
 

 

 

 

 

 

 

 

 

Solutions for electricity provision in 

the off-grid autonomous city of Ceuta (Spain) 

 

 

Author: Carlos Javier Cortés Montero 

 

Supervisor: Dr. Daniel Cóstola 

 

 

A thesis submitted in partial fulfilment for the requirement of the degree  

Master of Science   

Sustainable Engineering: Renewable Energy Systems and the Environment 

2018 

 

 

 

 

The place of useful learning 

The University of Strathclyde is a charitable body, registered in Scotland, number SC015263 



i 

 

COPYRIGHT DECLARATION 

This thesis is the result of the author’s original research.  It has been composed by the 

author and has not been previously submitted for examination which has led to the award 

of a degree. 

 

The copyright of this thesis belongs to the author under the terms of the United Kingdom 

Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due 

acknowledgement must always be made of the use of any material contained in, or derived 

from, this thesis. 

 

Signed: Carlos Javier Cortes Montero  Date: 24 August 2018 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

EXECUTIVE SUMMARY 

The city of Ceuta is a Spanish small and isolated thermal-based electricity system located 

in Africa, which has no electricity connection with either the Spanish Peninsula, or with 

Morocco, because of energy security reasons related with its sovereignty. The cost of 

electricity generation in Ceuta is five times higher than in the Spanish Peninsular System 

and generates almost 3 times more carbon dioxide emissions per unit of electricity 

produced. Moreover, the city suffers blackouts, providing a poor-quality electricity 

service. This project aims to find an optimal combination of the different electricity 

generation technologies available to improve the current electricity provision in Ceuta. 

Five different scenarios have been modelled, using the software HOMER PRO for the 

simulations. The Scenario 0 represents the current situation, with all the electricity 

produced by a 97 MW diesel power plant. The Scenario 1 combines an electricity 

interconnector which connects Ceuta with the Spanish Electricity System and a minimum 

use of the power plant. In the Scenario 2, all the electricity is provided by the 

interconnector. The Scenario 3 combines the installation of 21 MW onshore wind, 13 

MW solar rooftop photovoltaics and a 60 MWh pump hydro energy storage with the 

diesel power plant. The last one, Scenario 4, combines the Spanish interconnector plus 

25 MW of onshore wind, 5 MW of solar and a minimum use of the power plant. All the 

scenarios are compared using a Multicriteria Decision Analysis, using the electricity 

costs, the carbon footprint and the energy security as comparison criterions. The Scenario 

4 was selected as the optimal solution, due to its 68 Million € reduction in the net present 

cost, a high level of energy security which can assure the energy security and the quality 

of the electricity service provided, and its 51 % reduction in the carbon dioxide emissions 

with respect the current situation. Also, a pathway for the future electricity generation in 

Ceuta is provided, giving some guidance related to the appropriate time to install the 

different electricity generation technologies. As conclusions, the optimal solution would 

need to minimize the electricity produced by the power plant (the most expensive and 

polluting technology) while maintaining its maximum operational capacity (increases the 

system energy security) and including the interconnector, as it assures a high quality of 

the electricity service provided, eliminating the necessity of additional energy storage and 

making feasible the maximum installation of onshore wind power capacity, proven to be 

the most economical electricity generation technology. A gradual installation of solar 

rooftop photovoltaics is recommended, and a future integration of offshore wind power 

could be feasible, once its levelized costs have reached the grid parity.  
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1 INTRODUCTION  

 Problem definition 

In response to the climate change and with the aim to hold global warming well below 

2ºC on preindustrial levels, 196 countries all over the world adopted the Paris Agreement 

in the 2015 United Nations Climate Change Conference, to foster low greenhouse gas 

emission development [1]. In turn the European Commission, to comply with the Paris 

Agreement and in its ambition for world leadership in renewable energy, established 

different targets in the “Clean Energy for All Europeans” Package [2]: cut in greenhouse 

gas emissions, increase the share of total energy consumption from renewable energy [3] 

and increase the percentage in energy efficiency [4], stablishing goals for years 2020 and 

2030 to be achieved collectively between its Member States. 

Spain has different goals to comply with the target stablished by the European Union: 

22.7% of share of energy generated from renewable sources in gross final energy 

consumption and 40% of electricity demand met by electricity generated from renewable 

energy sources in 2020 [5]. So far, the objectives proposed in the Spain´s National 

Renewable Energy Action Plan 2011-2020 [6] are in good track to comply with Europe´s 

climate and energy targets [7]. However, this renewable energy promotion and 

greenhouse gas reduction that could be seen in Spain, the European Union and all around 

the word, has paradoxically some exceptions that can be found in the Spanish territory: 

its non-peninsular systems [8]. The Spanish non-peninsular systems are two island 

systems, the Balearic and the Canary Islands, and two autonomous cities, Ceuta and 

Melilla. Renewable energy sources cover only around the 7 % of the electricity demand 

in the Balearic and the Canary Islands, which is very far away from the 40 % goals 

projected for Spain in 2020. Nevertheless, the percentage of electricity demand covered 

by renewables is even lower (4 %) in the case of Melilla and no renewables are used in 

the electricity production in Ceuta [9], the autonomous city selected to be the object of 

study for this master thesis. 

Ceuta is an autonomous city neighbouring to Morocco and, along with Melilla, constitutes 

the only European land border with Africa. Ceuta and Melilla are currently part of the 

Spanish territory, but Morocco claims the sovereignty over them, so there exists a 

geopolitical dispute which has not been resolved yet [10]. Until date, there are neither 

electricity connection between these cities and the Spain peninsula, nor interconnection 

with Morocco, because creating a dependency on Moroccan electricity imports would 
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increase the vulnerability and risks for the electricity supply on this territories. Thus, these 

cities  are small and isolated thermal-based electricity systems which needs to be self-

sufficient, and due to is lack of  electricity transport grid, they suffer from grid instability 

and blackouts [11], offering a poor quality in the electricity service provided [12]. 

In the case of Ceuta, the city has a 97 MW diesel power plant [13] for a population of 

around 85,000 people [14] and the combustion of fuel oil is the only source used for 

electricity generation. Ceuta lacks indigenous oil reserves, so all fuel consumed in the 

electricity production needs to be imported, which increases the costs of this service. 

Furthermore, the system needs a significant redundant capacity to match demand peaks, 

which combined with the fuel cost and the interrupted 24 hours service, makes the 

electricity generation is Ceuta the second highest in the Spanish Territory [15]. Using 

fossil fuels for the combustion in the electricity generation has not only impacts on the 

costs, but also in the carbon dioxide emissions produced, being the greenhouse gas 

emissions in Ceuta between 2 to 3 times higher than in the electricity produced in the 

Spanish Peninsular Electricity System [16]. 

The geopolitical complexity has been added to the international and domestic economic 

considerations, making the electricity generation in Ceuta a difficult issue to be solved 

for the Spanish Government, whose solution has been postponed until now [11]. On the 

one hand, the way of approaching the problem by the Spanish Government has been 

planning to install an electricity interconnector between Spanish peninsula and Ceuta 

[17], which would solve, at least, Ceuta electricity isolation [18]. On the other hand, due 

to its geographic location, Ceuta has elevated levels of solar radiation [19] and high wind 

resources due to its proximity to the Gibraltar Strait [20], which opens the possibility of 

integrating renewable technologies in the electricity generation. It was necessary to revise 

the existing literature to explore which measures have been taken in other energy isolated 

territories for integrating renewables in the electricity generation ([21]-[22]). 

This project thesis analyses the different solutions available for the electricity provision 

in Ceuta, comparing and combining the different electricity generation technologies 

available to find the most suitable combination of systems for Ceuta´s electricity supply. 

 Aim  

The aim of this project is finding the optimal combination of the different electricity 

generation technologies available to improve the current electricity provision in Ceuta. 

This solution should reduce considerably the cost of the electricity production, increase 
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the energy security and the quality of the electricity service provided, and achieve a 

substantial reduction in the carbon dioxide emissions during the electricity generation. 

 Objectives 

This thesis has three main objectives: 

- Analyse the different solutions available for the electricity provision in Ceuta. 

- Determine the optimal combination of the technologies available for the 

electricity provision in Ceuta and quantify its improvements in terms of electricity 

costs, energy security and carbon footprint with respect to the current situation by 

the horizon year 2033. 

- Provide a pathway for the future electricity generation in Ceuta. 

 Methodology 

The first part of the project will be the literature review, where is described mainly the 

geopolitical complexity of Ceuta´s territory and conducted a high-level research of 

different energy strategies applied in other electricity isolated systems.  

In the boundary conditions analysis, it will be illustrated the current Ceuta´s electricity 

generation system situation and why it could be beneficial to include new ways of 

electricity provision like an interconnector or renewable energies, where it is quantified 

the maximum capacity potential that can be installed for each renewable technology. 

In the modelling part, it will be explained: the suitability of HOMER PRO as the software 

to carry out the simulations, the main inputs to be introduced in the model, which would 

be the scenarios simulated, and the main assumptions taken while creating the model. 

The result section will be divided in three main parts. The first one is the explanation of 

each of the different scenarios modelled (its objective, the data inputted, and its main 

outcomes). In the second part, all the scenarios will be compared using a Multicriteria 

Decision Analysis, using the electricity costs, the carbon footprint and the energy security 

as criterions to make this comparison, obtaining after this analysis the optimal solution 

for the electricity generation in Ceuta. In the third part of the results, a pathway for the 

future electricity generation in Ceuta is provided, the role of the different technologies in 

future Ceuta´s electricity generation system is analysed and some recommendations about 

the appropriate time to install them are given. 

The last part of the project is the “Final Remarks”, which contains the main conclusions 

of the project, a discussion of the results and the direction for future investigations. 
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2 LITERATURE REVIEW  

The key literature to be covered has been divided into these blocks: project location, 

geopolitics between Spain and Morocco, assessment of renewable energy potential, 

energy strategies in isolated islands and issues which appears with a high integration of 

renewables in the system, providing conclusions at the end of the section. 

 Project Location 

Ceuta is a Spanish autonomous city located in the north part of the African continent, 

neighbouring to Morocco and, along with the city of Melilla, constitutes the only 

European land border with Africa. The city presents a strategic situation, just in the edge 

of the Strait of Gibraltar, one of the busiest areas in the world related to the marine traffic 

and commodity flows, which communicates the Atlantic Ocean with the Mediterranean 

Sea and links the European and African continents (See Figure 1). 

 

Figure 1. Location of Ceuta Autonomous City within Spanish Territory. Source [23] 

Ceuta has an extension of 18 square kilometres, separated by the closest point of the 

Spanish Peninsula by 21 kilometres, constituting a continental island delimited by the 

Moroccan territory and the Mediterranean Sea. 
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Due to its geographical location, this enclave suffers a dramatic migratory pressure, where 

thousands of persons each year, mostly from Sub-Saharan Africa, try to climb a double 

six-meter high fence which surrounds Ceuta´s city perimeter, to enter illegally into the 

city and therefore, to Spain and the European Union (See Figure 2). 

 

Figure 2. Satellite image of Ceuta autonomous city. Source [23] 

The city of Ceuta has around 85,000 habitants and all its electricity produced by a 97 MW 

diesel power plant. 

The cost for water and electricity is the second highest in all the Spanish territory [24], so 

the Spanish Government subsidizes partially its costs in order to have a similar price for 

electricity and water consumption in all its territory.  

 Geopolitics between Morocco and Spain 

A geopolitical dispute exists between Morocco and Spain about the sovereignty of Ceuta, 

which is currently part of the Spanish territory, but Morocco claim it. 

The city of Ceuta is part of the Spanish Kingdom from the XVII century. Since the 

moment that Morocco obtained its independence in 1956, it has claimed its jurisdiction 

over Ceuta, but the United Nations does not consider Ceuta as Moroccan colony since it 

has been part of the Spanish territory before the foundation of Morocco as a country [25]. 
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Despite these geopolitical disputes about Ceuta, there are already two electricity 

interconnectors which link the electricity systems of two both countries [26], and it has 

been  recently a negotiation to build a third one of 900 MW of electrical capacity. 

Until date, there is neither electricity connection between Ceuta and the Spain peninsula, 

nor interconnection with Morocco, because creating a dependency on Moroccan 

electricity imports would increase the vulnerability and risks of for the electricity supply. 

Ceuta is a small and isolated thermal-based electricity system which needs to be self-

sufficient, and due to is lack of electricity transport grid, it suffers from grid instability 

and blackouts [11], offering a poor quality in the electricity service provided [12]. 

While Morocco is demanding the third electricity interconnector, the city of Ceuta has a 

similar petition for the Spanish Government, to link its electricity system to the Spanish 

Peninsular with aim of reducing the electricity generation costs and improving the quality 

of the electricity service provided (the project would be fully funded by the Spanish 

National Government.). This is a difficult political decision for the Spanish Government, 

which cannot justify a negative answer for the interconnector in Ceuta in relation with the 

costs of the project and the increase in the average national price of electricity, if there is 

a similar project, which much higher electrical capacity and costs, that would be projected 

to link again with Morocco [11]. 

Within an economic point of view, it would be much more efficient to connect Ceuta to 

the Moroccan electricity grid, which already receives electricity exports from Spain, 

instead of producing all its electricity with the power plant or planning to connect through 

an interconnector with the Spanish Peninsular System, but the geostrategic implications 

have more weight than the economics one for this case, being the most important value 

the security of the electrical supply.  

The situation could end up in building two different interconnectors, one with Ceuta and 

another one with Morocco, but its high cost would be reflected in the already high price 

of electricity of the average consumer. A midway solution could be an indirect 

interconnector which links first with Morocco and from there to Ceuta. Ceuta would 

refuse it because of the vulnerability of its electrical supply, but it would be unacceptable 

also for Morocco because it would mean legitimizing the Spanish sovereignty over Ceuta. 

The other option of linking the Spanish Peninsular System with Ceuta and from there 

with Morocco would be unacceptable as well for Morocco [11].  
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The usual way of proceeding associated with the relations between Morocco and Spain is 

leaving the Ceuta sovereignty aside and progress with normal economic and political 

bilateral relations in other important matters. Nevertheless, this is a live conflictive topic, 

so frictions reappear from time to time, making too hazardous the electricity 

interdependence between Morocco and Ceuta for the security of the electrical supply [11].  

 Assessment of renewable energy potential 

• Solar 

The state of the art for calculating photovoltaic roof potential has been analysed in this 

section [27] and several examples cases for different city sizes are studied ([28] - [29]).  

The most important article analysed for this part was the “The role of Photovoltaics 

towards 100% Renewable energy systems” [30]. In this academic paper, a balance 

between the wind power and the solar photovoltaics installed in the system is 

recommended, providing an estimated ratio for wind/solar as 80/20 for systems with high 

renewable penetration. On the one hand, first photovoltaic panels installed in the system 

have a higher value for the system than the following ones installed later, because they 

can replace more electricity produced by fossil fuels. On the other hand, the later the 

photovoltaics are installed, the more its installing cost would have decreased if the current 

trend in its price is maintained. Using Geographical information systems, it could be 

quantified the solar radiation for each part of the building roof, taking into account the 

shadows from different objects or building as well as its geographical location, orientation 

and inclination [27]. The solar radiation per each meter square for every building in the 

city could be quantified, providing a much more accurate number about the maximum 

potential capacity of photovoltaics which can be installed and which buildings would 

receive higher solar radiation and would provide a better output [30]. 

• Wind 

The report related with the Spanish Renewable Energy Strategy for 2020 [31], published 

by The Spanish Agency for Energy Diversification and Saving (IDAE), was the main 

reference used in the process of estimating the maximum potential of onshore wind power 

capacity which could be installed in Ceuta. This report contains information related with 

the estimated maximum available onshore wind potential for the area of Ceuta. To 

provide this data, IDAE used a combination of weather and wind resources data with 

Geographical Information Systems to assess the suitable areas for installing the wind 

technology, using variables like natural protected areas, built environment or the 

elevation of the terrain. 



15 

 

• Pump Hydro Energy Storage 

Storing the excess of the electricity produced can be one of the most powerful tools for a 

successful integration of renewable energies.  

Two interesting articles were found about the way to assess the hydro pump potential 

through in the territory through using GIS ([32] to [33]). To quantify the maximum pump 

hydro available potential in Ceuta, it will be used the results obtained in this report [34], 

where the pump hydro energy potential in Ceuta was analysed in detail, using GIS for 

quantifying the maximum water volume capacity in the head water reservoir. 

 Energy Strategies in isolated systems 

Three cases in the literature were selected to be representative of the energy strategies in 

isolated places, because its similarities with Ceuta case. 

The first one is Malta, which has been chosen due to its high population (approx. 4 times 

bigger than Ceuta) and its objectives to increase the percentage of renewables in its 

electricity generation [21]. 

The second case is a small canary Island whose name is “La Gomera”. Its population is 

around three times lower than Ceuta, but it has been selected because of its aim to propose 

of a sustainable energy system configuration, proposing several scenarios for a 100 % 

renewables integration in the island [22].  

The third case, is Tenerife, an Spanish island located in the Canary Islands System where 

the parity grid has been reached for wind and photovoltaic technologies [35]. 

These three cases will be used not only as a source of inspiration, but also as reference 

models for methodology to study the potential renewable integration in isolated regions. 

• Energy Scenarios for Malta [21] 

Malta is an isolated island without any electrical connection with another region, so it 

needs to be self-sufficient, and currently all its electricity is produced by fossil fuels. Its 

most important consumers for electricity are domestic sector, commercial and water 

production and the fossil fuel consumed for energy production is the biggest export costs 

for this country. Its carbon emission accounted 0.873 tonnes of carbon dioxide emissions 

per MWh of electricity produced. The renewable energy potential is assed, obtaining 

average wind speeds around 6.9 m/s, considering this value as encouraging to implement 

this technology for electricity generation. It is mentioned as well than if the power 

produced by renewables is not higher than 30% of the demand, it would not disturb or 
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affect the synchronous operation of the generating system. A financial analysis is carried 

out, calculating the levelized cost of each technology until the horizon year defined. To 

make a comparison between the several electricity generation technologies in the different 

scenarios, all the costs were levelized to the present. The replacement cost of the different 

technologies is also a relevant parameter for the model. Results shows that net present 

costs of producing electricity with onshore wind in the island are lower than producing it 

with fossil fuels. Challenges of implementing renewables due to the reduced land area 

available are acknowledged, which limit the maximum capacity and the type of 

renewables that can be installed. The conclusions show that the introduction of renewable 

energies in the system needs to be in combination with the use of the power plant to secure 

the electrical supply, but renewables would create a positive effect in Malta´s electricity 

generation system, reducing the elevated exportation costs of fuel import.  

