-5 18-30 3x240 30kV and 

FT-CIAT-866-IEC-00-1 3x95 66kV.  

 

4.3. Installation of the interconnection cables 

 

The installation of a submarine cable is a highly complex 

process which implies to dedicate exclusive attention to the 

following aspects. 

It is a highly costly activity, which requires a great amount 

of professional, qualified labour. The process includes the 

fixation of the cable to the coast, while a ship expecially 

designed for the purpose that progressively unrolles the cable 

following the established path. The Azorean oceanic ground is 

rocky and irregular, which can make it difficult to open a 

trench. The cable mooring through concrete blocks can also be 

considered. An in-depth study of the composition of the sea 

ground is crucial to determine the most adequate installing 

procedure.  

The submanrine cable must be installed in its entirety, in 

just one operation. It is fundamental to establish the cable 

routing, considering the inclination of the ground and the 

elasticity of the cable. [17] 

 Among the main risks, there is the defective installation of 

cables that do not present the same flexibility or resistance. 

Another problem could be the cable mooring, which can be 

not sufficiently strong to deal with great external forces. 

Collisions with other vehicles or unpredictable environmental 

phenomena can also occur.  

 

4.4. Transformers 

 

As for a 60kV interconnection, at least four new 

transformers are needed: two with 30/60 kV transformation, 

one for the thermal power-plant of S. Roque and the other for 

the substation of Madalena; other two of 15/60 kV, one for the 

power-plant of Caminho Novo and another one for the Santa 

Barbara power-plant.  

As regards an interconnection with a voltage of 30 kV, at 

least two new transformers are necessary, as both S. Roque 

 
1 Engeneer Mário Damião, Commercial Director of Solidal. 
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and Madalena already possess a node with the required 

voltage. The two new 15/30 kV transformers would be 

installed in the power-palnt of Caminho novo and in Faial’s 

thermal power-plant.  

 

4.5. Reactive power generated by the cables and the 

consequences in case of over-supply 

 

When using an AC transmission, the grid is subjected to the 

cables’ capacitive effect, which can generate a high level of 

reactive power. To calculate the reactive power generated by 

the three cables used in the interconnection, it will be 

necessary to know each cable’s capacitance values. In the case 

os a 60 kV interconnection, the chosen cable has a capacity of 

0.15 µF/km. As for a 30 kV interconnection, the chosen cable 

has a capacity of de 0.231 µF/km.  

In the case of a 60 kV interconnection, the production of 

reactive power amounts to 169.65 kvar/km. As for Path 1, 

which is about 22.466 km long, 𝑄𝑇1 = 3.8 𝑀𝑣𝑎𝑟. As for Path 

2, 11.231 km long, 𝑄𝑇2 = 1.9 𝑀𝑣𝑎𝑟. At last, as for Path 3, 

45.57 km long, 𝑄𝑇3 =  7.73 𝑀𝑣𝑎𝑟. In total, the 

interconnection has a lenght of 79.26 km and the reactive 

power amounts to 𝑄𝑇 =  13.45 𝑀𝑣𝑎𝑟. In the case of a 30 kV 

interconnection, the reactive power is 65.31 kvar/km. 

Consequently, Path 1 will generate a reactive power of 𝑄𝑇1 =
1.47 𝑀𝑣𝑎𝑟, Path 2,  𝑄𝑇2 = 0.73 𝑀𝑣𝑎𝑟 and Path 3,  𝑄𝑇3 =
 2.98 𝑀𝑣𝑎𝑟. The total lenght is 79.264 Km, corresponding to 

𝑄𝑇 = 5.18 𝑀𝑣𝑎𝑟. 

A reactive power surplus can result in an increase in the 

total current transiting through the distribution and 

transportation grids, and it could overload its componentes, 

increasing active power losses and provoking voltage drops 

and lower stability. 

5. Simulation 

 

The proposed interconnection has been simulated with the 

programme Dplan, specifically designed for the planning of 

energy distribution grids.  

One of the last chapters analyses different interconnection 

hypothesis: girds are studied both in the case of peak hours 

and during valley hours. The chosen values for peak hours are 

the following: Faial 8 456 kW, Pico 7 737 kW and S. Jorge 4 

642 kW. The chosen values for valley hours are: Faial 3 720 

kW, Pico 3 386 kW and S. Jorge 2 216 kW. As a result the 

total production corresponds to 9 322 kW.  