• Assessment of sustainable energy system configuration for “La Gomera” [22] 

La Gomera is a small off-grid Canary Island with around 20,000 habitants. This article 

analyses the current electricity generation in the island, which is full covered by a diesel 

power plant and analyses the different issues which come up while trying to convert the 

system in 100 % renewable. 

Projects with the aim to achieve a renewable energy penetration higher than 80 % are 

mainly designed for small communities with less than 10,000 habitants, where the 

demand-driven control is challenging due to the intermittency of renewables. 

The benefits of using energy storage like Li-ion batteries or pump hydro if available is 

mentioned, and its contribution to balancing the frequency and voltage of the electricity 

grid, apart from storing the electrical excess. 

The integration of renewable energies can provide, not only environmental benefits, but 

also economic ones, reducing the dependency of fossil fuel imports and providing 

electricity at lower levelized costs, providing the integration of wind turbines and 

photovoltaics an improvement in the whole electricity trade balance. 

Different sustainable scenarios are proposed and in all of them lower annual costs than 

with operating the system in the current situation are obtained. In all of them, the power 

plant is still used as the component for balancing the system electric load but using 

biofuels instead. 

The choice of installing a technology or for determining which is the most suitable 

scenario should not depend only in the energy costs, being the environmental 
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considerations like the carbon footprint or the security of the electrical supply, as 

important as the cost depending on the features of the system analysed. 

• Grid parity on PV an wind power energy in a Spanish Insular System [35] 

This paper analyses the current Spanish legislation, and its part relative to the stimulation 

of renewable energy technologies integration in the insular systems to reduce the cost of 

the electricity generation. The case of the Island of Tenerife is shown, where the grid 

parity with wind power and photovoltaics has been reached, despite its most electricity 

generation relies on thermal power plants. It is also mentioned the increase in the levelized 

cost of electricity provided by renewables due to the curtailments for not having enough 

energy storage capacity or an interconnector to export the excess of electricity, as well as 

how the levelized cost of the electricity produced with the power plant increase where the 

generator operates at suboptimal conditions. The necessity to couple the price between 

the electricity produced by renewables and the defined by the electricity market (Spanish 

Pool) is remarked as well, to make economically feasible the electricity generation 

without being subsidized by the Government. 

 Issues related with high integration of renewables in isolated energy systems 

When there is a high percentage of renewable energies integration in an electricity 

generation system, certain issues affect the grid system such as voltage fluctuation, 

voltage rise, voltage balance, and harmonics ([36] and [37]). Specific problems related 

with photovoltaics are analysed [38], and specific problems for wind power generation 

are described in the documentation used [39].  

It will be also covered which is the optimal generation for insular systems with high 

percentages of renewable integration [40]. 

• Photovoltaic penetration issues and impacts in distribution network [38] 

In this paper three different types of photovoltaics are defined: utility scale (connected to 

the transmission grid), and small and medium scale (connected to the distribution grid) 

which goes to photovoltaic installations from 0 to 10 kW, and from 10 to 1000 kw 

respectively. The main impacts relative with a high photovoltaics penetration in the 

system are studied in detail, and are relative with harmonics of current and voltage, the 

unbalance and voltage variations, the protected related with grid islanding and some 

quality issues.  

 



18 

 

• Technical impacts of high penetration levels of wind power on power system stability 

[39] 

When the electricity production by wind turbines is higher than the electricity load, if no 

energy storage is available, the excess of electricity system would create a system stress, 

where wind power curtailment is one the possible options to maintain the stability of the 

system. This curtailment option should be used as the last option, being more frequent to 

happen in small isolated systems. If there is a high penetration of wind power in the 

system, it would probably be needed some upgrades in the electrical network 

(transmission and distribution), especially in this installation of offshore wind power. 

Four main issues relative with the system stability are described related to transient 

stability, voltage stability, frequency stability and small signal stability, which will 

depend on the size of the system and the capacity of wind installed.  These effects would 

be higher during the night, when the electricity demand is lower, so the wind power could 

reach a high instantaneous penetration, which would affect particularly small energy 

system because of its limited inertia. 

• Optimal operation of insular electricity grids under high renewable penetration [40] 

In this paper is analysed the case of Crete, a Greek Island, evaluating the impact of a high 

penetration of renewables in the electricity system and how storage capacity like pump 

hydro can reduce its negative effects. The main challenges for the Electricity System 

Operator would be related with how to schedule and operate the system with the 

intermittency of renewables. It is mentioned that for the for Crete, it could be reached 

20 % of the generation with solar and another 20 % of the generation with wind, which 

would have a dramatic reduction in the operational costs of the system. At the same time, 

it would not affect the reliability and security of the electrical supply if it is installed 

enough pump hydro capacity for energy storage to accommodate this increase in the 

renewable penetration. 

 Conclusions of the Literature Review 

The main conclusions obtained in the literature review have been summarized: 

- The electricity connection of Ceuta and the Moroccan electricity grid is not 

feasible due to geopolitics conflicts between Spain and Morocco relative to the 

sovereignty of the city, which could affect to the security of the electrical supply. 
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- A certain balance between the solar and wind capacity installed is recommended, 

being provided a ratio of 80/20 for the installation of wind and solar in energy 

systems with high renewable penetration.  

- A gradual installation of photovoltaic could reduce the installation costs due to 

the decrease of its prices over time. 

- Importance of GIS as a method to quantify the maximum renewable potential. 

- In Malta case, the levelized cost of onshore wind for electricity generation is lower 

than producing it with fossil fuels, although renewables needs to operate in 

combination with the use of the power plant to secure the electrical supply. The 

levelized cost of the electricity produced with the power plant increases when the 

generator operates at suboptimal conditions.  

- With high percentage of renewable energies integration in an electricity 

generation system, certain issues affect the grid system such as voltage 

fluctuation, voltage rise, voltage balance, and harmonics. If the power produced 

by renewables is not higher than 30% of the instantaneous demand penetration, it 

would not disturb, in theory, the synchronous operation of the generating system. 

- The levelized cost of electricity provided by renewables increases due the 

curtailments for not having enough energy storage capacity or an interconnector 

to export the excess of electricity. The curtailment option in systems with high 

wind integration should be used as the last option, being more frequent to happen 

in small isolated systems. 

- Couple the price between the electricity produced by renewables and the 

electricity market, would make economically feasible to introduce renewables in 

the electricity generation without being subsidized by the Government. 

- Enough pump hydro storage capacity can open the door to a high renewable 

integration in the system, mitigating the negative effects relative with renewables 

intermittency. 

- When determining the most suitable scenario in isolated energy systems, it should 

be considered not only the energy costs, but also the environmental considerations 

and the security of the electrical supply. 
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3 BOUNDARY CONDITIONS ANALYSIS  

This section will be used to connect the literature review with the modelling section 

 Electric System. Electricity Demand, Generation and Costs 

3.1.1 Electric System 

All the electricity consumed in Ceuta is provided by its diesel power plant, so the 

electricity production needs to adapt instantaneously to the electricity demand. Thus, 

electricity generation and demand graphs match perfectly in each time of the year except 

for the back-up generation reserves, to be able to cover limited variations in the demand. 

Once the electricity is produced in the power plant, it is distributed through eight medium 

voltage lines at 15 kV in the integrated electricity substation along the city.The power 

plant is operated by the company “Endesa”, the city system operator is “Alumbrado 

Ceuta” and all the electrical data is managed by the Spanish National System Operator 

“Red Eléctrica”. 

In relation with how the electricity consumption is distributed by sectors, the 80 % of the 

total electricity demand belongs to three sectors: business and services (35%), domestic 

sector (29 %) and the desalination plant (16 %) (See Figure 3). The hospitality sector 

(tourism) accounts for the 10 % of the electrical demand, which is important for Ceuta´s 

city, but not big enough to drive its entire economy. This aspect will be represented when 

analysing the monthly electrical demand, where in the summer Ceuta experiences an 

increase in the electricity demand (due to a higher tourism as well as higher temperatures) 

but not enough to modify the electrical demand pattern accounted during the year.  

 

Figure 3. Electricity consumption in Ceuta by economic sectors. Source [41] 
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3.1.2 Electricity Demand Analysis 

In this section it will be analysed the average temperature in Ceuta and how it affects the 

electricity demand during the year, how the electricity demand varies along the week and 

when are the peaks during a typical day in the winter and in the summer season. The last 

part will be related with which has been the evolution in the electricity demand and 

generation capacity installed in Ceuta during the last fifteen years and if it is forecasted 

to change in the future. 

• Dry bulb Temperature 

The temperature will have effects in the electricity demand. The following graph shows 

how the dry bulb temperature in Ceuta varies by hourly data (See Figure 4). The figure 

shows that climate is very stable during the year, where the minimum temperature does 

not go below 5 degrees and the maximum temperature above 35 degrees. This stable 

climate influences the electricity demand, where the electricity load does not vary 

considerably in the different periods of the year but experiences a limited increase during 

July and August.  

 

Figure 4. Hourly dry bulb temperature over the year in Ceuta. Source [19] 
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happens around 1 pm (probably in real time is the same as 2pm in the winter due to the 

variation in the hour time along the year) which is higher than the winter peak demand in 

the afternoon. Overall, the electricity demand in a typical summer day is higher than in 

winter, probably due to the combination of higher temperatures (that requires air 

conditioning) and the increase in the hospitality activity in the region. 

 

Figure 5. Ceuta hourly electricity demand in a typical winter and summer day 

• Electricity demand comparison in a typical winter or summer week 

The electricity demand in a typical winter week (1 to 7 February of 2016), and in a typical 

a summer week (11 to 17 July of 2016) was analysed (See Figure 6). Both simulations 

follow a similar pattern where there is a reduction in the electrical demand during the 

weekends due to interruption of business and services. It can be seen again the trend 

described in the daily demand profile, with one big peak in the electrical demand during 

the lunch time in the summer, and two peaks in the demand in the winter, being higher 

the one which occurs at night, where the overall electricity demand is higher in summer.  

 

Figure 6. Electricity demand comparison in a typical winter and summer week 
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• Annual electricity Demand 

The daily demand is quite stable during the year, experiencing a limited increase during 

July and August due to the higher temperatures and more tourism activity (See Figure 7). 

The peak demand in the system is around 35 MW, while the lowest demand accounts for 

15 MW, having an average electrical output of 25 MW. The total annual electricity 

demand is 210 GWh, so this is the electricity necessary to produce each year to meet the 

electricity demand requirements. 

 

Figure 7. Hourly electricity demand over the year in Ceuta. Source [42] 
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increased in the electrical demand from 2015 to 2020, but these predictions have not been 

met at all, being the demand stable since the year 2010 [16].  

The project lifetime has been defined as 15 years, so the horizon time when the results 

are compared will be the year 2033. As in the last seven years, the generation capacity 

and the electricity demand has been stable, it was decided to maintain this trend and use 

the current electricity demand of 2016 as the electricity demand in horizon year 2033. 

 

Figure 8. Electricity demand and generation capacity in Ceuta over the last 15 years 

3.1.3 Electricity Generation. Diesel power plant  

The diesel power plant is the installation in charge of suppling the electricity consumed 

in Ceuta. Its electricity production depends almost instantaneously of the demand 

necessary to cover, being the starting point in the electricity distribution process. 

The power plant has a capacity of 97.7 MW and it is composed by 9 diesel generators, 

which accounts for 84 MW, and 1 gas turbine of 13,7 MW. 

The Diesel Power plant use mainly low sulphur fuel oil for the electricity production, 
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The summary of the most important parameters relative to the operation of the power 

plant can be seen in Table 1. 

Table 1. Electricity generation covered by the diesel power plan. Source [13] 

Electricity Demand 

(GWh/year) 

Gross Electricity 

Production (GWh/year) 

Fuel Consumption 

(GWh/year) 

Carbon Dioxide 

Emissions (ton/year) 

210 230 520 144,000 

 

3.1.4 Electricity Generation Prices and Electricity Supply Vulnerability 

The electricity generation price in Ceuta was analysed from the last year until the present, 

which can be seen in Figure 9. Generation prices goes from 200 to 300 €/MWh in normal 

conditions, except in the last part of November and the entire December (green oval in 

Figure 9), when the generation price goes from 100 to 150 €/MWh. From time to time, 

there is a sharply rising in the generation price, which could reach almost 900 €/MWh. 

This increase in the price reflects that generation has not covered the electricity demand 

needed, normally due to problems with some generators in the diesel-power plant or 

issues in electricity distribution network substations. The result is some areas of the city 

[43] or even the whole city [44] suffers a blackout (red ovals in Figure 9), and there is no 

electricity during 30 minutes to 1 hour (average time needed to restart the system again). 

This aspect reflects the poor quality of the electricity service provided in Ceuta.  

 

Figure 9. Electricity generation prices in Ceuta from 2017 to 2018. Source [42]. 

As it can be seen in Figure 10, electricity generation price for the year 2016 goes from 

350 to 200 €/MWh, obtaining and average of 263 € per MWh of electricity produced, 

which will be used as an input for the economic part of the model. 
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Figure 10. Electricity generation prices in Ceuta (year 2016). Source [45]. 

The generation price in Ceuta was compared with the other non-peninsular systems of the 

Spanish territory in 2016. The average price in the majority of them goes from 90 to 120 

€/MWh, being only close to Ceuta´s price islands of La Gomera and La Palma (located 

in the Canary Islands) and Melilla (the other Spanish autonomous city in the African 

Continent) with average prices from 170 to 190 €/MWh [46]. This analysis shows that 

Ceuta is the second most expensive region in the Spain for the electricity generation, 

surpassed only by “El Hierro” (which aims to be a 100 % Renewable Energy Island [47] 

and it achieved recently to produce all its energy by renewables during 18 days in a row).  

If the comparison is made with the Spanish Peninsular system, the difference is even 

higher, being the national average price of electricity generation 48.4 € per MWh [16]. 

It is vital for this project to understand why electricity production is so expensive in Ceuta 

compared with the rest of the territory. The different cost components of the electricity 

generation to obtain an average price of 263 € per MWh can be seen in Table 2. 

In the Modelling part (Section 4.4.2), it will be done a detail analysis of these costs in 

order to create an accurate simulation of the current Ceuta´s electricity generation system. 

Table 2. Ceuta electricity generation cost components in 2016. Source [15] 

Electricity 

Production 

(MWh) 

Fixed Costs 

 (M€) 

Variable Costs 

(M€) 

Total Costs 

 (M€) 

Unit Costs 

(€/MWh) 

210,068 27.41 27.78 55.19 262,7 
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3.1.5 Electricity Demand Price 

The electricity demand price in Ceuta was analysed from the last year until the present, 

which can be seen in Figure 11. Electricity demand prices goes from 40 to 80€/MWh in 

normal conditions, although the price could reach up to 120 €/MWh.  

 

Figure 11. Electricity demand prices in Ceuta from 2017 to 2018. Source [42] 

The average price of for the electricity demand in 2016 is around 55 €/kWh, although it 

fluctuates between 10 and 120 €/MWh consumed (See Figure 12).  

Comparing this result with the average price of the electricity production of 263 €/kWh, 

it is acknowledged that 80 % of the total price of the electricity consumption is subsided 

by the Spanish National Government, in order to maintain a similar price for the 

electricity consumption in all the territory.  

 

Figure 12. Electricity demand Prices in Ceuta (year 2016). Source [45]. 
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 Rationale for the project 

The main features of the current Ceuta´s electric system were discussed in previous 

sections, giving a poor picture on how its electricity generation system works. 

Firstly, the cost of electricity generation in Ceuta is the second highest in Spain, and 

accounts for more than five times the average cost of generating electricity in the Spanish 

Peninsular Electricity System.  

Secondly, the electricity demand in Ceuta has similar price than in the rest of Spain with 

the aim of having a similar price for the electricity consumption in all the Spanish 

territories. This leads to a situation in which the electricity demand price cannot cover the 

electricity generation costs, so the Spanish Government needs to subsidise the 80% of the 

electricity produced (and consumed) in Ceuta.   

Thirdly, there is only once source for providing the electricity, one diesel power plant, 

which covers the whole electric load. When there is a problem in some generators of the 

power plant and the electricity produced cannot reach the electricity demand needed, part 

of the city of even the whole city suffers a blackout until the power plant is re-started 

again (which takes normally between 30 minutes to 1 hour). This shows the poor quality 

of the electricity service provided in Ceuta. 

Furthermore, the power plant consumes mainly fuel oil, which is not only costly (accounts 

for almost the 50% of the costs of generating electricity), but also generates much more 

carbon dioxide emissions per each unit of electricity produced than the average Spanish 

Electricity System. 

To sum up, all these aspects show why the city of Ceuta could benefit from investigating 

different solutions for the electricity provision which could reduce the cost of the 

electricity generated, increase the energy security and the quality of the electricity service 

provided and reduce the carbon dioxide emissions produced during the electricity 

generation. 

Several solutions are going to be investigated in this report to improve the current Ceuta´s 

electricity generation system: the installation of an electricity interconnector to connect 

Ceuta with the Spanish Electricity System, the integration of different renewable 

technologies to take advantage of the natural resources available in Ceuta´s territory and 

different combinations of these two with the existing diesel power plant. 
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 Electricity Interconnector Ceuta-Iberian Peninsula 

The Spanish Government is planning to build an electricity interconnector to connect 

electricity systems of the Iberian Peninsula and the Autonomous city of Ceuta, as it its 

reflected in the “National Planning Network Electricity and Gas Transmission 2015-

2020” [48]. This project is also included in the European Continental South West 

Regional Investment as a project with regional significance for Spain, whose main driver 

is the market integration of Ceuta in the Spanish Electricity Market [17]. 

The electricity interconnector would be a high voltage alternative current line (HVAC) of 

132 kilovolts (kV), an approximate length of 45 km (35 submarine and 10 in land), and 

its cost would be 129 million Euros (M €) [18]. The electrical capacity of the 

interconnector has not yet been defined (or at least published), but it could be from 40 

MW up to 100 MW (2 pipes of 50 MW each). 

The interconnector project was supposed to be finished by 2020, but it is still on its early 

planning stage, so it is more likely to not be finished before December 2022 [49].  

The south part of the Iberian Peninsula and Ceuta borders are surrounded by 

archaeological and natural protected areas as well as areas related with the fishing 

industry. Different alternatives have been proposed and have been analysed to detect 

which one is the solution which has less impact in the environment for the project which 

connects the Peninsula with Ceuta. All of them depends on the territorial factors which 

determine the pathway which follows the interconnector. See Figure 13. 

 

Figure 13. Alternatives pathways for the interconnector Ceuta-Iberian Peninsula 

(left). Interconnector pipe and double line cross section (right). Source [18] 
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The construction of the electricity interconnector is supported by four main facts:  

- It would reduce the costs associated with electricity production in Ceuta (currently 

the city has special monetary retribution for the electricity production due to be 

an isolated electricity system). 

- It would solve the electricity supply problems which appears when two of the 

main generators are being maintained at the same time. 

- It would reduce the number of blackouts, which normally happens with the 

automatic load shedding when the frequency in the electricity distribution is 

altered due to incidents in the generation. The frequency of the electricity grid in 

Ceuta is altered when in the generation there are loses above 4 MW.  

- In small isolated systems like Ceuta, there is a recommendation of installing 

generators with a maximum capacity of 8 MW to avoid frequency stability 

problems. When there is lack of generation above 4 MW, there is variation in the 

system frequency strong enough to activate the lad shedding units and producing 

an interruption in the electricity supply. This recommendation has not been 

followed in Ceuta´s power plant case, where there are at least five generators 

higher than 11.5 MW capacity. If the peak demand is around 40 MW, it is 

normally covered by four of these big size generators, which implies as well, a 

bigger generation investment to maintain the backup reserves stipulated. 

The cost of this project will not affect directly the price Ceuta citizens pay for the 

electricity because is totally funded by the Spanish National Government. 

The information related with the interconnector will be used while creating different 

scenarios for the electricity production and comparing its result with the current situation, 

where all the energy consumed comes from the diesel generator power plant. 

 Renewables Potential. 

3.4.1 Solar 

Ceuta territory has very limited space available. South, North and East city borders are 

restricted to the Mediterranean Sea and its West-side by the Moroccan border fence. Most 

of the urban space has been occupied by the city urban expansion and there is only 

available space in the mountain located before the border fence, which avoids the 

possibility of installing a Concentrated Solar Power Plant [50] due to the multiple shadow 

projections. This urban environment configuration opens the possibility of taking 

advantage of the solar potential over roof [51]. Using GIS, it will be analysed how many 
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buildings in Ceuta could be suitable for installing photovoltaic panels, in order to quantify 

the maximum solar photovoltaic capacity that can be installed. 

• Analysis of photovoltaic potential to be installed 

A photovoltaic panel of 250 W was selected to be installed in the rooftop of the buildings 

in order to maximize the limited space available through a panel with high power output. 

Its main features can be seen in the following Table 3 and in APPENDIX.  

Table 3. Size and power of the photovoltaic panel selected. Source [52] 

Photovoltaic Panel parameters 

Width (m) Length (m) Area (m2) Power (W) 

0.958 1.64 1.63 250 

 

The area available in the city of Ceuta to install photovoltaic panels in its rooftop was 

quantified. The surfaces available has been defined as residential buildings, public 

buildings and industrial buildings. The surfaces of them have been calculated using the 

software ARCGIS (See Figure 14). 

 

Figure 14. Analysis of buildings rooftop area available for pv installation in Ceuta 

Once calculated the surfaces of the different building it has been established a percentage 

of how many of them would be in reality suitable for installing photovoltaics. This 
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parameter was established as the 20 % of the space available (See Table 4). The available 

capacity for installing photovoltaics was calculated to be around 320,000 m2. 

Table 4. Available area for rooftop photovoltaics panel installation in Ceuta  

Ceuta Surface Potential for PV Installation Area (m2) 

Residential Building Roof Top 1,393,587 

Public Equipment Roof Top 105,256 

Industrial Buildings Roof Top 84,696 

Total 1,583,539 

  

Estimated available space for rooftop pv installation (%) 20 

Available Area for rooftop photovoltaics installation (m2) 320,000 

 

If the photovoltaics panels of 250 W are installed in packages of four, they will form a 

photovoltaic potential of 1 kW per package. It has been compared the physical size of the 

panel with the available space in the city of Ceuta to install them (See Table 5). The result 

is that the maximum rooftop photovoltaics which can be installed is 40 MW. 

Table 5. Maximum capacity of rooftop photovoltaics that can be installed in Ceuta 

Power 

per panel 

(W) 

PV 250 

W size 

(m2) 

Package 4 PV (W) 

PV Package 

1000 W size 

(m2) 

Number of 

packages 1000 W 

which could be 

installed 

Maximum PV 

Potential 

(MW) 

250 1.63 1,000 8 40,000 40 

 

3.4.2 Wind 

• Onshore Wind 

So far, it has been proposed four different projects for wind farms in Ceuta over the last 

20 years, but all of them have been rejected due to environmental impact issues [53]. 

Reasons behind this discarded were the following: first two projects were projected inside 

the Natural Area for Birds Projection and last two projects were designed near to historic 

monuments, creating a high impact visual impact in the city.  

This environmental aspect will affect the final wind power potential doable to be used in 

the region [54]. Wind potential needs to combine both requisites: enough wind power 

suitability and preservation of Ceuta nature and build environment. 
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o Wind Capacity 

The Spanish Energy Agency developed an study in each autonomous community in Spain 

to quantify the available surface with higher wind speed than 6 m/s to discover the 

onshore wind potential for each region. For the city of Ceuta, the 100 % of its mainland 

territory has a wind velocity higher than 6 m/s at 80 meter high, but only the 33 % of this 

area could be available to install wind turbines (See Table 6).  

Table 6. Available surface for onshore wind power installation in Ceuta. Source [31] 

Ceuta 

Area 

(km2) 

Area with average wind 

velocity higher than 6 m/s at 

80 m high 

Area with average wind velocity higher than 

6 m/s at 80 m high, removing Protected 

Natural Areas and technical challenges 

18   100% 33 % 

 

In the same study it was defined the onshore wind potential of Ceuta at different wind 

velocities (See Figure 15). The study found that there is 25 MW of wind power potential 

at the average wind velocity 6.5 m/se and 80 meters height. Therefore, the maximum 

onshore wind capacity which could be installed in Ceuta is 25 MW.  

This value will have a great importance in the model, and it will establish a limitation 

which will influence the renewables capacity that can be integrated in the system. The 

limited space was already covered in the literature review (See Section 2.4) as one of the 

biggest limitations for the integration of renewables in isolated places. 

 

Figure 15. Estimated maximum onshore wind power potential in Ceuta. Source [31] 
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o Wind Technology 

With average wind velocity of 6.5 m/seg defined previously and the wind density of 500 

W/m2 (See Figure 16), it was found the wind class [55] for Ceuta is III low wind class 

(average wind speed under 7,5 m/s) [56]. It was analysed different types of models 

available in the market for this wind class, and finally it was chosen a turbine a 2.1 MW, 

whose main features can be seen in the APPENDIX. 

 

Figure 16. Wind density potential at 80 m high in Ceuta (W/m2). Source [20] 

The power curve of the wind turbine selected could be seen in Figure 17. The wind turbine 

chosen needs winds speeds higher than 8 m/s to provide at least the 50 % of its power 

output, reaching its maximum value when the wind speed is 13 m/s or above.  

 

Figure 17. Power curve for the 2.1 MW onshore wind turbine selected. Source [57] 
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A summary of the most important features of the onshore wind power is provided (See 

Table 7) 

Table 7. Maximum capacity of onshore wind power that can be installed in Ceuta 

Average Wind Speed 

(m/seg) 

Wind 

Class 

Wind Turbine 

Capacity (MW) 

Maximum Onshore Wind 

Capacity (MM) 

6.5 III  2.1 25 

 

• Offshore Wind  

The offshore wind technology will not be included in the model simulations. It is decided 

to include only in the energy solutions for Ceuta the renewable technologies with the 

lowest levelized costs, which could compete with the cost of purchasing electricity from 

the interconnector. The levelized cost of the offshore wind now is almost three times 

higher than the onshore costs and therefore it was selected onshore instead of offshore for 

modelling wind in the simulation [58]. Despite not being modelled in the scenarios, the 

offshore wind technology has a great potential, and could be seen as a feasible solution 

to be integrated in the electricity system once its levelized cost reach the grid parity. 

One aspect that could be a limitation for installing offshore wind in the future is the 

elevated Marine Traffic in the area. The Gibraltar Strait is one of the busiest areas related 

to the marine traffic, being the main entrance of ships in to the Mediterranen Sea. 

Approximately 120,000 vessels cross The Gibraltar Strait annually, appart from the 

thousands of marine species in the area and five international underwater data cables 

located in the region. Ceuta is in the edge of this area, so this could a limitation factor for 

the potential of installing off-shore turbines in the area, because of the risk collision that 

a offshore farm could generate (See Figure 18). 

 

Figure 18. Marine traffic in The Gibraltar Strait. Source [59] 
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3.4.3 Pump Hydro Storage 

Ceuta already has two water reservoirs which provides the city with drinkable water.  

In 2014, there was conducted a report to assess the feasibility of installing a pump hydro 

for electricity storage in Ceuta [34]. The pump hydro plant would use the excess of 

electricity produced with renewables to pump water from a lower to a higher water 

reservoir during its charging process. When the electricity is needed again by the system, 

the water goes from the higher water reservoir to the lower one, taking advantage of the 

potential energy of the water to produce electricity (See Figure 19).  

 

Figure 19. Schematic for Pump hydro plant installation in Ceuta. Source [34] 

The available volume to build a water reservoir in Ceuta territory was found to be 250,000 

m3, located at high altitude difference of 105 meters with respect to the water reservoir 

from which the water would be pumped. To calculate the maximum pump hydro storage 

capacity was used the following equation: 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒(𝑀𝑊ℎ) =
𝑔𝑟𝑎𝑣𝑖𝑡𝑦(𝑚/𝑠𝑒𝑔)  ∙ 𝜌𝑤𝑎𝑡𝑒𝑟(𝑘𝑔 𝑚3⁄ )

∙ 𝑉𝑂𝐿 𝑅𝐸𝑆𝐸𝑅𝑉𝑂𝐼𝑅 (𝑚3)
∙ ℎℎ𝑒𝑎𝑑(𝑚)

∙ 𝜂(%) 

3.6 ∙ 103
 

The efficiency for the pump hydro was defined as 85 %, obtaining a maximum storage 

capacity of 60 MWh. This parameter will have a great importance while modelling the 

scenarios which contains renewables because it will define the maximum renewable 
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energy which can be stored in the system, having influence as well while sizing the 

renewable capacity in the system. 

The pump hydro contains water turbines which determines its electrical power capacity. 

The following equation has been used to calculate the power capacity of the pump hydro: 

𝑃𝑜𝑤𝑒𝑟(𝑀𝑊) =

𝑔𝑟𝑎𝑣𝑖𝑡𝑦(𝑚/𝑠𝑒𝑔)  ∙ 𝜌𝑤𝑎𝑡𝑒𝑟(
𝑘𝑔
𝑚3)

∙ ℎℎ𝑒𝑎𝑑(𝑚)
∙ 𝜂(%) ∙ 𝑄 

(
𝑚

𝑠𝑒𝑔
)

106
 

If the water flow is defined as 10 m/seg, the power capacity that needs to be installed in 

the pump hydro plant would be 8.8 MW. The capacity of 8.8 MW would be provided 

through 4 Francis turbines of 2.2 MW each. The power capacity of the pump hydro would 

be used to calculate the costs of this technology, which normally are defined as € per kW 

installed. 

A summary of the most important features of the pump hydro storage plant is provided 

(See Table 8) 

Table 8. Maximum pump hydro energy storage capacity available in Ceuta 

Volume Reservoir 

(m3) 

Head height 

(m) 

Power capacity 

(MW) 

Maximum Storage Capacity 

(MWh) 

250,000 105 8.8 60 
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4 MODELLING 

 Software adopted 

• Software Selection 

After a review of all the software currently available to model hybrid energy systems [60] 

and their capabilities [61] (MERIT, ENERGY PLAN, H2RES…), HOMER PRO was 

assessed to be the most suitable one, so it was the software chosen for the simulation of 

this project. 

HOMER provides an intuitive and user-friendly interface, which has already incorporated 

the required aspects for the fulfilment of the purposes of this report, (although it also has 

some limitations). It enables fast optimisation calculations, allowing an annual hourly 

analysis simulation of both off-grid and grid-connected microgrid systems 

• Software Description 

HOMER (Hybrid Multi-Resource Resource Optimization) analyses the operation of a 

system calculating the energy balance of 8,760 hours in a year.  

For each hour, HOMER analyses the electric load demand and compares it with the 

electricity produced from different technologies, calculating the energy flow between the 

different components of the model. Additionally, in case that energy storage exists in the 

system, the software specifies the times that it will be charged and discharged. HOMER 

does an energy balance for each combination of different technologies which have been 

defined in the model, giving the possibility to experiment with different technology sizes 

with the aim to find the optimal solution.  

Firstly, in order to simulate the system, the user defines a set of components, including 

their technical and financial details. Afterward, the software simulates the operation of 

the system resulting from the computation of the energy balance for every hour for the 

time period of a year, contrasting at the same time the demand with the electricity 

produced within the system. Ultimately, the software conducts sensitivity analysis on 

various aspects of the system like the radiation produced by the sun, the wind speed and 

the life expectancy of the system's components. 

• Simulation algorithm 

HOMER simulates, optimizes, and conducts a sensitivity analysis on micropower systems 

in three different stages as described below: 
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o Simulation 

During this stage, the user defines the main parameters of the system which will be 

simulated. After configuring the loads, the resources (wind, solar, temperatures or the 

type of fuel consumed) and the system components (generators, wind turbines, 

photovoltaic panels) and the restrictions of the system upon which they rely, the software 

combines all of them in order to present a comparison between the electrical demand for 

every hour and the electricity produced for the system. 

o Optimization 

During this stage, HOMER finds the solution which can meet the requirements of the 

system at the lowest net present cost. In the optimization stage is also calculates the 

levelized cost of electricity for each system combination and the operating costs of it. 

o Sensitivity Analysis 

For the sensitivity analysis, an optimization is carried out to discover the sensitiveness of 

the input variables in the system. To sum up, the software estimates the most efficient 

size for of all the elements of the system and the energy flows between them. 

 Object 

The purpose of this thesis is to analyse several feasible ways to produce electricity in 

Ceuta, creating an overview about how much would cost each pathway and the different 

benefits of each of them, so a HOMER model is created to represent the current electricity 

production in Ceuta and the multiple scenarios in which the electricity system can evolve.  

In the Modelling section, it will be covered which are the most important variables that 

the software uses in the simulation, which data needed to be inputted to simulate the 

scenarios, which are the different scenarios proposed, and which assumptions taken while 

building the model.  

 Variables used in the model and Mathematical modelling behind them 

To describe the main variables the software uses during the simulation, it will be used the 

definition provided by HOMER and the maths formulas provided in its user´s manual: 

• Costs Variables 

“The total net present cost of a system is the present value of all the costs the system 

incurs over its lifetime, minus the present value of all the revenue it earns over its lifetime. 

Costs include capital costs, replacement costs, O&M costs, fuel costs and the costs of 

buying power from the grid. Revenues include salvage value and grid sales revenue. 
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HOMER calculates the total net present cost by summing the total discounted cash flows 

in each year of the project lifetime. It is the main economic output, the value by which it 

ranks all system configurations in the optimization results, and the basis from which it 

calculates the total annualized cost and the levelized cost of energy”[62]. 

The total annualized cost is the annualized value of the total net present cost. 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑁𝑒𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 (€) ∙ 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐹𝑎𝑐𝑡𝑜𝑟  

 

The capital recovery factor is a ratio used to calculate the present value of an annuity (a 

series of equal annual cash flows). The equation for the capital recovery factor is: 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑅𝑒𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 

(1 − (1 + 𝑅𝑒𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)−𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒)
  

The project lifetime is the length of time over which the costs of the system occur and for 

this project is 15 years. 

The real discount rate is used to calculate discount factors and annualized costs from net 

present costs. 

𝑅𝑒𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 =
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 − 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

1 + 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 

The nominal rate is the rate at which the money is borrowed. After evaluating which was 

the average discount rate for different solar and wind projects in Spain during the year 

2017 [63], the nominal rate of 7.5 % was defined for this project. 

To define the expected inflation rate for the project it has been analysed the inflation value 

during the last 20 year in Spain [64], obtaining an average value of 2.2 % which has been 

selected as the expected inflation rate for this project. 

The Levelized Cost of electricity, is the division between the annualized cost of producing 

electricity by the total electric load served. 

𝐿𝑒𝑣𝑒𝑙𝑖𝑧𝑒𝑑 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑦𝑠𝑡𝑒𝑚 (€ 𝑦𝑒𝑎𝑟⁄ )

𝑇𝑜𝑡𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 𝑆𝑒𝑟𝑣𝑒𝑑 (𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ )
 

The operating cost is the difference between the total annualized cost and the total 

annualized capital cost. 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 (€)

= 𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑜𝑠𝑡 (€ 𝑦𝑒𝑎𝑟⁄ ) − 𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 (€ 𝑦𝑒𝑎𝑟⁄ ) 

“Salvage: is the value remaining in a component of the power system at the end of the 

project lifetime. HOMER assumes linear depreciation of components, meaning that the 
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salvage value of a component is directly proportional to its remaining life. It also assumes 

that the salvage value depends on the replacement cost rather than the initial capital 

cost.”[65] 

The life time has its relevance in the salvage costs. The lifetime of the project defined is 

15 years so, if the lifetime of the renewable technology is higher (20, 25 or 50 years), the 

renewable installation will still have some economic value in the horizon year 2033. This 

monetary value is considered through the salvage. In all renewable technologies proposed 

for the horizon year, the replacement cost would be zero because its lifetime has not been 

reached and will have some remaining value (salvage) which return as a result a negative 

value for the for the calculation “Replacement-Salvage Cost” and will decrease the 

overall cost of the renewable technology. 

• Renewable Fraction 

The renewable fraction for the model used is the fraction of the energy delivered to the 

load that originated from renewable power sources. 

𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = 1 −
𝑁𝑜𝑛 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (

𝑘𝑊ℎ
𝑦𝑒𝑎𝑟)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 𝑆𝑒𝑟𝑣𝑒𝑑 (
𝑘𝑊ℎ
𝑦𝑒𝑎𝑟)

 

• Carbon dioxide emissions 

HOMER calculates the annual CO2 emissions by multiplying the emissions factor (kg of 

CO2 emitted per unit of fuel consumed) by the total annual fuel consumption. 

To calculate the CO2 emissions associated with the grid purchases, HOMER multiplies 

the net grid purchases (in kWh) by the CO2 emission factor (in g/kWh). 

 Input Data and setting of simulations 

The methodology followed for the creation of the model uses the Section 2.4 [21] of the 

literature review as a reference to revise which are the most important parameters in the 

simulation. 