The simulations only consider the thermal power-plants 

while the others are considered as non-operational. Production 

made in the power-plant of Caminho Novo is avoided.   

The features of the used generators and transformers were 

retrived from the document CARE 2017, available on EDA 

official website. 

 

5.1. Interconnection composed of 3 paths 

 

The complete interconnection is composed by the usage of 

the three paths, in which every island is connected to the other 

two. The main advantage brought about the proposal is that, in 

case of failure of one of the paths, it is possible to bypass the 

cable using the other paths. 

It is first of all necessary to understand which the most 

adequate voltage is. 

 

5.1.1. A 60kV interconnection 

 

In the case of a high-voltage interconnection, an extra 15/60 

kV transformer with 20 MVA nominal power was installed to 

connect Santa Bárbara power-plant to the interconnection. In 

the case of the power-plant of Caminho novo, 15/60 kV a self-

transformer with 20MVA nominal power was installed in 

order to maintain a voltage of 60kV. A 30/60 kV transformer 

with the same nominal power was futherly placed in the 

substation of Madalena and in the power-plant of S. Roque. 

There already exists a medium-voltage grid connecting the 

thermal power-plant of S. Roque and the substation of 

Madalena.  

             5.1.1.1. 60 kV simulation during peak hours 

 

Simulating the supply during peak hours and using only the 

reference generator of Santa Bárbara power-plant, the result is 

an injected value of active power of 21.04 MW and reactive of 

-2.924 Mvar. Two conclusions can be thereby drawn: the 

system needs 21.04 MW, in case such values are produced in 

this node there is an excess of reactive power in the system 

without any production by the generators, which means, such 

power derives from the dimension and lenght of high-voltage 

cables. It is necessary to consume the surplus of reactive 

power. A solution is the usage of generators to consume such 

energy. However, such alternative is not reccommended. It is 

furthermore possible to reduce the value of reactive power in 

the system by removing or turning off some paths. 

A possible scenario is: groups 3 and 4 in Pico operating 

together with groups 4, 6, 7 and 8 in Faial. It should be 

underlined that groups 8 and 6 are consuming reactive power, 

while no one of the other generators injects reactive power. 

Group 8 has a power factor of 0.945, while G6 is 0.95. The 

remaining groups have a power factor of 1. Generators which 

have not been mentioned are switched off. 

The transit of energy through the interconnecting cables is: 

Path 1, 872.5 kW and 129.6 kvar in the connection Pico - S. 

Jorge; Path 2, 3 266.7 kW and 1 048.6 kvar in the connection 

Faial-Pico; Path 3, 3 852.67 kW and -3 375.55 kvar in the 

connection Faial- S. Jorge. Power values can be positive or 

negative depending on the connection and direction in which 

the transit of energy occurs.  

It is furthermore necessary to understand what happenes to 

the grid if one of the interconnections gets accidentally 

interrupted.  

If Path 1 gets unexpectedly out of service, the value of 

reactive power in the system will be reduced as there would 

exist no generation provided by the cable. The consumption of 

reactive power by the generators will therefore not be needed. 

Even if there might not be serious consequences, it is anyway 

needed to adjust the production to maintain the optimization of 

the grid. It is necessary to switch on another generators group.  

When switching off Path 2 another decrese of the value of 

reactive power occurs. However, due to the shorter lenght of 
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the interrupted path, the mentioned decrease will be lighter 

than the previous one. It is also fundamental to observe that 

the voltage in the western area of Pico drops below a value of 

0.86 pu. To compensate this, it is necessary to reduce the 

production in Faial Island and increase it in Pico. Furthermore, 

it is necessary to generate some reactive power in the power-

plant of S. Roque.  

If Path 3 gets out of service, there would be a great 

reduction of generated reactive power which corresponds to a 

lower value of reactive power in the system. The difference in 

reactive power is so significant that it provokes the need of a 

greater production by the generators.  

In this last case, there would not exsist serious 

consequences in the quality of the service. However, slight 

adjustments are always needed.   

 

             5.1.1.2 60 kV simulation during valley hours 

  

Using only the reference generator of Sta. Bárbara, 

switching off the remaining generators, an injected active 

power value of 9.517 MW and a reactive value of -10 Mvar is 

obtained. It is possible to understand that there was a 

significant increase in reactive energy in comparison with the 

peak scenario, due to a lower reactive power consumption. 