4.4.1 Electric Load and Constraints 

• Electricity Demand 

The annual electric demand can be seen in the following graph (See Figure 20). The 

seasonal demand is quite stable, experiencing a small increase in the demand during the 

summer period (especially in August).  
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Figure 20. Hourly electricity demand over the year in Ceuta. Source [39] 

The main important parameters relative to the electricity demand for the model can be 

seen in Table 9. 

Table 9. Main parameters of the electrical demand in Ceuta 

Electrical Demand Main Values 

Annual Electrical 

production (GWh) 

Mean electrical 

output (MW) 

Minimum electrical 

output (MW) 

Maximum electrical 

output (MW) 

210 24 15 36 

 

• Project Constraints 

The system needs to be prepared to assume some electrical variations, like an increase in 

the load or obtaining less output than expected from renewables. These aspects can be 

modelled in the operating reserve section in HOMER. The unexpected load variation was 

established at 10 % for the annual peak demandand the load, and 25 and 50 % for the 

solar and wind resources respectively.  

An example of how the operating reserve works can be seen in the next graph (Figure 

21), which represents the weekly variation of the electric load profile. In order to make a 

more realistic model, the system would be operating at higher electric values than the 

Alternative Current load, with the use of a generation reserve of 10 % to respond to a 

moderated increase in the expected demand. 
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Figure 21. Operating reserve in the system to cover the variations in the demand 

4.4.2 Diesel Power Plant 

• Capacity 

The power plant has a capacity of 97.7 MW, a capacity factor of 24.5 % and an electrical 

efficiency of 40.6 %. The capacity installed will be maintained in all the scenarios, but 

the capacity factor and electrical efficiency will vary according to the amount of electric 

load covered by the power plant. 

• Power Plant Costs 

The levelized cost of electricity generation in Ceuta is 0.263 € per kWh. This value has 

been taken from real values of electricity costs previously shown in Table 2 . The 

levelized cost of the electricity generated by the power plant will vary in the different 

scenarios according to the electric load covered by the power plant. 

The levelized cost is built by the addition of different power plant cost components (fixed 

capital, operation and maintenance, fuel and replacement) which are explained below:  

o The System fixed Capital Cost 

The amount of money that has been invested over the lifetime of the plant was more than 

135 million Euros, and despite being amortised the cost of the first generators installed, 

there are still 95.8 million Euros which still needs to be covered [66]. This aspect has high 

relevance in all scenarios modelled, because it creates an additional 95.8 M€ cost which 

needs to be covered whether the existing diesel power plant is used or not, and it increases 

the overall net present cost and levelized cost of each scenario.  
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o Operation and Maintenance Cost 

The operation and maintenance costs of running the plant for 24 hours, every day of the 

year are around 14.5 M€ per annum [66]. The plant cost operation per hour has been 

adjusted to match with the mentioned cost value, obtaining a cost of 17 €/h per each MW 

installed which, with a 97 MW plant, accounts for almost 40,000 € per day (1,660 €/ 

hour). The operation and maintenance cost will be adjusted in al the scenarios according 

to the way the power plant is operated. 

o Fuel Cost 

▪ Fuel Price 

Due to its electricity isolation and the lack of renewables installed, the entire electricity 

generation in Ceuta is produced through fossil fuels. Ceuta lacks of own oil resources so 

the cost of the fuel depends completely on the price established by the oil market.  

The Spanish Government established a price for compensating the amount of fuel 

consumed in its non-peninsula territories for the electricity generation, which varies in 

each semester of the year. The price for the fuel goes from 450 to 750 € per tonne of fuel 

consumed during the electricity production. 

After analysing the price for different years, it has been selected the reference price for 

the year 2014, where the price is around 600 € per ton of fuel oil consumed [66].  

The fuel used for the electricity production in the Diesel Power plant is Fuel Oil. Table 

10 shows the main properties of the fuel oil consumed. 

Table 10. Properties of the fuel oil used in the electricity generation. Source [13] 

Price  

(€/ton) 

Lower Heating 

Value (MJ/kg) 

Density 

(kg/m3) 

Carbon 

Content (%) 

Sulphur 

Content (%) 

600 40.19 960 86 0.93 

 

▪ Fuel Consumption  

The fuel price costs are 600 € per ton of fuel oil consumed (See Table 10). The specific 

fuel consumption has been established at 0.22 tonnes/MWh produced. The value for the 

specific fuel consumption will vary as well with the electric load covered by the power 

plant in the different scenarios, so the cost related to the fuel consumption will vary. The 

current fuel consumption costs of the plant are 27.8 Million Euros per year. 
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o Replacement and Salvage Cost 

The Diesel Power Plant has nine diesel generators and one gas turbine. These generators 

were bought in the eighties the first ones until 2010 the last one. In 2033, the horizon year 

of the project, is forecasted to replace all generators installed before the year 2000, which 

accounts to be 30 MW of the total 97 MW of the Power Plant. The replacement cost has 

been determined around 1.25 M€ per MW installed, which provides a difference between 

the replacement and salvage cost for the horizon year of 37 M€ or 3,3 M€ cost per annum. 

The replacement cost will be adjusted in al the scenarios according to the way the power 

plant is operated.  

• Summary of diesel power plant features 

The main features relative to the current operation and costs of the diesel power plant can 

be seen in Table 11 and  

Table 12. Except the capacity installed and the system fixed capital cost, all other 

parameters will vary in the different scenarios according to the electric load covered by 

the power plant. 

Table 11. Current main operational values of the diesel power plant. Source [13] 

Capacity 

(MW) 

Capacity Factor 

(%) 

Electrical Efficiency 

(%) 

Specific Fuel 

Consumption  

(ton/MWh produced) 

97.7 24.5 40.6 0.22 

 

Table 12. Current levelized cost of electricity and power plant costs. Source [15] 

Levelized Cost of 

electricity 

(€/MWh) 

System Fixed 

Capital Cost 

(M€) 

Operation and 

Maintenance Cost 

(M€/year) 

Fuel 

Consumption 

Cost (M€/year) 

Replacement 

Cost 

(M€/MW) 

263 95.8 14.5 27.78 1.25 

 

4.4.3 Interconnector 

• Interconnector Costs 

The interconnector has a capital cost of 129 Million Euros and an operation and 

maintenance cost of 1.8 Million Euros per year [67]. 

• Interconnector Capacity 

Relative with the Interconnector, it is known the estimated cost of the project, but it has 

not been published (or decided) yet the electrical capacity of it. It has been checked by 
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different regional, national and European sources, and this specific data is not provided. 

Different interconnector capacities are simulated to analyse which effects would have in 

the current Ceuta electricity system, starting with a minimum interconnector capacity of 

15 MW and a maximum one of 40 MW, with different intermediates capacities which 

vary 5 MW each other. The interconnector real final capacity could be up to 100 MW, 

but this aspect would not alter the model results because with the maximum modelled 

value (40 MW) it is covered the maximum daily demand of the year (around 35 MW).  

• Cost of purchasing electricity through the interconnector 

The cost of purchasing electricity from the interconnector depends on the price of the 

electricity established by the Spanish Pool (Spanish Electricity Market), so the cost of 

purchasing or selling electricity was analysed and introduce in the model (See Figure 22). 

These values will determine the price at which the electricity will be purchased from the 

electricity interconnector, and the price that will be received when selling electricity 

exceed to the to the grid. 

 

Figure 22. Hourly price for purchasing of selling electricity in the Spanish Electricity 

Market. Source [42]  

The average price in 2017 of purchasing electricity from the grid in the Spanish Electricity 

Market is 59.33 €/MWh while the price for selling the electricity into the market is 52.24 

€/MWh. The average value of purchasing electricity is around 60 €/MWh, but these 

values change substantially during the day and along the year, with maximum values 

around 120 €/MWh and minimum values of 25€/MWh.  

0

20

40

60

80

100

120

Ja
n

Ja
n

Ja
n

Ja
n

F
eb

F
eb

M
ar

M
ar

M
ar

A
p

r
A

p
r

A
p

r
M

ay
M

ay
M

ay Ju
n

Ju
n

Ju
n

Ju
l

Ju
l

Ju
l

A
u

g
A

u
g

A
u

g
S

ep
S

ep
S

ep O
ct

O
ct

O
ct

N
o

v
N

o
v

N
o

v
D

ec
D

ec
D

ec

E
le

ct
ri

ci
ty

 P
ri

ce
 (

€
/M

W
h
)

Spanish Electricity Market Prices

Purchase Sell



47 

 

These values will have a great importance in scenarios where there are different ways of 

generating electricity (diesel power plant, solar and wind), to determine which way of 

generating electricity is more economical, if this way of generating electricity is cheaper 

than purchasing it from the Spanish Electricity Market (through the interconnector) or for 

knowing the price that will be obtained when selling the electric excess to the grid. 

The final cost of purchasing electricity from the interconnector in the different scenarios 

will depend on the amount of electricity purchased and sold to the grid. 

• Spanish Electricity Market Carbon Dioxide Emissions 

The CO2 emission factor associated with national electricity generation in Spain is 0.28 

tonnes of CO2 per MWh produced, which have been used while modelling the emission 

in the electricity purchased from the grid. 

• Summary of Interconnector features 

A summary of the interconnector most important parameters is shown at Table 13. 

Table 13. Cost, capacity and emission values for the electricity interconnector  

Capital 

Cost 

(M€) 

Operation 

and 

Maintenance 

(M€/year) 

Electrical 

Capacity 

(MW) 

Average 

Electricity 

Purchase Price 

(€/MWh) 

Average 

Electricity Sell 

Price (€/MWh) 

Carbon footprint 

(CO2 

Emissions/MWh) 

129 1.8 0-40 59.33 52.24 0.28 

 

4.4.4 Wind Power 

• Wind Resources 

The wind power distribution will have effects on how much power could be produced by 

the wind turbine chosen for the electricity generation in Ceuta. 

The wind does not follow a seasonal pattern like the solar case, and it is a more 

unpredictable resource. It has been chosen two months of the year to represent the 

variability of wind speed over time (See Figure 23). In July, for example, the wind speed 

rarely reaches values above 4 m/s. The power output of the wind turbine chosen at 4 m/s 

is very low, so the wind power would have a minimum contribution for the electricity 

generation for the month analysed. In the case of January, wind speeds over 8 m/s happen 

very often, reaching values of wind speed over 16 m/s. The wind turbine chosen for the 

project runs at more than 50 % of its power capacity with wind speeds over 8 m/s, 

reaching its maximum value of 2.1 MW when the wind speed is 13m/s or above. 
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Therefore, the wind power in the month analysed (January) would be enough to maintain 

the wind turbine running most of the time at least at 50 % of its power capacity. 

 

Figure 23. Hourly wind speed resources for each day of January and July in Ceuta. 

Source [19] 

• Onshore Wind turbine 

Each turbine installed has a capacity of 2.1 MW. It has been defined a capital cost of 

1,275 €/kW (1.275 €/MW installed), with a replacement cost of 70% of the capital cost 

and an operation and annual maintenance cost of 11,000 € per MW installed [58]. The 

lifetime for the wind turbines is 20 years. The capacity factor obtained for the wind 

turbine installed is 23.5 %. The maximum onshore wind capacity that could be installed 

was quantified to be 25 MW. A summary of the most important parameters for the 

onshore wind power is provided (See Table 14). 

Table 14. Main parameters for the onshore wind power  

Capital 

Cost 

(€/kw) 

Replacement 

Cost (€/kW) 

Operation and 

Maintenance Cost (€ 

kW/year) 

Life

time 

Capacity 

Factor (%) 

Maximum 

Capacity 

(MW) 

1,275 850 11,000 20 23.5 25 

 

4.4.5 Solar Power 

• Solar Resources 

The factor which has a bigger contribution to the photovoltaics power output is the global 

horizontal radiation. The value of this parameters changes noticeably along the year, even 

in sunny places located in the African continent, like Ceuta. The next figure shows the 
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daily global horizontal in January and July, which have been selected to represent the 

winter and summer season respectively (See Figure 24).  

During the winter, the values for the global horizontal radiation rarely reach the 600 W/ 

m2 and have some variations in its magnitude, obtaining values even lower than 100W/m2 

when the sky is covered.  

In the summer period, the global horizontal radiation is quite constant at 1000 W/m2, 

taking advantage that is the period of the year when the sky is clearer. 

 

Figure 24. Hourly global horizontal radiation for each day of January and July in 

Ceuta. Source [19] 

• Solar rooftop photovoltaic Panel 

The photovoltaics panels simulated have a power output of 250 W, which installed in 

groups of four forms photovoltaic packages of 1 kW of capacity. 

It has been defined a capital cost for photovoltaics of 1,500 €/kW, with a replacement 

cost of 1,000 €/kW, and operation and maintenance cost of 50 €//kW per year [68] and a 

lifetime of 25 years [69]. 

The capacity factor obtained for the photovoltaic panels installed is 17.3 %. 

The maximum solar rooftop capacity that could be installed was quantified to be 40 MW. 

A summary of the most important parameters for the solar photovoltaics is provided (See 

Table 15). 
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Table 15. Main parameters for the solar photovoltaics power 

Capital 

Cost (€/kw) 

Replacement 

Cost (€/kW) 

Operation and 

Maintenance Cost   

(€ kW/year) 

Life 

time 

Capacity 

Factor (%) 

Maximum 

Capacity (MW) 

1,500 1,000 50 25 17.3 40 

 

4.4.6 Pump hydro and Converter 

• Pump hydro 

The pump hydro plant designed would have an energy storage capacity of 60 MWh. The 

plant would be composed of four turbines of 2.2 MW for the pump hydro energy storage, 

which gives a capacity of 8.8 MW. It has been established a capital cost of 3,000 €/kW 

installed [70], so if the power to be installed is 8.8 MW it is obtained a capital cost of 26.4 

Million Euros for the pump hydro energy storage installation.  

It has been considered a lifetime of pump hydro of 50 years and a replacement cost of 

30% of the capital cost of the plant and the operation and maintenance costs per year a 

1 % of the capital cost.  

In order to test the performance of different technologies for energy storage, it was 

simulated to obtain a similar storage capacity through 60 Li-ion batteries of 1 MWh. The 

economic results showed that is more feasible to install pump hydro energy storage, and 

this is why pump-hydro is the only storage technology considered in the model. 

To simulate pump hydro storage, it was necessary to use rough hand calculations to 

integrate it properly in the model since it was not covered by the software. The pump 

hydro was added to the model through a modified battery with 80% round-trip efficiency, 

establishing a 60 MWh for its storage capacity and adding it to the Direct Current part of 

the model through a converter of 100 % efficiency[71]. It was detected that with the 

integration of a pump hydro energy storage, any other storage technology could be 

included in the model to work at the same time. 

A summary of the most important parameters for the pump hydro plant is provided (See 

Table 16). 

Table 16. Main parameters for a pump hydro energy storage plant 

Capital 

Cost 

(€/kw) 

Replacement 

Cost (€/kW) 

Operation and 

Maintenance 

Cost 

 (€ kW/year) 

Life 

time 

Maximum Storage 

Capacity (MWh) 

Turbines Power 

Capacity (MW) 

3,000 1,000 30,000 50 60 8.8 
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• Converter 

The converter in the system is mainly used for the photovoltaics conversion from DC to 

AC and to help HOMER to transfer the energy stored in the pump hydro from DC to AC 

without any cost or efficiency lost. (Homer use Pump hydro as a DC storage by default, 

and this is the way to store to AC electricity in the pump hydro). 

 Scenarios modelled 

4.5.1 Scenario 0-Business as Usual: Diesel Power Plant 

The purpose of the “Scenario 0 – Business as usual” is to create a model which represents 

the most important features of Ceuta´s electricity generation current situation. Results 

obtained for this section will be used as the reference to compare the different scenarios. 

In the Scenario 0 all electricity generated in Ceuta comes from an only Diesel Power Plant 

which has a capacity of 97.7 MW.  

4.5.2 Scenario 1: Diesel Power Plant + Interconnector 

In Scenario 1, it is proposed to minimise the use of the diesel power, providing only 

enough electricity to maintain operative its current capacity. The rest of the electricity 

demand will be covered through the interconnector which connects with the Spanish 

Peninsular Electricity Market.  

4.5.3 Scenario 2: All electricity is supplied by the electricity interconnector 

In Scenario 2, all the electricity demand will be covered through the interconnector which 

connects with the Spanish Peninsular Electricity Market. 

4.5.4 Scenario 3: Diesel Power Plant + Renewables + Pump Hydro Storage 

In Scenario 3, the diesel power plant is used in collaboration with wind and solar 

technologies and a pump hydro energy storage to cover the system electricity demand.  

4.5.5 Scenario 4: Diesel Power Plant + Renewables +Interconnector 

In Scenario 4, the interconnector is used in collaboration with wind and solar technologies 

and the diesel power plant to cover the system electricity demand.  

 HOMER Software Validation 

It was created a HOMER model to represent how the electricity is currently generated in 

Ceuta and how it would vary depending on the energy provision solution adopted. 

The Ceuta´s electricity generation model created in HOMER was proven to be reasonably 

accurate. The behaviour of the diesel power plant was compared to real-life data to 

demonstrate this accuracy. This methodology allowed for the validation of the model; 

thus, validating the accuracy of the algorithms behind the HOMER software.  
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In conclusion, HOMER was a robust and reasonably accurate modelling tool for many 

aspects of this report. It did not, however, provide a ‘complete package’ and this had to 

be accommodated for by hand calculations when investigating certain renewable 

technologies (like pump hydro). 

 Assumptions and simplifications adopted  

• Electricity Demand Increase 

Probably, if the interconnector is installed, it will provide a higher quality of the electricity 

service provided, so it is probable that the electricity demand would increase in the future. 

For the model created, it has been used the electricity demand of the year 2016, with no 

increases in the electricity demand in the future, based on the fact that the yearly electrical 

demand has not experienced any variation during the last ten years. 

• Fuel prices and technologies degradation 

Parameters like the fuel price or electricity price will, for sure, vary over time, but it has 

not been considered in the model created. The same would happen with the maintenance 

costs of the generation technologies, which normally increases over time, or with the 

effect of time on the performance and the power output of the renewable technologies 

(like in the case of photovoltaics degradation with time) which have not been taken into 

consideration. These aspects were not included in the calculation, but these aspects would 

only have enough relevance to change the results if they experience a drastic change over 

its contemporary values (for example if the fuel oil price reduces its price in 90 %, the 

generation with the power plant would change to be the most expensive option to the 

cheapest one). 

• Fuel used 

It has been assumed that all generation is produced with fuel oil, which in the real case 

accounts for the 99 % of the fuel consumed in the power plant. This assumption appears 

to be feasible, due to the huge difference in the quantities of fuels used in the generation 

with respect to the fuel oil and the other fuel used in the electricity generation in Ceuta. 
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5 RESULTS  

 SCENARIO 0-Business as Usual: Diesel Power Plant 

5.1.1 Objective 

The purpose of the “Scenario 0 – Business as usual” is to create a model which represents 

the most important features of Ceuta´s electricity generation current situation. Results 

obtained for this section will be used as the reference to compare the different scenarios. 

As it has been explained in previous sections, all electricity generated in Ceuta comes 

from an only Diesel Power Plant which has a capacity of 97.7 MW (See Figure 25).  

 

Figure 25. Scenario 0-Business as usual Schematic. 

5.1.2 Input data  

• Diesel Power Plant 

The electric demand profile showed previously match with the generation profile, so all 

values for this parameter have already been explained in previous sections. 

The generation plant has an electrical capacity of 97.7 MW and runs for 24 hours in every 

day in the year, obtaining a capacity factor of 24.5 % with its production. 

The default fuel curved provided by the software was modified to match with real fuel 

consumption values and efficiency provided in Ceuta Diesel Generator 2016 Report [13]. 
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The fuel consumption per year is 46,000 tonnes, which accounts for fuel energy input of 

516 GWh. If the total generation is 210 GWh, the above-mentioned fuel energy input, the 

mean electrical efficiency of the generation plan is 40.6 % and the specific fuel 

consumption of 0.22 ton/MWh produced (See Table 17) 

Table 17. Scenario 0. Main operational values of the diesel power plant. Source [13] 

Capacity 

(MW) 

Capacity Factor 

(%) 

Electrical Efficiency 

(%) 

Specific Fuel 

Consumption  

(ton/MWh produced) 

97.7 24.5 40.6 0.22 

 

The system has a fixed capital Cost relative the repayment of the previous inversion in 

the generators installed in the power plant, which will the same for all the scenarios. The 

fuel consumption accounts for the 50 % of the annual costs while the operation and 

maintenance is the 26% of all the annual cost of producing electricity in the power plant 

(See Table 18). 

Table 18 Scenario 0. Levelized cost and power plant cost components. Source [15] 

Levelized Cost of 

electricity 

(€/MWh) 

System Fixed 

Capital Cost 

(M€) 

Operation and 

Maintenance Cost 

(M€/year) 

Fuel 

Consumption 

Cost (M€/year) 

Replacement 

Cost 

(M€/MW) 

263 95.8 14.5 27.78 1.25 

 

5.1.3 Modelling Results 

• Electrical Results 

All the electricity demand is provided by the diesel power plant (210 GWh). 

• Emissions 

The business as usual scenario produces 146,000 tonnes of carbon dioxide each year. If 

the annual electricity production is 210 GWh, the average would be 0.695 tonnes of C02 

per MWh of electricity produced. 

• Energy Cost 

In this case, the diesel power plant is the only way to produce electricity in the system, so 

the cost of the diesel power plant is equal to the cost of the system. 

The biggest cost component corresponds to fuel costs (See Table 19), where the price is 

given by the external factors and the operator has no power to control over it. The second 

biggest cost is the operation and maintenance, which has suffered almost no variations 
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during the last ten years and the third biggest cost is the cost of the capital cost which was 

invested to acquire the different generators in the power plant. Adding all the expenses, 

the system will have a net present cost of 565 Million Euros for the year horizon 2033 

(15 years lifetime project). 

Table 19. Scenario 0. Net present cost 

SCENARIO 0: BUSINESS AS USUAL 

NET PRESENT COST (Million €) 

Cost Type  Power Plant Electricity System 

System Fixed Capital Cost 95.80 95.80 

Operation and Maintenance Cost 149.14 149.14 

Fuel Cost  284.71 284.71 

Replacement Cost-Salvage Cost 36.05 36.05 

TOTAL (Million €) 565.70 565.70 

 

In order to make it easy to understand the cost result, the annualized cost has also been 

provided, which shows which would be the cost of the system on an annual basis (See 

Table 20). This annualized cost result is not the same as the net present cost divided by 

the project lifetime (15 years) because of the effects of the inflation and the discount rate 

that has been defined (2.2 and 7.5 % respectively). 

Table 20. Scenario 0. Annualized cost 

SCENARIO 0: BUSINESS AS USUAL 

ANNUALIZED COST (Million €) 

Cost Type  Power Plant Electricity System 

System Fixed Capital Cost 9.35 9.35 

Operation and Maintenance Cost 14.55 14.55 

Fuel Cost  27.78 27.78 

Replacement Cost-Salvage Cost 3.52 3.52 

TOTAL (Million €) 55.19 55.19 

 

The amount of electricity generated per year is 210 GWh and the annualized cost of 

electricity is 55.19 Million Euros, thus, the levelized cost of electricity for the Scenario 0 

is 263 €/MWh. 

5.1.4 Results Evaluation 

All the results will be analysed in three different areas: electricity costs, carbon footprint 

and energy security. 
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• Electricity Costs 

The main values of the electricity costs for this scenario can be seen in Table 21. 

Table 21. Scenario 0. Costs summary 

SCENARIO 0: BUSINESS AS USUAL  

Fixed Capital Cost 

(M€) 

Operating Cost 

(M€/year) 

Levelized Cost of Electricity 

(€/MWh) 

Net Present Cost 

(M€) 

95.8 45.8 263 565.7 

The main value which will be used for the cost comparison of the system will be the net 

present cost and the levelized cost of electricity. 

The levelized cost electricity in Ceuta 263 €/ MWh, which is very high compared to the 

price of producing electricity in the Spanish Peninsula which goes from 90 to 120 €/MWh. 

The main reasons for this situation are the high operating cost per year (due to the 

imported fuel prices and the operation and maintenance of the system, which needs to be 

always prepared the provide the electricity needs without any other backup system) and 

the repayment of the different generators that have been acquired during its lifetime.  

The net present cost of the project is 565.7 Million Euros, which would be the reference 

value to compare the cost of the different scenarios proposed. 

• Carbon footprint 

It has been obtained for this scenario an average value of 0.695 tonnes C02 per MWh 

produced. According to other resources, this data could be even higher, reaching up to 

0.770 C02 per MWh. In the Peninsular Spanish electricity system, the average value is 

0.28 tonnes of carbon dioxide emissions per MWh of electricity produced. This value 

reflects that the value C02 emissions values in Ceuta are around 2.5 to 3 times higher than 

producing it in the peninsular Spanish territory.  

This system has a renewable fraction of 0 % because all the electricity is produced by 

fossil fuel. 

It has been verified that the emission values obtained in the model are almost the same as 

the plant real values emission (see Section 4.4.3). 

• Energy Security 

The energy security factor will be determined through the number of back up layers of 

the system to provide the electricity required. In the Scenario 0, all the electricity is 

provided by the power plant, so if there is a problem with the generators, the security of 

the electricity supply could be compromised. It has been explained in previous sections 
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the different electricity black-outs that the city suffers which affects part or the whole 

electricity supply in Ceuta electricity system. It is also true that this plant has been 

operating for at least the last 40 years, and even though there are some back-outs, the time 

to solve the problem in the generator which causes it and re-start the system again is 

around one hour. The fuel oil is provided through the Sea, and it is an international 

commodity, so there is no evidence which supports a high risk of interrupting the fuel oil 

supply in the short term. The problem in Ceuta electricity grid is more related with the 

quality of the electricity service provided, rather than the energy security of it. This 

scenario will be assigned a Level 1 on the Energy Security Scale. 

• Results Summary 

Table 22 shows the results of the Scenario 0 relative to the electricity cots, carbon 

footprint and energy security, which will be used as a reference to compare with the rest 

of the scenarios. 

Table 22. Scenario 0. Electricity costs, carbon footprint and energy security 

SCENARIO 0: BUSINESS AS USUAL 

Electricity Costs Carbon footprint Energy Security 

Net 

Present 

Cost (M€) 

Levelized Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(tonnes/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

565.7 263 146,000 0 0 1 

 

 SCENARIO 1: Diesel Power Plant + Interconnector 

5.2.1 Objective 

In the previous scenario it has been shown that generating electricity with the diesel power 

plant implies a high cost for the electricity produced. In this scenario, it is proposed to 

minimise the use of the diesel power in order to reduce costs, providing only enough 

electricity to maintain operative the full power plant current capacity. The rest of the 

electricity demand will be covered through the interconnector which connects with the 

Spanish Peninsular Electricity Market (See Figure 26). Generating electricity with Ceuta 

power plant is more expensive than the price that will be obtained for the electricity 

generated in the Spanish Electricity Market, thus, it has been established that no electricity 

can be sold to Spain mainland through the interconnector. 
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Figure 26. Scenario 1 Diesel Power Plant + Interconnector Schematic 

5.2.2 Input Data  

• Interconnector 

The interconnector has a capital cost of 129 Million Euros and an operation and 

maintenance cost of 1.8 Million Euros per year. The average value of purchasing 

electricity is around 60 €/MWh, although this price varies considerably (from 120 €/MWh 

to 25€/MWh). The final cost of this parameter will depend on the amount of electricity 

purchased from the grid.  

Different interconnector capacities are simulated to analyse which effects would have in 

the current Ceuta electricity system, starting with a minimum interconnector capacity of 

15 MW and a maximum one of 40 MW, with different intermediates capacities which 

vary 5 MW each other. It cannot be taken advantage of the excess in the electricity 

capacity for selling electricity to the grid because selling electricity is not allowed for this 

scenario. 

• Diesel Power Plant 

Regardless of whether the diesel power plant is used or not, there are system fixed capital 

costs related to the past inversion on the generators used in the power plant which needs 

to be repaid. This value accounts for 95.8 Million Euros. 
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In this scenario, the diesel power plant will operate at minimum values with the objective 

to maintain operative its current capacity be prepared to cover the whole electricity 

demand in case it is necessary. It has been made the assumption that the replacement cost 

in this scenario will be the half than in scenario 0 because the number of hours that each 

generator is operating will decrease considerably, giving the possibility to extend the 

lifetime of some of these components.  

A similar assumption has been made with the operation and maintenance costs. The 

power plant will run for 24 hours every day, but the demand which needs to be met is 

much lower than in the current situation, so with an efficient operation and maintenance 

design, the cost of this parameter could be reduced substantially. It has been considered 

that its annual operation and maintenance value will decrease to 1/3 of its current value.  

5.2.3 Sizing the system 

To determine the optimum capacity of the interconnector, it needs to be taking into 

account not only the the levelized cost of energy, but also how variable is the capacity to 

be provided capacity (if it is a fixed number is more easy to the system andd more easy 

to manage by the system operator), the number of greenhouse gas emissions produced or 

if the number of hours working and the power required is enough for an appropriate 

maintenance of the installation of the power plant. 

After analysing the different alternatives, two configurations have been found to be more 

feasible than the others.  

• Option 1: Stable 20 MW Interconnector Capacity with Variable Diesel Generation 

The first option is based in providing a stable electrical amount through the interconnector 

(20 MW) and covers the rest of the electrical demand with the diesel generator, which 

due to the fluctuations would be variable and would involve the different generators of 

the power plant in the generation process (See Figure 27). 



60 

 

 

Figure 27. Configuration where the interconnector provides a stable load and the 

power plant covers the electric peak demand in Scenario 1 

The advantages of this option are that the power provided by the interconnector is quite 

stable for the whole year, thus it could even be fixed an unique price for purchasing the 

electricity from it. In addition, the electricity load covered by the diesel power plant is 

high enough (15 MW) for the bigger generator in the diesel plant (11 MW) to work at full 

capacity while trying to cover the electrical demand, which could help in the operation 

and maintenance process. 

The negative aspect is the fact that the diesel generator is covering the peak demand each 

day, thus the demand fluctuates substantially and the system is more difficult to operate 

and maintain. 

 

• Option 2: Variable 25 MW Interconnector Capacity with Stable Diesel Generation 

This option is based in providing a stable load with the diesel generator at around 5 MW 

and the rest of the electricity demand, which varies considerably, is provided by the 

interconnector (See Figure 28). 
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Figure 28. Configuration where the power plant provides a stable load and the 

interconnector covers the electric peak demand in Scenario 1 

The main advantage of this option is the easiness to maintain and operate a power plant 

if it is known in advance the amount of electric load that needs to be covered. The 

fluctuations would be beneficial to challenge the most powerful generators inside the 

power plant, allowing them to work at full capacity. 

 

• System size selection 

Probably, in real life operations, the final solution would be a combination of these two 

cases, having a minimum electrical daily load to maintain the generators working and 

from time to time, make a test with the diesel power station and its full capacity, to assure 

that the plant will be ready to cover the full electrical demand in case it is necessary.  

Both options have a similar cost around 230 €/MWh produced, and despite having a 

slightly higher fuel consumption, the option chosen to represent this scenario is the second 

one, with a variable 25 MW interconnector and a stable load of 5 MW covered by the 

diesel power plant, which increases occasionally while there is a peak in the electric 

demand. The main aspect of choosing this option is because it is easier to maintain and 

operate the diesel power plant. 
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5.2.4 Modelling Results 

• Electrical results 

From the 210 GWh of the electricity demand, the diesel power plant only covers the 21 % 

(44 GWh), while the electricity interconnector covers the other 79 % (166 GWh). 

• Emissions 

The values of the carbon dioxide emissions per year are 87,000 ton. Giving an average of 

0.414 tonnes of CO2 per MWh in the electricity supply. 

• Energy Costs 

Despite being the proportion of the electricity covered by the interconnector and the diesel 

power plant (79 vs 21 %), the net present cost of both technologies for the horizon year 

2033 is quite similar (250 vs 246 Million Euros) (See Table 23).  

Table 23. Scenario 1. Net present cost 

SCENARIO 1: Interconnector + Power Plant 

NET PRESENT COST (Million €) 

Cost Type  Interconnector Power Plant Electricity System 

System Fixed Capital Cost - 95.8 95.8 

Capital Cost 129 - 129 

Operation and Maintenance Cost 18.45 52.64 71.09 

Grid Energy Charge (Purchase -Sell) 102.85 - 102.85 

Fuel Cost  - 80.31 80.31 

Replacement Cost-Salvage Cost - 18.02 18.02 

TOTAL (Million €) 250.3 246.77 497.07 

 

The parity in the cost of these components can be explained easily with the annualized 

cost table (See Table 24). Comparing these results with the current situation explained in 

detail in the business as usual the fuel costs have decreased 70 % of its value, the operation 

and maintenance a 65 % and the replacement cost a 50 % and the system fixed capital 

cost per year is the same as in the Scenario 0. The real difference comes with the fact that 

the electric demand covered has been reduced a 79 % of its previous value. This makes 

the levelized cost of electricity provided by the power plant increase from 263 €/MWh in 

the previous scenario to 548 €/MWh, with the objective of maintaining the full capacity 

operative of the power plant for security reasons.  

This cost is compensated by the cost of electricity provided by the interconnector, with 

an average cost of 147 €/MWh, from which approximately the 40 % of these costs come 



63 

 

from purchasing electricity from the grid and the other 60 % from the capital cost and the 

operation and maintenance of the interconnector. 

Table 24. Scenario 1. Annualized cost 

SCENARIO 1: Interconnector + Power Plant 

ANNUALIZED COST (Million €) 

Cost Type  Interconnector Power Plant Electricity System 

System Fixed Capital Cost - 9.35 9.35 

Capital Cost 12.58 - 12.58 

Operation and Maintenance Cost 1.8 5.14 6.94 

Grid Energy Charge (Purchase -Sell) 10.03 - 10.03 

Fuel Cost  - 7.83 7.83 

Replacement Cost-Salvage Cost - 1.76 1.76 

TOTAL (Million €) 24.41 24.08 48.49 

 

The amount of electricity generated per year is 210 GWh and the annualized cost of 

electricity is 48.49 Million Euros, thus, the levelized cost of electricity for the Scenario 1 

is 231 €/MWh. 

5.2.5 Results evaluation 

All the results of this scenario will be analysed in three different areas: electricity costs, 

carbon footprint and energy security. 

• Electricity Costs 

In this scenario the capital cost has increased with respect the Scenario 0 due to the 

construction of the interconnector, but the operating cost has been reduced a 45 % from 

its original base on decreasing the operation of the power plant (See Table 25). The 

levelized cost of electricity has decreased in 32 € per MWh produced with respect the 

Scenario 0 and the net present cost of the project is 497 Million Euros, saving 68 Million 

Euros from the Scenario which represents the current situation. 

Table 25. Scenario 1. Costs summary 

SCENARIO 1: Interconnector + Power Plant  

Fixed Capital 

Cost (M€) 

Capital 

Cost (M€) 

Operating Cost 

(M€/year) 

Levelized Cost of 

Electricity (€/MWh) 

Net Present 

Cost (M€) 

95.8 129 26.56 231 497.07 
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• Carbon footprint 

Comparing the average of 0.414 tonnes of CO2 per MWh in the electricity supplied in this 

scenario with the values from Scenario 0, it has been a decrease of 40% with respect the 

Scenario 0, but it is still 32% higher than the average emissions produced in the Spanish 

Peninsular Electricity Market. 

This Scenario would save 59,000 tonnes of C02 to be released into the atmosphere. 

This system has a renewable fraction of 0 % because all the electricity is produced by 

fossil fuel through the diesel power plant or imported from interconnector.  

• Energy Security 

The energy security factor will be determined through the number of back up layers of 

the system to provide the electricity required. This Scenario has an additional level of 

security than the Scenario 0 because it maintains the full operational capacity of the diesel 

power plant and there is also an electricity interconnector which transfers electricity 

generated in the Spanish Territory. With this system configuration it would be solved as 

well, the problems with the black-outs that the city of Ceuta experiences from time to 

time. If there is a problem with the diesel generator and cannot provide enough electricity 

as expected, the interconnector has enough capacity to cover it. And if there is a problem 

with the interconnector, the diesel power plant would cover the whole electricity demand. 

This is why it is important to maintain the diesel power plant and design an appropriate 

operation and maintenance schedule for the plant which could cover part of the daily 

electricity demand, to have the plant available to be used in its full power in case it is 

necessary 

It has been assigned a level of 3 in the energy security for this model. 

• Results Summary 

Table 26 shows the results of the Scenario 1 relative to the electricity cots, carbon 

footprint and energy security. 