In this example, group 4 and 8 in Faial and 6 and 7 in Pico 

Island are operating. All the operating generators are 

consuming reactive power with a power factor of 0.75 in the 

case of Sta Bárbara power-plant and 0.7 in the groups of S. 

Roque. 

The transit of energy will be: Path 1, -2 007.4 kW e 2 336.4 

kvar in the connection S. Jorge -Pico; Path 2, 1 146.7 kW e 

953.7 kvar in the connection Faial-Pico; Path 3, 248.4 kW e -2 

351.5 kvar in the connection Faial- S. Jorge. 

If Path 1 gets unexpectedly out of service, there would be a 

lack of voltage in the north of the island of Pico, which could 

reach 0.916 pu. With a reduction of reactive power, further 

generators are no longer necessary, and it will be no longer 

fundamental to use low power factors. It is essential to 

undeline that, even if such values appear to be more 

acceptable than the previous ones, the consumption of reactive 

power by the generators should be avoided. 

The loss of Path 2 would not provoke a significant decrease 

in reactive power, comparing the situation with the loss of 

other paths. It is observed that the western part of Pico Island 

would have a lower voltage, which corresponds to around 0.9 

pu.  

When removing the interconnection of Path 3, there occurs 

a consistent decrease in the generation of reactive power. Such 

circumnstance is registered both in the western areas of Pico 

Island and in eastern S. Jorge. The lowest voltage level in this 

island will reach 0,89 pu. Even removing Path 3 there still 

exists the necessity of consuming reactive power by the 

generators in valley hours. This proved that a voltage of 60kV 

is not recommented to establish the proposed interconnection. 

 

5.1.2. A 30 kV interconnection 

 

As for a medium-voltage interconnection, the installation 

of new transformers in Pico Island will not be necessary. On 

the other hand, new 30/15 kV transformers of 5MW will be 

simultaneously set up both in the thermal power-plant of Sta. 

Bárbara and in Caminho Novo. 

 

          5.1.2.1   30 kV simulation during peak hours 

 

As for a simulation during peak hours keeping in operation 

only the reference generator of the thermal power-plant of 

Santa Bárbara, a value of injected active power of 21.06 MW 

and reactive power of 4.648 Mvar is obtained. In peak hours, 

in the case of a 30kV connection, the removal of reactive 

power is not needed.  

The production was divided for the two fuel oil-based 

power-plants to avoid an equipment overload. In the case of 

the present proposal, all groups are producing reactive power, 

while in Pico Island all the generators (1,2,3) have a power 

factor of a 0.98, in Faial, groups 4 and 8 have a power factor 

of 0.988, groups 6 of 0.98 and, lastly, group 3 of 0.96. 

 As far as the transit of energy is concerned:  Path 1, 2 501.6 

kW e -59.4 kvar in direction Pico- S. Jorge; Path 2, 3 796.4 

kW e 1 086.4 kvar in direction Faial-Pico; Path 3, 2 184.9 kW 

e -0.7 kvar in direction Faial- S. Jorge. 

 When losing the conncection of Path 1, there occurs an 

immediate reduction in reactive power. The reference 

generator which was injecting an active power of -29.4 kW 

and a reactive power of 84.1kvar immediately starts 

generating 83.41kW e 2.071Mvar, respectively. No further 

problems are recorded. 

 The loss of path 2 can bring two consequences: firstly, in 

the eastern area of S. Jorge Island, where the level of voltage 

descreases to 0.905 pu; secondly, in the western area of Pico 

Island, where the value decreases to 0.871 pu. 

 The eastern area of the island of S. Jorge is the most 

affected by the removal of path 3, decreasing the level of 

voltage to 0.857pu. Moreover, as path 3 is the longest 

connection, there will be a substantial decrese in the 

generation of reactive power. 

 

 

          5.1.2.2 30 kV simulation during valley hours 

 

During valley hours, it is firstly necessary to notice an 

overvoltage around the area of S. Roque in Pico Island. To 

solve this situation, it was decided to opt for modifying the 

electrical socket of the 30 kV port in the 30/15 kV transformer 

of the thermal power-plant of S. Roque. It was decided to 

switch to socket 2 which corresponds to a +2.5% variation of 

transforming relation.  

Using only the reference generator of Faial Island, in the 

power-plant of Sta. Bárbara, switching off the remaining 

generators, a value of injected active power of 9.406 MW and 

reactive power of -2.849 Mvar is obtained. It is possible to 

verify that during valley hours, as for the total interconnection, 

the consumption of reactive power it is not sufficient to 

counterbalance the production. There therefore exists the need 

to consume such over-supply using the gruoups engine-

generator. 

 A centralized production in the power-plant Sta. Bárbara in 

groups 4, 5 and 8 is recommended. Only group 8 will consume 



 

 

9 

reactive power with a power factor of 0.86. The remaining 

groups have a power factor of 1, as they do not introduce nor 

consume reactive power.   

 If path 1 gets unexpectedly interrupted, the surplus of 

reactive power is almost non-existent. No other problems are 

registered.  

 As path 2 is the shortest, when it gets unexpectedly 

switched off, there will not be any influence and it will not 

bring about any voltage problems.  

 When path 3 is switched off, the consumption of reactive 

power will already have enough capacity to exhaust the power 

generaded through the cables. It is therefore possible to avoid 

the consumption of such power by the generators.  

 

5.2. The two-path interconnection  

 

The study of the previous mentioned situations indicated 

that the complete interconnection might not be the most 

adequate scenario. Therefore, a study of a 30kV 

interconnection composed only by path 1 and 2 is hereinafter 

proposed. All the remaining parametres and transformers are 

the same as previously indicated.  

 

5.2.1. Simulation during peak hours 

 

 In this situation generators do not need to consume reactive 

power. It is recommended a status of production in which 

groups 4, 6 and 8 of Sta. Bárbara power-plant and grups 2, 3, 4 

and 7 of the power-plant of S. Roque are operating. The 

production of reactive power is divided for the different 

groups. As regards the power factor in the power-plant of S. 

Roque, group 2 registers a value of 0.98 while groups 3, 4 and 

5 of 0.95. In Sta. Bárbara power-plant, group 4 records a value 

of 0.95, group 6 of 0.93 and group 8 of 0.9. 

 

5.2.2. Simulation during valley hours 

 

During valley hours it is again noticed that the production 

of reactive power is appropriated to the situation. For the 

present study, the production has been centralized in the island 

of Faial with groups 4, 5 and 8. As far as power factors are 

concerned, group 4 and 8 recorded a value of 0.99 while the 

value for group 5 is 0.98.  

 

5.3. One-path interconnection 

 

The extension of the inteconnection can be furtherly 

reduced by restricting it to the essential: basing it only on one 

connection, between the island of S. Jorge and Pico. 

 As regards the equipment necessary for this 

interconnection, 15/30 kV transformers will be installed in the 

power-plant of Caminho Novo.   

 

5.3.1. Simulation during peak hours 

 

During peak hours, the power-plant of S. Roque will have 

to generate almost 12.44 MW.  To do that, generators 3, 4, 5, 6 

and 7 will be operating. The generation of reactive power is 

distributed for the different groups. As far as power factors are 

concerned groups 3 and 4 recorded a value of 0.9, groups 6 

and 7 of 0.95 and group 5 of 0.86.  

 

5.3.2. Simulation for valley hours 

 

 Only two groups, in this situation, are needed to meet the 

needs of two islands. As regards power factors, groups 7 

presents a factor of 0.98 and, as group 1 does not generate 

reactive power, a power factor of 1 is recorded. 

 

5.4. Losses comparison 

 

Considering only losses related to the cables, it can be 

verified that using a 30kV grid in alternative to a 60kV grid, 

the production of reactive power can be halved. The removal 

of path 3 can reduce even more the value of -7 018.13 kvar to 

-3 606.28 kvar. Lastly, reducing the network to the essential, a 

value of -2 588.43 kvar is reached.  

A slight active power loss reduction in the tranformers is 

visible. 

Generally, the greater the number of connections, the better 

the distribution will be, which means a lower losses value. 

This fact can be a justification for an increase of active power 

losses as paths are removed in the case of a 30 kV connection. 

 

5.5. Powers of symmetrical three-phase short-circuit  

 

Using the programme Dplane it was furthermore possible to 

analyse the symmetrical three-phase short-circuit. It is 

possible to verify that there exists a variation in the values of 

short-circuit powers, which increases when the 

interconnection is complete and get reduced as long as the 

interconnection is reduced.  

As regards the used capbles, the maximum value of sub-

transitory short-circuit current does not reach the cables’ 

thresholds, which indicates that there are no problems with 

short-circuit powers.  