Table 26. Scenario 1. Electricity costs, carbon footprint and energy security 

SCENARIO 1: Interconnector + Power Plant 

Electricity Costs Carbon footprint Energy Security 

Net 

Present 

Cost (M€) 

Levelized Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(tonnes/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

497.07 231 87,000 0 1 3 
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The Scenario 1 shows a system which has improved the overall quality in all the aspects 

analysed compared with Scenario 0. It has decreased its net present costs and therefore 

its levelized cost of electricity, it has been reduced the carbon dioxide emissions despite 

not using any renewables for the energy supply and it builds a system with a strong energy 

security which improves as well the quality of the electricity provided. 

Despite these improvements, the levelized cost of electricity of 231 €/MWh is high 

compared with the price of producing electricity in the Spanish Peninsula which goes 

from 90 to 120 €/MWh. In the following scenario it will be analysed what would happen 

if it is decided that it is not worthy to maintain the diesel power plant and all the electric 

load is covered by the interconnector. 

 SCENARIO 2: All electricity is supplied by the electricity interconnector 

5.3.1 Objective 

To minimise the costs, it is proposed a scenario where all electricity demand will be 

covered through the interconnector which connects with the Spanish Peninsular 

Electricity Market (See Figure 29). It has been shown previously that generating 

electricity with the diesel power plant implies a high cost for the electricity produced, so 

no electricity will be produced in this scenario with the diesel power plant.  

 

Figure 29. Scenario 2 All electricity is supplied by the interconnector Schematic 
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5.3.2 Input Data  

• Interconnector Costs and Capacity 

The interconnector costs are the same than in the Scenario 1, a capital cost of 129 Million 

Euros and an operation and maintenance cost of 1.8 Million Euros per year and an average 

value of purchasing electricity is around 60 €/MWh. 

The capacity of the interconnector in this scenario goes from 40 MW to 100 MW, to 

assure that the maximum daily demand of the year (around 35 MW) can be covered.  

• Diesel Power Plant 

Despite not using the diesel power plant in this scenario, there are system fixed capital 

costs related to the past inversion on the generators used in the power plant which needs 

to be repaid. This value accounts for 95.8 Million Euros. 

5.3.3 Modelling Results 

• Electrical results 

The whole electricity demand (210 GWh) is covered by the electricity interconnector. 

• Emissions 

The values of the carbon dioxide emissions per year are 58,800 ton. Giving an average of 

0.280 tonnes of CO2 per MWh in the electricity supply. 

• Energy Costs 

The net present cost of the system is 372.88 Million Euros. The capital cost (the 

interconnector plus the fixed capital costs of the power plant) accounts for the 60 % of 

the total costs (See Table 27). 

Table 27. Scenario 2 Net present cost 

SCENARIO 2: All electricity is supplied by the electricity interconnector 

NET PRESENT COST (Million €) 

Cost Type  Interconnector Electricity System 

System Fixed Capital Cost 95.8 95.8 

Capital Cost 129 129 

Operation and Maintenance Cost 18.45 18.45 

Grid Energy Charge (Purchase -Sell) 129.63 129.63 

TOTAL (Million €) 372.88 372.88 
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The amount of electricity generated per year is 210 GWh and the annualized cost of 

electricity is 36.38 Million Euros, thus, the levelized cost of electricity for the Scenario 2 

is 173 €/MWh (See Table 28). 

Table 28. Scenario 2 Annualized cost 

SCENARIO 2: All electricity is supplied by the electricity interconnector 

ANNUALIZED COST (Million €) 

Cost Type  Interconnector Electricity System 

System Fixed Capital Cost 9.35 9.35 

Capital Cost 12.58 12.58 

Operation and Maintenance Cost 1.8 1.8 

Grid Energy Charge (Purchase -Sell) 12.65 12.65 

TOTAL (Million €) 36.38 36.38 

5.3.4 Results Evaluation 

It has been simulated as well, which would be the electricity costs, carbon footprint and 

energy security if it would be decided to provide all the electricity with the electricity 

interconnector and the power plant is not used anymore. 

• Electricity Costs 

The fixed and capital cost of the system are maintained with respect the Scenario 1 

(Interconnector + Power plant). The operating cost is mainly composed by the electricity 

that is purchased from the grid and it has decreased in 45% its value from the Scenario 1 

and in 68 % from Scenario 0 (Business as usual) (See Table 29).  

The net present cost of the project has decreased to 125 Million € with respect to the 

Scenario 1 and in 193 Million € with respect the Scenario 0 for the horizon year 2033. 

Table 29. Scenario 2 Costs summary 

SCENARIO 2: All electricity is supplied by the electricity interconnector 

Fixed Capital 

Cost (M€) 

Capital 

Cost (M€) 

Operating Cost 

(M€/year) 

Levelized Cost of 

Electricity (€/MWh) 

Net Present 

Cost (M€) 

95.8 129 14.45 173 372.86 

 

• Carbon footprint 

The values of the carbon dioxide emissions per year are 58,800 ton. Giving an average of 

0.280 tonnes of CO2 per MWh in the electricity supply. Obviously, the average emissions 

of this scenario are the same than in the Spanish Peninsular Electricity Market because 

all the electricity purchased come from there. There would be a 32 % reduction compared 

with the current value of CO2 provided in Scenario 1 and 60 % from the Scenario 0. The 
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renewable fraction would still be zero, because there is no local electricity generation in 

Ceuta. 

• Energy Security 

This is the weakest aspect by far in this scenario. This system has only one-way to supply 

electricity and no back-up systems. The interconnector has enough capacity to cover the 

peak demand, but what would happen if there is a problem with the interconnector? The 

whole system will suffer a black-out. Until this point, apparently, the energy security of 

this scenario could be compared with the Scenario 0 because of the number of back-up 

systems and the problems where the main system fails, but it is not the same. If there is a 

fail in the system in Scenario 0, the electricity production will stop, and normally in less 

than an hour, the electricity is supplied again once the whole system has been re-started. 

In the case of providing electricity only with the interconnector, what would happen then 

if there is a problem with the interconnector and no electricity can be transferred from the 

Iberian Peninsula to Ceuta? Normally if there is a problem with the cable and needs to be 

repaired, it could take several months to do so. What would happen with the whole 

electricity supply in Ceuta? The power plant has not been maintained to act in case a 

problem of this magnitude happens, so the whole energy security of the system will be 

compromised. It will be assigned the minimum level of energy security (Level 0). 

• Results summary 

The net present cost of this scenario is the lowest one so far, with 372 Million € for the 

whole project, obtaining cost reduction of 193 Million € with respect to the current 

situation. Relative the carbon footprint, this scenario obtains the minimum emissions 

value so far, obtaining a reduction of around 60% with respect of the current carbon 

dioxide emissions. There has not been included renewables in this solution, so the 

renewable fraction is zero. Relative to the energy security, this scenario has the weakest 

level of it, proposing a solution where if there is a problem in the supply, all the energy 

security all the system could be compromised (See Table 30).  

Table 30. Scenario 2. Electricity costs, carbon footprint and energy security 

SCENARIO 2: All electricity is supplied by the electricity interconnector 

Electricity Costs Carbon footprint Energy Security 

Net 

Present 

Cost (M€) 

Levelized Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(tonnes/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

372.86 173 58,800 0 0 0 
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 SCENARIO 3: Diesel Power Plant + Renewables + Pump Hydro Storage 

5.4.1  Objective 

Having been analysed the maximum renewable potential that could be installed for solar 

photovoltaics, wind power and pump hydro energy storage in Ceuta territory, it will be 

simulated which is the best combination of these systems for the electricity generation. 

As it will be shown later, the renewable potential is not enough to cover all the electricity 

demand, so the diesel power plant is used in collaboration with the renewable 

technologies in all the combination proposed. There is no electricity interconnector in this 

scenario (See Figure 30). 

 

Figure 30. Scenario 3 Power Plant + Renewables + Pump Hydro Storage Schematic 
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5.4.2 Input data  

• Diesel Power Plant 

The Cost for the diesel power plant will be the same as the one described in Scenario 0 

(See Table 19), with the exception of the fuel costs, where the final costs will change 

depending on the amount of electricity provided by the power plant.  

• Renewables 

The maximum renewable potential which could be installed for each renewable 

technology is:  

-40 MW for Solar Rooftop photovoltaics due to the limited space available. 

-25 MW for On-shore Wind turbines. 

-60 MWh for pump hydro energy storage, which depends on the volume of water which 

can be stored in the head water reservoir. 

The costs and main features of wind turbines, photovoltaic panels and pump hydro plant 

has been explained in Section 4.4.4, Section 4.4.5 respectively, but Table 31 and Table 

32 with all the main features are provided. 

Table 31. Main parameters for the onshore wind and solar photovoltaics power 

Renewable 

Technology 

Capital 

Cost 

(€/kw) 

Replacement 

Cost (€/kW) 

O &M Cost 

 (€ 

kW/year) 

Lifetime 

Capacity 

Factor 

(%) 

Maximum 

Capacity 

(MW) 

Photovoltaics 1,500 1,000 50 25 17.3 40 

Wind 

Turbines 
1,275 850 11000 20 23.5 25 

 

Table 32. Main parameters for a pump hydro energy storage plant 

Renewable 

Technology 

Capital 

Cost 

(€/kw) 

Replacement 

Cost (€/kW) 

O &M Cost 

 (€ 

kW/year) 

Lifetime 

Storage 

Capacity 

(MWh) 

Maximum 

Capacity 

(MW) 

Pump Hydro 3,000 1000 30000 50 60 8.8 

 

5.4.3 Sizing the system 

The objective behind this scenario is integrating renewables in the electricity generation 

in Ceuta but creating a stable system which avoids troubles of frequency and voltage in 

the electricity grid, which will be done through managing the excess of electricity 

generated.  
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The limiting factors in this simulation are the energy storage capacity available (60 

MWh), suitable areas in the building roof-top where photovoltaic panels could be 

installed (40 MW) and the maximum on-shore wind potential and the energy storage 

available (25 MW). In order to provide a feasible solution which did not compromise the 

stability of the electricity grid, one of the priorities of this simulation is to make the excess 

of the electricity generated the closest as possible to zero. 

• Simulations 

It has been simulated a rooftop solar photovoltaic capacity from 0 to 40 MW to see which 

would be the maximum feasible capacity to be installed. The maximum theoretical 

capacity for onshore wind is around 25 MW (according to data provided by the Spanish 

Energy Agency). It has been done different simulations from 0 to 25 MW of potential 

wind to be installed. 

Once the simulation is done, it has been detected that maximum capacity for solar and 

wind which match with the storage capacity and the objective of minimize the excess of 

electricity generated at minimum rates. 

• First Approach for sizing the system 

o Maximum Solar Capacity without the need of Energy Storage 

It has been found that the maximum integration of solar without energy storage is 13 MW, 

which provides slightly less of 10 % of Renewable Integration in the system. Higher 

values of renewable integration without storage would create problems in the frequency 

and voltage in the electricity grid. 

o Maximum Wind Capacity without the need of Energy Storage 

Wind is more variable than solar, so if there is only wind as renewables in the grid, 

problems with frequency and voltage in the grid can appear when the renewable 

integration is higher than 8 %, and always storage is needed when integrating wind power 

into the grid. 

o Maximum Capacity of Solar, Wind and Energy Storage 

It has been analysed the maximum feasible capacity of solar and wind, individually, that 

is feasible to install according to the energy storage capacity available. If both maximum 

capacities (40 MW of solar and 25 MW of wind) are combined with the predicted energy 

storage capacity (60 MWh of pump hydro), it can be seen a widespread excess of 
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electrical production during the year, which would create several instability problems in 

the electricity grid of the system, so it is not a feasible solution.  

The energy storage available should be six times higher (360 MWh) to be able to manage 

the electrical excess production and it would be reached a renewable penetration of 51 %. 

• Feasible combinations for solar, wind, pump-hydro and the diesel power plant 

The purpose of this section is to create a combination of wind and solar technologies, 

which could introduce as many renewables as possible, but matching at the same time 

with the storage capacity available, creating a solution which would not cause troubles to 

the current electricity system. 

During the simulation, it has been found several combinations of wind and solar which 

would provide a high percentage of renewable penetration at a moderated levelized cost 

of electricity, which can be seen in Table 33: 

Table 33. Scenario 3. Feasible combinations for wind and solar power 

PV 

(MW) 

Wind 

(MW) 

Net Present 

Cost (M€) 

Initial 

Capital 

Cost (M€ 

Levelized 

Cost of 

Electricity 

(€/MWh) 

Renew. 

Fraction 

(%) 

Excess of 

Electricity 

(%) 

Widespread 

excess of 

electricity 

5 21 560 155 260 27.9 0 - 

13 21 561 167 260 31.3 0.0207 NO 

20 21 561 178 261 36 0.111 YES 

20 17 567 173 263 31.7 0.006 NO 

5 25 555 160 258 30 0.27 YES 

 

With all the options proposed, the results are quite similar of around 30 % renewable 

fraction and 560 M€ of net present cost. To decide which one is the best option it has 

been taken into consideration the percentage of excess of electricity generated and if this 

value happens sporadically or it is widespread all over the year, being more benecitial to 

happens sporadically. After this value, the balance between the net present cost and the 

percentage of renewable penetration is analysed. 

From all of these options, the combination of 13 MW of photovoltaics with 21 MW of 

on-shore wind power, plus the pump hydro energy storage of  60 MWh has been selected 

as the best one, because it offers a minimum electric excess (0.0207 %) which is 

sporadical and is balanced between its net present cost (560 M €) and the renewable 

penetration obtained (31.3 %). 
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It can be noted that solar power provides a more consistent power while wind power in 

more cost effective related to the price per MW installed. 

Despite a high renewable integration, the excess of the electricity production is minimum 

and it only happens in four days during the whole year (See Figure 31). One of the 

solutions to avoid the excess of electricity production is to turn off the turbines when the 

pump hydro storage is full and can not accept more energy for storage. 

 

Figure 31. Excess of electricity produced with the combination of 13 MW Solar, 21 

MW Wind, 60 MWh Pump hydro energy storage and the power plant in Scenario 3 

In this next section, it will be covered in detailed the most relevant aspects of the solution 

composed of 13 MW Solar, 21 MW Wind, 60 MWh and Diesel Power Plant chosen for 

this scenario. 

5.4.4 Modelling Results 

• Electrical Results 

From the 210 GWh of the electricity demand, the diesel power plant only covers the 68 % 

(144 GWh), the wind turbines cover the 22 % (47 GWh) and the rooftop photovoltaics 

the 9.3 % (19 GWh). The way in which the different technologies operates can be seen in 

Figure 32. 

When there is no renewable power, the diesel power plant covers all the electric load 

needed and provides no power when there is an excess in renewables. It can be observed 

a difference in variability between solar and wind, while the solar power produces power 

every day during the hours of sun, the wind power is much more variable and some days 
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can provide power at full capacity and in others provide no power. Solar power produces 

its power during the same time at the first of the two electric peaks demands occur, so it 

provides energy when it is needed, avoiding the excess of it.  

When the renewable output (the combination of solar and wind) exceed the electric 

demand is when the pump hydro storage begins its charging operation. The pump hydro 

plant stores electricity until there is no more renewable output exceedance or until it 

reaches its maximum storage capacity. When renewables reach again the point of not 

being able to cover the whole electric demand is when the pump hydro discharge its power 

that had been stored.  

The system has been designed to minimize the excess of electricity. The power provided 

by photovoltaics will never cover exceed the electric demand because the minimum 

demand in 15 MW and it has been installed 13 MW of photovoltaics. The electricity 

excess will be produced in a moment with high wind and solar or when the wind power 

available is higher than the electric demand and last enough time for exceeding the storage 

capacity of the pump hydro. 

 

Figure 32. Interaction of the different technologies installed in Scenario 3 during the 

electricity generation depending of the renewable resources available  
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• Emissions 

The values of the carbon dioxide emissions per year are 104,000 ton. Giving an average 

of 0.495 tonnes of CO2 per MWh in the electricity supply. 

• Energy Costs 

Despite the diesel power plant covers the 69 % of the electricity and renewables the 31 % 

percent remaining, the difference in the net present cost of both technologies for the 

horizon year 2033 does not reflect this proportion (485 M€ for the power plant and 76 

M€ for the renewables including the pump-hydro storage) (See Table 34).  

Table 34. Scenario 3. Net present cost 

SCENARIO 3:  Wind Turbines + Rooftop PV+ Pump Hydro Storage + Power Plant 

NET PRESENT COST (Million €) 

Cost Type  
Power 

Plant 

Pump 

Hydro 

Wind 

Power 
PV 

Electricity 

System 

System Fixed Capital Cost 95.80 - - - 95.80 

Capital Cost - 26.40 25.50 19.50 71.40 

Operation and 

Maintenance Cost 
149.14 2.76 2.26 6.66 160.82 

Fuel Cost  203.73 - - - 203.73 

Replacement Cost-Salvage 

Cost 
36.05 -2.57 -2.10 -2.43 28.95 

TOTAL (Million €) 484.72 26.59 25.66 23.73 560.70 

 

The difference in the cost of these components can be explained easily with the 

annualized cost table (See Table 35). 

The power plant in this scenario provides 144 GWh per year, and its annualized cost is 

47.29 M€, which provides a levelized cost of electricity of 328 €/MWh. In the Scenario 

0, which simulates the current situation of providing electricity only with the diesel power 

plant, the levelized cost was 263 €/MWh. Why has it increased so much the cost of this 

component?  

The explanation for this situation is that the only power plant cost component which has 

been reduced for this scenario is the fuel cost, while the others (operation and 

maintenance, capital cost or replacement) are still the same because the energy needs to 

be prepared to provide hourly the full electric demand load due to the intermittency of 

renewables. However, the electricity generated in each scenario differs greatly (210 GWh 

in Scenario 0 and 144 GWh in this scenario), so if the costs are quite similar but the 
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difference in the electricity generated is 45 %, the levelized cost of electricity reflects this 

situation. 

This cost is compensated by the cost of electricity provided by the renewables, where the 

wind power has a levelized cost of electricity of 53 €/MWh, and solar rooftop 

photovoltaics, whose levelized cost is 117 €/MWh produced. 

Table 35. Scenario 3. Annualized cost 

SCENARIO 3:  Wind Turbines + Rooftop PV+ Pump Hydro Storage + Power Plant 

ANNUALIZED COST (Million €) 

Cost Type  
Power 

Plant 

Pump 

Hydro 

Wind 

Power 
PV 

Electricity 

System 

System Fixed Capital Cost 9.35 - - - 9.35 

Capital Cost - 2.58 2.49 1.90 6.97 

Operation and 

Maintenance Cost 
14.55 0.27 0.22 0.65 15.69 

Fuel Cost  19.87 - - - 19.87 

Replacement Cost-Salvage 

Cost 
3.52 -0.26 -0.21 -0.23 2.82 

TOTAL (Million €) 47.29 2.59 2.50 2.32 54.70 

 

The amount of electricity generated per year is 210 GWh and the annualized cost of 

electricity is 54.70 Million Euros so, the levelized cost of electricity for the Scenario 3 is 

260 €/MWh. 

5.4.5 Results Evaluation 

All the results of this scenario will be analysed in three different areas: electricity costs, 

carbon footprint and energy security. 

• Electricity Costs 

Despite increasing the capital cost in 167 M€ due to the installation of the different 

renewables technologies and the pump hydro, the reduction in the operating cost (due to 

the electricity generated with renewables installed instead of the power plant) gives a net 

present cost of the project of 560.69 M€, saving only 5 M€ from the current situation of 

generating electricity in Ceuta (See Table 36).  

Table 36. Scenario 3. Costs summary 

SCENARIO 3:  Wind Turbines + Rooftop PV+ Pump Hydro Storage + Power Plant 

Fixed Capital 

Cost (M€) 

Capital 

Cost (M€) 

Operating Cost 

(M€/year) 

Levelized Cost of 

Electricity (€/MWh) 

Net Present 

Cost (M€) 

95.8 167 38.4 260 560.69 
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• Carbon footprint 

Comparing the average of 0.495 tonnes of CO2 per MWh in the electricity supplied in this 

scenario with the values from Scenario 0, it has been a decrease of 29% with respect the 

Scenario 0, but it is still 43% higher than the average emissions produced in the Spanish 

Peninsular Electricity Market. This Scenario would save 42,000 tonnes of C02 to be 

released into the atmosphere per year. This system has a renewable fraction of 31.3 % 

due to the electricity generated by wind turbines and solar photovoltaics and using pump 

hydro as energy storage.  

• Energy Security 

The energy security factor will be determined through the number of back up layers of 

the system to provide the electricity required. This Scenario has an additional level of 

security than the Scenario 0 because it maintains the full operational capacity of the diesel 

power plant and there is also a 31 % of the demand covered by renewable technologies. 

With this system configuration, it is not sure to be solved the problems with the black-

outs that the city of Ceuta experiences from time to time. If there is a problem in the diesel 

generator and cannot provide enough electricity as expected, depending on the hour of 

the day and the wind, solar and energy stored in the pump hydro installation, the could 

provide the electricity, but this cannot be taken for granted.  

In this system, the back-up layer is not as reliable as in other scenarios (like in Scenario 

1 with the interconnector) because the amount of electricity that could be generated 

depending on the wind, solar and storage resources, so it has been assigned a level of 2 

for the energy security of this model. 

• Results Summary 

Table 37 shows the results of the Scenario 1 relative to the electricity cots, carbon 

footprint and energy security. 

Table 37. Scenario 3. Electricity costs, carbon footprint and energy security 

SCENARIO 3:  Wind Turbines + Rooftop PV+ Pump Hydro Storage + Power Plant 

Electricity Costs Carbon footprint Energy Security 

Net 

Present 

Cost (M€) 

Levelized Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(tonnes/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

560.69 260 104,000 31.3 1 2 

 



78 

 

The Scenario 3 does not improve so much the current situation of producing electricity in 

Ceuta. The net cost of the project is very similar compared with the Scenario 0, and the 

level of security has increased, but not enough to assure that black-outs that the city 

suffers from time to time will disappear. On the other side, the renewable fraction has 

increased from 0 to 31 % and the carbon dioxide emissions have been reduced by almost 

a 30 %, but similar or even higher values of CO2 emissions decrease have been obtained 

in the other scenarios. This scenario has its biggest limitation in the storage capacity 

which can be obtained with the pump-hydro. The pump hydro storage capacity is a 

limitation for the maximum amount of solar and wind which can be installed in the 

system. Despite being cheaper generate the electricity with renewables rather than the 

diesel power plant, a higher renewable penetration will imply a higher excess of 

electricity in the system because there is not enough capacity to store it, and it may cause 

instabilities in the whole electricity system. 

The results obtained for Scenario 3 are in line with the information provided in literature 

review (See Section 2.6) which states that enough pump hydro storage capacity can open 

the door to a high renewable integration in the system, mitigating the negative effects 

relative with renewables intermittency.  

 SCENARIO 4: Diesel Power Plant + Renewables +Interconnector 

5.5.1 Objective 

The objective of this scenario is creating a system which integrates the different solutions 

described for providing electricity to Ceuta, with the aim to create a more robust system 

which would take advantage of the benefits of each individual technology used (See 

Figure 33) 

5.5.2 Input Data  

• Electricity Generation 

The system would be a combination of wind turbines, solar rooftop photovoltaics, the 

electricity interconnector and the diesel power plant. 

The interconnector would have an operative capacity of 25 MW, whose power would 

vary from 0 to 25 MW in relation with the electricity demand that needs to cover. The 

total installed capacity of the interconnector would be higher (at least 40 MW), so if it is 

needed, the interconnector could increase its operative capacity until reaching this value. 

The system would have also a stable load of 5 MW covered by the diesel power plant, 

which increases occasionally while there is a peak in the electric demand and there is no. 
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renewable energy to cover it. In this scenario, the diesel power plant will operate again at 

minimum values with the objective to maintain operative its current capacity and be 

prepared to cover the whole electricity demand in case it is necessary.  

The main difference with respect to the Scenario 1, will be the integration of renewables 

(wind and solar) for the electricity generation. This would help to reduce the electricity 

purchased from the grid through the interconnector, would reduce the number of times 

that the diesel generator does not operate at its stable load and would permit to export the 

exceed of renewables to the Spanish Electricity market through the interconnector. 

 

Figure 33. Scenario 4 Diesel Power Plant + Renewables +Interconnector Schematics 
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• Energy Costs 

o Interconnector 

The interconnector cost is the same as in the other scenarios, a capital cost of 129 Million 

Euros and an operation and maintenance cost of 1.8 Million Euros per year. 

In this scenario, due to the inclusion of renewable energies in the generation, it has been 

given the possibility not only to purchase electricity from the grid, but also to sell the 

electricity back to the grid. The prices for the electricity transaction are shown in Figure 

22, with an average price of 59.33 €/MWh for purchasing electricity, while the average 

price for selling the electricity into the market is 52.24 €/MWh 

o Diesel Power Plant 

The costs of the diesel power plant are the same as the costs of the diesel power plant 

detailed in Scenario 1, where the annual operation and maintenance cost and the 

replacement cost were reduced by 2/3 and ½ respectively compared with the current 

situation. There would be only a small variation in the fuel consumption costs (which 

depends on the amount of electricity generated) with respect to the costs in Scenario 1. 

o Renewables (Wind turbines and Solar photovoltaics) 

The cost of and main features of the renewable technologies used (photovoltaic panels 

and wind turbines) will be the same that in previous scenarios (See Table 38). 

Table 38. Main parameters for the onshore wind and solar photovoltaics power 

Renewable 

Technology 

Capital 

Cost 

(€/kw) 

Replacement 

Cost (€/kW) 

O &M Cost 

 (€ 

kW/year) 

Lifetime 

Capacity 

Factor 

(%) 

Maximum 

Capacity 

(MW) 

Photovoltaics 1,500 1,000 50 25 17.3 40 

Wind 

Turbines 
1,275 850 11000 20 23.5 25 

5.5.3 Sizing the system 

• Why not including pump hydro as energy storage for this scenario? 

In this case, it will be combined all the different technologies available to provide the best 

solution for the electricity production in Ceuta. Why not using the pump hydro energy 

storage as well? The first answer would be: with the existence of the electricity 

interconnector, all the excess electrical production could be sold to the grid, obtaining an 

economic reward for it. Consequently, the first question is reformulated as: is it worthy 

to build a costly energy storage infrastructure if it could be obtained an economic benefit 

for the electricity excess? 
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There is, at least, two different points of view to answer it. 

-In terms of costs, if the pump hydro is not built, it would decrease the whole system net 

present cost due to the profits of selling the excess of electricity and the savings for not 

building the infrastructure (only its capital cost would be 26.4 M€). 

-In terms of security of supply, building this infrastructure would include a new level of 

security of the system.  

It has been analysed in Scenario 3 how the pump hydro storage capacity was the limitation 

factor for the renewable potential that could installed in the system, and the limited 

improvements that a system working with renewables, the power plant and the pump-

hydro would provide with respect to the current situation when all the electricity is 

generated with the power plant.  

Therefore, due to its limited improvements relative with the energy provision and the high 

energy costs that installing a pump hydro would imply for the electricity system of Ceuta, 

it has been decided not to include pump hydro in the simulations of this scenario. 

• Main Considerations  

Due to its reduced levelized costs, the wind power appears to be a promising option for 

the electricity generation. In Scenario 3, there was a limitation of the maximum installed 

capacity of wind that could be installed due to electric excess that the pump hydro could 

handle, but in this scenario this limitation does not exist anymore, so it will be used the 

full onshore wind potential available in Ceuta (25 MW).  

Based on the energy security reasons, if it is planned to design a system with high 

renewable penetration, it is necessary to have an alternative solution in case the electricity 

interconnector fails. 

If there is a problem with the interconnector and no electricity can be purchased or sold, 

what should be done with the electricity produced by renewables?  

Wind turbines at least can be turned off if the system works without the interconnector 

but what would happen with the solar provided by photovoltaics? How can be turned off 

thousands of photovoltaics panels displaced in every roof building of the city if the 

photovoltaic potential installed is higher than the one that grid can cope with? 

In Scenario 3 it has been defined that the maximum photovoltaic potential that could be 

installed in Ceuta electricity system without an energy storage is 13 MW. A higher value 

of photovoltaics installed in the system without energy storage could cause instability 
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problems in the grid. Therefore, 13 MW will be the maximum installed photovoltaic 

capacity to assure that in case the interconnector fails, the system could cope easily with 

the amount of solar power installed. 

• Feasible combinations for solar, wind, interconnector and the diesel power plant 

Having fixed the values for the interconnector (25 MW), the stable load covered by the 

power plant (5MW), and the wind power prior to being installed (25 MW), it is only 

required to find the optimum rooftop photovoltaic potential to be installed.  

Two options have been found to be the best, 5 MW and 13 MW of photovoltaics (See 

Table 39). 

Table 39. Scenario 4. Two optimal combinations found for Scenario 4 

PV (MW) 
Wind 

(MW) 

Net 

Present 

Cost (M€) 

Operating 

Cost (M€) 

Initial 

Capital 

Cost (M€) 

Levelized 

Cost of 

Electricity 

(€/MWh) 

Renew. 

Fraction 

(%) 

CO2 

Emissions 

(tonnes) 

5 25 497 22.8 167 224 29.6 71,676 

13 25 505 22.4 179 225 34.6 68,577 

 

It will be chosen the option with 5 MW of PV due to it its lower levelized cost of the 

project, but the other option with 13 MW provides also very promising results, having the 

possibility of implementing this option in the future when the levelized cost of electricity 

for photovoltaics decreases as it is expected. 

In this next section, it will be covered in detailed the most relevant aspects of the solution 

composed of 5 MW Solar, 25 MW Wind, 25 MW interconnector and Diesel Power Plant, 

chosen for this scenario. 

5.5.4 Modelling Results 

• Electrical Results 

There is an electrical demand of 210 GWh but the total electricity generated has reached 

the value of 217 GWh, of which 6.6 GWh has been sold to the Spanish Electricity Market 

through the interconnector. Approximately half of the electricity supplied (50.5%) is 

purchased from the grid (109 GWh), the diesel power plant covers the 19.8 % (43 GWh), 

the wind turbines cover the 26.2 % (57 GWh) and the rooftop photovoltaics only the 

3.5 % (8 GWh). The different technologies operate as it is show in Figure 34. 
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Figure 34. Interaction of 5 MW of Solar, 25 MW of wind, the interconnector and the 

power plant during the electricity generation in Scenario 4  

The diesel power plant covers a stable load of 5 MW. When there is not enough renewable 

power, electricity is purchased from the grid to cover all the electric load needed.  

When the renewable output (the combination of solar and wind) exceed the electric 

demand, the electricity produced is sold to the grid through the interconnector. 

When there is not much renewable production, the grid purchases follow a similar trend 

than the electric load and the difference between both values is the energy covered by the 

diesel plant. 

As it has been mentioned in the previous scenario, it can be seen a different variability 

between solar and wind, where solar power produces its power during the same time at 

the first of the two electric peaks demands occur, thus, it provides energy when required. 

Only a 3.5 % of the total energy produced comes from photovoltaic power in this scenario. 

If in the future is decided to increase the amount of photovoltaics installed from 5 to 13 

MW, this would be how the electricity supply-demand matching would change (See 

Figure 35). 



84 

 

In sunny days, when there is not enough wind, a higher photovoltaic capacity would 

reduce dramatically the electricity purchased from the grid during the first peak demand 

on the day (at the noon), when electricity is more expensive. A similar phenomenon 

would happen during the periods of high winds, when the electricity produced by 

photovoltaics would be sold to the grid a higher price because it happens during the peak 

demand time. It is also acknowledged that during no sunny days, there is not a big 

production of electricity with solar photovoltaics, independently of its capacity installed. 

 

Figure 35 Interaction of 13 MW of Solar, 25 MW of wind, the interconnector and 

the power plant during the electricity generation for a future possible scenario 

• Emissions 

The values of the carbon dioxide emissions per year are 71,616 ton. Giving an average of 

0.330 tonnes of CO2 per MWh in the electricity supply. 

• Energy Costs 

The highest net present cost in this scenario belongs to the diesel power plant, which 

accounts for almost the half of the costs, despite providing only around the 20 % of all 

the electricity generated (See Table 40). The second largest cost is the interconnector, 

which accounts for the 42 % of the costs, but provides a half of the electricity supplied. 
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The wind power is the technology which gives the best balance of costs and energy 

supply, providing the 26 % of the electricity produced with only a 6 % of the total costs. 

The solar photovoltaics cover the 3.5 % of the electricity produced and accounts for the 

1.8 % of the total costs of the project. 

Table 40. Scenario 4. Net present cost 

SCENARIO 4:  Wind Turbines + Rooftop PV+ Interconnector + Power Plant 

NET PRESENT COST (Million €) 

Cost Type  Interconnector 
Power 

Plant 

Wind 

Power 
PV 

Electricity 

System 

System Fixed Capital 

Cost 
- 95.80 - - 95.80 

Capital Cost 129.00 - 30.60 7.50 167.10 

Operation and 

Maintenance Cost 
18.45 52.64 2.71 2.56 76.36 

Grid Energy Charge 

(Purchase -Sell) 
63.95 - - - 63.95 

Fuel Cost  - 79.22 - - 79.22 

Replacement Cost-

Salvage Cost 
- 18.02 -2.51 -0.94 14.57 

TOTAL (Million €) 211.40 245.68 30.80 9.12 497.00 

 

The power plant in this scenario provides 43 GWh per year, and its annualized cost is 

20.62 M€, which provides a levelized cost of electricity of 557€/MWh (See Table 41). In 

the Scenario 0, which simulates the current situation of providing electricity only with the 

diesel power plant, the levelized cost was 263 €/MWh. This increase in the cost is 

explained with the fact that, for this scenario, the plant is oversized (has a capacity factor 

of 5% for this scenario) with the objective of maintaining the full capacity operative of 

the power plant for security reasons.  

This cost is compensated by the cost of electricity provided by the renewables, where the 

wind power has a levelized cost of electricity of 53 €/MWh, the solar rooftop 

photovoltaics has a levelized cost of 117 €/MWh, and the electricity purchased from the 

interconnector a levelized cost of 189 €/MWh. 
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Table 41. Scenario 4. Annualized cost 

SCENARIO 4:  Wind Turbines + Rooftop PV+ Interconnector + Power Plant 

ANNUALIZED COST (Million €) 

Cost Type  Interconnector 
Power 

Plant 

Wind 

Power 
PV 

Electricity 

System 

System Fixed Capital 

Cost 
- 9.35 - - 9.35 

Capital Cost 12.58 - 2.98 0.73 16.29 

Operation and 

Maintenance Cost 
1.80 5.14 0.26 0.25 7.45 

Grid Energy Charge 

(Purchase -Sell) 
6.24 - - - 6.24 

Fuel Cost  - 7.73 - - 7.73 

Replacement Cost-

Salvage Cost 
- 1.75 -0.24 -0.09 1.42 

TOTAL (Million €) 20.62 23.97 3.00 0.89 48.48 

 

The amount of electricity generated per year is 217 GWh and the annualized cost of 

electricity is 48.48 Million Euros so, the levelized cost of electricity for the Scenario 4 is 

224 €/MWh. 

5.5.5 Results evaluation 

 All the results of this scenario will be analysed in three different areas: electricity costs, 

carbon footprint and energy security. 

• Electricity Costs 

In this scenario the capital cost has increased in 167 M€ with respect the Scenario 0 due 

to the installation of different renewables technologies and the electricity interconnector, 

but the annual operating cost of the system has been reduced a 50 % from its original 

value, based on decreasing the operation of the power plant (See Table 42).  

The implementation of these changes in the system results in a net present cost of the 

project of 497 Million Euros, saving 68.7 Million Euros from the Scenario which 

represents the current situation and a levelized cost of electricity of 224 €/MWh, which 

has decreased in 39 € per MWh with respect to the Scenario 0 situation. 

Table 42. Scenario 4. Costs summary 

SCENARIO 4:  Wind Turbines + Rooftop PV+ Interconnector + Power Plant 

Fixed Capital 

Cost (M€) 

Capital 

Cost (M€) 

Operating Cost 

(M€/year) 

Levelized Cost of 

Electricity (€/MWh) 

Net Present 

Cost (M€) 

95.8 167 22.8 224 497.00 
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• Carbon footprint 

Comparing the average of 0.330 tonnes of CO2 per MWh in the electricity supplied in this 

scenario with the values from Scenario 0, it has been a decrease of 52%, and it is only 

15% higher than the average emissions produced in the Spanish Peninsular Electricity 

Market. 

This Scenario emits 71,600 tonnes but would save 59,000 tonnes of C02 to be released 

into the atmosphere per year with respect to the current situation. 

This system proposed in this scenario has a renewable fraction of 29.6 % due to the 

electricity generated by wind turbines and solar photovoltaics (26.1 % from wind and 

3.5 % from photovoltaics) 

• Energy Security 

The energy security factor will be determined through the number of back up layers of 

the system to provide the electricity required. This Scenario has an additional level of 

security than the Scenario 0 because it maintains the full operational capacity of the diesel 

power plant and there is also an electricity interconnector which transfers the electricity 

generated in the Spanish Territory. 

The renewable capacity installed does not contribute enough to the security of the system. 