 

5.6. Economic feasibility study 

5.6.1. Comparison of the production price in fossil 

fuel-based power plants. 

 

In 2017 the production of Caminho Novo power-plant, in S. 

Jorge, amounted to 25 394 983 kWh [4]. The cost of diesel-

based production is aprox. 2.85 M€ (534.9 €/t) while fuel-oil 

producion is priced 1.6 M€ (304.7 €/t), which corresponds to a 

difference of 1.25 M€. Repeting this calculation for the values 

expected for 2018, the same 1.25M€ difference is observed.  

 

5.6.2. Investment 

 

 The main problem when detemining the cost of a project is 

the designation of a realistic value for the submarine cable 

installation costs. It has been calculated then the Net Present 

Value (“NPV”, Valor Atual Líquido VAL) with the aim of 

assessing the investment feasibility. For a project to be judged 

viable, the NPV should be higher than zero. Assuming a 

lifetime of 20-20 year for the present project and supposing an 

interest rate between 3% and 10%, it is forseen that the present 
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project will be viable only for investments of less than the 

follow range of values [10.6 M€; 24.5 M€].  

IV. CONCLUSION 

 

The archipelago of Azores presents relevant differences 

with the continental territories of Portgual: the electrical sector 

requires, consequently, technical and organizational 

adjustments, to permit the optimal exploitation of its different 

production technologies and primary resources.  

In terms of organization, the sector is based on a 

verticalized model. From a technical point of view, the 

thermoelectrical production based on small engines represents 

63.4% of the total producion. The remaining supply derives 

from renewable sources.  

As for the case of the island of S. Miguel, thermal 

production meets only 49% of the Island’s energy needs. The 

presents study indicates that it is economically more 

advantageous to produce electricity from fuel-oil than buying 

it from other independent producers.  

There exist different perspectives for the future of the sector 

on the archipelago: the implementation of projects which have 

proven to be successful in other places, as well as new 

innovative plans is constantly being assessed.  

The second part of the paper includes a thecnical and 

economic analysis of the AC grid which realizes a submarine 

interconnection between the islands of São Jorge, Faial and 

Pico. There follows the exposition of previous studies 

regarding the issue, which drew out similar hypothesis. The 

aim of such proposal is furtherly repeated: to increase fossil 

fuel management efficiency, avoiding the high costs of diesel; 

improving the stability of the gird; allow a better exploitation 

of renewable resources which would get otherwhise wasted 

during valley hours; improving enegine management, ensuring 

their longevity, efficiency and reducing variable costs.   

A detailed study on the characteristics of the electical 

systems of the three islands precedes the assessment of their 

costs. To realize the proposed interconnection, it has been 

decided to set up three paths which corresponds to a total 

extension of almost 80 km. 

The simulation of the interconnection grid has been 

performed with the programme Dplan, which permitted 

understanding the gird’s operation, carrying out the study of 

energy transit and identifying possible and contingent 

problems. 60 kV and 30kV have been considered as the most 

adequate voltages.  In the case of a 60kV grid, both in peak 

and valley hours, a high value of reactive power passing 

through the connection can be observed. The consumption is 

not hereby sufficient to limit the excess of reactive power 

generated in the cables. Even removing one of the paths, the 

problem does not seem to be solved.   

In the case of a 30kV interconnection, during peak hours 

there do not exsist problems. However, during valley hours, 

the consumption of reactive power by the load is not sufficient 

to balance the system. To solve the problem, it has been 

decided to remove path 3. The study of an interconnection 

which used only path 1 and 2 or only path 1 is then presented. 

Both hypotheses appear to be adequate for the system. The 

interconnection based on only one path should present less 

costs and require a lower initial investment. The 

interconnection with 2 paths should offer a higher level of 

stability, permitting a better management of the two generator 

groups and a better explotiation of renewable energy, 

compared to the first mentioned option. As far as losses are 

concened, during peak hours, the hypothesis which includes 

only one path presents the highest value of active power loss.  

At last, it has been carryed out a brief economic analysis 

which indicates the existance of a possible consistent annual 

saving (almost 1.25 million euros) which derives exclusively 

from the production switched from diesel to fuel-oil. It is 

forseen that the present project is viable for investments of 

less than the follow range of values [10.6 M€; 24.5 M€]. 
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