In case the interconnector fails, all the wind would be turned off to maintain the grid 

stability and solar only contributes to the 3.5% of all the electricity produced and it only 

operates while the hours of sun. The process of shutting down the turbines is 

instantaneous (there would be 12 turbines installed), and the grid could cope perfectly 

with the 5 MW of photovoltaics installed (the grid could handle until 13 MW), so the 

renewables energies installed would not generate any problem in the grid stability in case 

the interconnector fails, if the operation process is done correctly. 

This system configuration would solve the current problem with the electricity black-outs 

in the city. If there is a problem with the diesel generator, the interconnector has enough 

capacity to cover it, and if there is a problem with the interconnector the diesel power 

plant would cover the whole electricity demand.  

It has been assigned a level of 3 in the energy security for this model. 

 

 



88 

 

• Results Summary 

Table 43 shows the results of the Scenario 4 relative to the electricity cots, carbon 

footprint and energy security. 

Table 43. Scenario 4. Electricity costs, carbon footprint and energy security 

SCENARIO 4:  Wind Turbines + Rooftop PV+ Interconnector + Power Plant 

Electricity Costs Carbon footprint Energy Security 

Net 

Present 

Cost (M€) 

Levelized Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(tonnes/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

497 224 71,676 29.6 1 3 

 

The Scenario 4 shows a system which has improved the overall quality in all the aspects 

analysed compared with Scenario 0. It has decreased its net present costs in 68 M€ and 

therefore its levelized cost of electricity, it has been reduced the carbon dioxide emissions 

to half, and it has increased the renewable fraction from 0 to almost 30 %. The system 

has strong energy security because it is composed by two very reliable sources, which 

would improve also the quality of the electricity service provided. 

 

 SCENARIOS COMPARISON 

Once it has been evaluated the results of each scenario, it is the moment to compare all 

of them to find the best solution for the electricity provision in Ceuta, which will be done 

using a multiple criteria decision analysis methodology, using the electricity cost, carbon 

footprint and energy security as comparison criterions. 

5.6.1 Scenarios summary 

It will be summarized the main features of each scenario to make it easy to understand 

the comparison between them. 

• Scenario 0: Business as usual.  

All the electricity generated in Ceuta is supplied by a diesel power plant of 97 MW. 

• Scenario 1: Interconnector + Power Plant 

Most of the electric demand in Ceuta is supplied through an electricity interconnector 

which connects with the Spanish Electricity Peninsular System, except for an average 

daily load of 5 MW which is covered with the existing diesel power plant to maintain its 

full operative capacity. 



89 

 

• Scenario 2: All electricity is supplied by the electricity interconnector 

All the Ceuta electric demand is covered by the electricity interconnector and the diesel 

power plant is no longer used. 

• Scenario 3: Wind turbines + Rooftop photovoltaics+ Pump hydro storage + 

Power Plant 

The integration of 13 MW of solar, 21 MW of wind and a pump hydro energy storage 

plant of 60 MWh capacity are used in collaboration with the diesel power plant to cover 

Ceuta´s electric load. 

• Scenario 4:  Wind turbines + Rooftop photovoltaics+ Interconnector + Power 

Plant 

The integration of 5 MW of solar and 25 MW of wind accounts for almost the 30 % of 

the electricity produced. Approximately the half of the electricity is supplied through the 

electricity interconnector, and it still maintains an average daily load of 5 MW which is 

covered with the existing diesel power plant to maintain its full operative capacity. This 

is the only scenario where the interconnector is used not only to purchase electricity but 

also to sell the excess of electricity that is generated with renewables. 

Results will be compared according to the criterions which used to evaluate the results of 

the scenarios: electricity costs, carbon footprint and energy security. The criterion results 

per scenario are shown in Table 44. 

Table 44. Electricity costs, carbon footprint and energy security per scenario 

Scenarios 

Electricity Costs 

 

Carbon footprint 

 

Energy Security 

Net 

Present 

Cost (M€) 

Levelized 

Cost of 

Electricity 

(€/MWh) 

Carbon 

dioxide 

(ton/year) 

Renewable 

Fraction 

(%) 

Nº back-up 

generation 

systems 

Level of 

Security 

Scenario 0 565.7 263 146,000 0 0 1 

Scenario 1 497.07 231 87,000 0 1 3 

Scenario 2 372.86 173 58,800 0 0 0 

Scenario 3 560.69 260 104,000 31.3 1 2 

Scenario 4 497 224 71,676 29.6 1 3 
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5.6.2 Electricity Costs 

The electricity cost of each scenario can be seen in Figure 36. 

 

Figure 36. Comparison of the electricity costs per scenario 

The levelized cost of electricity follows the same trend pattern than the net present costs, 

so it is not necessary to make a separate analysis of each indicator, being the results 

obtained for one valid as well for the other.  

The net present cost of the Scenario 0 (power plant only) is the highest, although in 

Scenario 3 (renewables, pump hydro and power plant) is it obtained a very similar value, 

with a reduction in the net present costs of less than 1 %. 

In Scenario 1 (interconnector and power plant) and Scenario 4 (renewables, 

interconnector and power plant) it is obtained almost the same cost value. Both options 

offer a 13 % reduction in the net present cost of the project compared with the current 

situation. 

The lowest net present cost is obtained in Scenario 2 (only interconnector) which obtains 

a reduction of 34 % of the net present costs of the project compared with the current value. 

Therefore, according to the electricity costs, the Scenario 2 would be the best option due 

to its high reduction in the net present cost, followed by the Scenarios 1 and 4, which 

obtain a limited reduction in the cost and being the less favourable option the Scenario 3, 

where the net present cost in almost the same than in the current situation. 
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5.6.3 Carbon footprint 

The carbon footprint for each scenario can be seen in Figure 37 

 

Figure 37. Comparison of the carbon footprint per scenario 

A reduction in the carbon emissions not always is linked with the integration of 

renewables in the electricity system. In this case it will be compared the carbon dioxide 

emissions value between the scenarios and then it will be mentioned the renewable 

penetration in the scenario described. 

The emissions value for the Scenario 0 (power plant only) is the highest one and all the 

scenarios proposed obtain a reduction with respect to the current value. In Scenario 0 all 

the electricity is generated by the diesel power plant so its renewable fraction is zero. 

The highest reduction is obtained in Scenario 2 (only interconnector), where the average 

emissions are the same than in the Spanish Peninsular Electricity Market, with a reduction 

of almost 60 % with respect the current CO2 emissions value. The renewable fraction for 

this scenario is zero, due to not generating any electricity in Ceuta´s territory. 

The second biggest reduction is reached in Scenario 4 (renewables, interconnector and 

power plant), where it is achieved a reduction in CO2 emissions of a bit more than 50 % 

with respect the current value. The renewable fraction for this scenario is almost 30 % 

due to the contribution of solar and wind power in the electricity generation. 

In Scenario 1 (interconnector and power plant) the CO2 emissions are reduced in a 40 % 

and in Scenario 3 (renewables, pump hydro and power plant) almost a 30 % with respect 

the Scenario 0 values. In Scenario 1 the renewable fraction is zero while in Scenario 3 it 

is obtained a 31 % due to the contribution of solar and wind power installed. 
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Therefore, according to the carbon footprint, the Scenario 2 would be the best option 

again for obtaining a reduction of 60 % with respect the current CO2 emissions values, 

closely followed by the Scenario 4 which obtains a reduction of 51 %. The third and 

fourth option would be the Scenario 1 and the Scenario 3, with a reduction of 40 % and 

30 % respectively with respect the current CO2 emissions values. 

5.6.4 Energy Security 

Four levels of energy security have been defined: 

Level 0: The energy security of the whole electricity system is compromised if there is a 

failure in the source in charge of supplying the electricity.  

Level 1: It has a reasonable level of energy security, but it cannot always be guaranteed 

a high quality of the electricity service provided, so the electricity system suffers from 

blackouts occasionally. 

Level 2: The system has more than one system to cover the electricity demand, which 

increases its energy security, but the back-up system is not reliable enough to assure that 

the system would always have a high quality in the electricity service provided. 

Level 3: The energy security and the quality of the electricity service provided is assured.  

The energy security of each scenario can be seen in Figure 38. 

 

Figure 38. Comparison of energy security per scenario 

The Scenario 0 (power plant only) represents a situation with a power plant which has 

been operating for the last 40 years, and even though the electricity system suffers back-
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hour to solve the problem in the generator and re-start the system again. The problem in 

Ceuta electricity grid is more related with the quality of the electricity service provided, 

rather than the energy security of it. This scenario has a Level 1 in the Energy Security 

Scale. 

The highest value of energy security is obtained in Scenario 4 (renewables, interconnector 

and power plant) and in Scenario 1 (interconnector and power plant), which have a Level 

3 of energy security. A high energy security and high quality of the electricity service 

provided is assured. If there is a problem in the diesel generator, the interconnector has 

enough capacity to cover the electric demand and if there is a problem with the 

interconnector, the diesel power plant would be able to respond and cover the electric 

load. 

The second highest level of energy security is obtained in Scenario 3 (renewables, pump 

hydro and power plant), which has a Level 2 in the energy security. This scenario has 

increased the energy security with respect to the current situation by adding renewables 

and pump hydro installation to store them, but due to its intermittency, it can not be 

assured that renewable technologies can be used as a back up in case of an electricity 

black-out, so there would not be an increase in the quality of the electricity service 

provided. 

The Scenario 2 (only interconnector) has, by far, the weakest energy security of all the 

scenarios analysed. This system has only one-way to supply electricity and no back-up 

systems. There is no local electricity generation in Ceuta, where all the electricity comes 

from an electricity interconnector which connects with the Spanish Peninsular Electricity 

System, with all the risks that this situation could imply. If there is a problem with the 

interconnector cable, and no electricity can be supplied through it, the whole system will 

suffer a black-out that will last until the problem is fixed. Normally, if there is a problem 

with the interconnector cable and needs to be repaired, it could take even several months 

to do so, having disastrous consequences for the city of Ceuta, which would need to find 

other sources for providing electricity during that period (having in mind that is an 

isolated territory that belongs to Spain but is in the African continent). The power plant 

has not been maintained to act in case a problem of this magnitude happens, so the whole 

energy security of the system will be compromised if the interconnector fails. It will be 

assigned to this scenario the Level 0, the minimum level of in the Energy Security Scale. 

Therefore, according to the energy security, Scenarios 4 and 1 have the highest level, 

assuring the energy security and the quality of the electricity service provided. The next 
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one would be Scenario 3, which increases the level of security compared to the current 

situation but can not assure a higher level of quality in the electricity service provided. 

The following one would be The Scenario 0, which has a reasonable energy of security 

but a poor quality of the electricity service provided. The lowest level of energy security 

of all the scenarios analysed takes part in the Scenario 2, where the whole energy security 

is compromised if there is a problem with the electricity interconnector which supplies 

the electricity. 

5.6.5 Overall assessment of the scenarios 

Once it has it has been ranked the different scenarios inside each of the three main criteria 

used for the evaluation (electricity cots, carbon footprint and energy security), is the 

moment to implement the multicriteria decision analysis methodology to find the best 

solution for the electricity provision in Ceuta. 

The best solution for the electricity provision in Ceuta will be the one which has the best 

balance for the three different criterions used for the evaluation, with the aim of building 

a robust system which provides an overall improvement over the current Ceuta´s 

electricity system.  

The results of the different scenarios for each criterion evaluated can be seen in Figure 

39, where in the vertical axis is represented the net present cost of the project and in the 

horizontal axes the carbon dioxide emissions and the level of security of the system.  

The optimum system would be the one which has a higher level of energy security, 

minimizing the electricity costs and the carbon dioxide emissions at the same time. 

The Scenario 2 (only interconnector) provides the lowest net present cost and the highest 

CO2 emission reduction, but its energy security level is minimum. This scenario has not 

been selected as the best option due to its results unbalance in the criteria used for the 

evaluation. It is too risky to invest in a system which can reduce the CO2 emissions and 

is cheaper if the energy security of the whole electricity system would be compromised. 

The Scenario 3 (renewables, pump hydro and power plant) provides almost no reduction 

in the net present cost of the system, increases the level of energy security of the existing 

system but not enough to assure a high quality of the electricity service provided and, 

even though there is a 30 % decrease in the CO2 emissions, this is the lower decrease of 

all scenarios analysed. This scenario offers an overall improvement with respect the 

current situation, but very limited, so it will not be chosen as the best solution possible, 

but it would partially improve the current situation for the electricity generation in Ceuta. 
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Figure 39. Scenarios evaluation using the multiple criteria decision analysis 

The Scenario 1 (interconnector and power plant) and the Scenario 4 (renewables, 

interconnector and power plant) provides a solution which substantially improves the 

whole electricity generation system. Both scenarios are ranked in the second-best position 

relative to electricity costs for its 68 Million Euros reduction relative to the net present 

cost of the project with respect to the current situation. Furthermore, both of them have 

the highest level of energy security, where it can be assured not only the energy security 

but also the quality of the electricity service provided. To select the best solution from 

this two systems it was needed to go into the carbon dioxide emitted by each scenario. 

The Scenario 1 provides a reduction which is ranked as the third-best option for its 40 % 

reduction of carbon dioxide emissions while the Scenario 4 was ranked as the second-

best option for its 51 % reduction with respect the current situation. The main difference 

between these two scenarios is that in Scenario 4, less energy is purchased from the grid 

due to the contribution of renewables in the electricity generation, so it is saved the 

amount of carbon dioxide that would be emitted in the Spanish Electricity System while 

it is produced the electricity that is supplied through the interconnector. 
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Therefore, the Scenario 4 provides the best solution for the electricity provision in Ceuta, 

due to its 68 Million € reduction in the net present cost, the highest level of energy security 

which can assure the energy security and the quality of the electricity service provided 

and its 51 % carbon dioxide emissions reduction with respect the scenario which 

represents the current situation. 

5.6.6 Optimal solution summary 

• Energy Capacity Installed 

The scenario 4 is composed by 5 MW of solar rooftop photovoltaics, 25 MW of wind 

power delivered by 12 onshore wind turbines, a 97 MW diesel power plant and an 

electricity interconnector, whose maximum capacity would be from 40 to 100 MW but 

its normal operative capacity would be lower.  

• System Operation 

The interconnector would have an operative capacity that would vary from 0 to 25 MW 

in relation with the electricity demand that needs to cover. The system would have also a 

stable load of 5 MW covered by the diesel power plant, which will operate at minimum 

values with the objective to maintain operative its full current capacity to be prepared to 

cover the whole electricity demand in case it is necessary. The integration of renewables 

(wind and solar) in the electricity generation. would reduce the electricity purchased from 

the grid through the interconnector, would reduce the number of times that the diesel 

generator does not operate at its stable load and would permit to sell the exceed of 

renewables to the Spanish Electricity market through the interconnector. 

• Electricity Costs, Carbon footprint and Energy Security 

Relative to the electricity cost, its net present cost is 497 Million € and it has a levelized 

cost of electricity of 224 €/ MWh. In relation to its carbon footprint, it would produce 

around 71,000 tonnes of carbon dioxide emissions per year and has a renewable 

penetration of 29.6 %. With respect to its energy security, the system has two reliable 

sources for the electricity production, which concedes the system a high energy security. 

The methodology followed for the scenario comparison through different criterions, is in 

line with the literature review (See Section 2.6) which states that when determining the 

most suitable scenario, it should be considered not only the energy costs, but also the 

environmental considerations and the security of the electrical supply. 
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 PATHWAY FOR CEUTA´S FUTURE ELECTRICITY GENERATION 

While building the different scenarios for the electricity provision in Ceuta, each of the 

technologies involved in the electricity generation has been thoroughly analysed. In this 

section, it will be covered how each one of these technologies could contribute to the 

future electricity generation in Ceuta, providing some guidance about the optimal 

capacity and the proper time to install these technology in the system. Furthermore, it will 

be covered how the scenarios proposed can be used as a route for the evolution of the 

electricity generation system, providing at the end of this section a recommendation on 

the timeline to install the different technologies described. 

The optimal solution for the electricity provision in Ceuta combines an electricity 

interconector, the diesel power plant, wind and solar power, so all of them will be covered. 

5.7.1 Interconnector 

The installation of the electricity interconnector proved to be an excellent solution for 

electricity provision of Ceuta, as long as it is combined with the diesel power plant. Its 

highest value of performance is reached when the interconnector and the diesel power 

plant are combined with the integration of renewable technologies (especially wind) in 

the electricity system. 

Relative to the capacity of the interconnector, all the scenarios have been modelled with 

a maximum operative interconnector capacity of 25 MW and important reductions in the 

electricity costs and carbon dioxide emissions have been obtained. 

The interconnector itself, has not been studied in detail enough to provide a 

recommendation relative to its optimum capacity necessary to be installed. Despite this 

limitation, it is worthy to be mentioned that an  interconnector capacity of 40 MW could 

cover the maximum peak demand of the system 35 MW and still being able to cope with 

future increases in the electrical demand, apart from being able to receive the maximum 

load from the onshore wind potential in the area, which has been estimated to be 25 MW. 

In the case of deciding to build an offshore wind farm in Ceuta´s water in the future, 

depending on the scale of the project, an interconnector of 40 MW could be a limitation 

for the total installed capacity, having the possibility of building an electricity 

interconnector of up to 100 MW capacity for developing the installation of offshore wind 

power in the area 

5.7.2 Diesel Power Plant 

The electricity generated with the diesel power plant has the higher electricity cost of all 

technologies which has been analysed. Their levelized costs go from 263 €/MWh for the 
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Scenario 0 up to 557 €/MWh in the Scenario 4, where the power plant only covers a small 

portion of the electrical load to maintain its full operative capacity. These results match 

with the conclusions found in the literature review (See Section 2.6), which demonstrated 

that levelized cost of the electricity produced with the power plant increases when the 

generator operates at suboptimal conditions. 

When the power plant is the only source of providing the electricity for the city, it is 

justified that the power plant had a capacity of 2.8 times the peak demand, as it currently 

happens, and that its operational costs are so high, in part, based on that it never stops 

working. 

With the installation of the electricity interconnector, which would have enough capacity 

to cover the whole electric load of the system, the power plant would gain more flexibility 

to produce its power, so it would be the perfect moment to analyse how the cost of the 

electricity generated by the power plant can be reduced.  

While modelling the scenarios where the diesel generator only covers a minimum part of 

the electric load with the purpose of maintaining its full operative capacity, it was 

simulated two options: one where the generator covers the fluctuations in the daily 

electricity demand and the other where the generator covers a stable load of 5 MW of the 

electricity demand. Probably, in real life operations, the final solution would be a 

combination of these two cases, having a minimum electrical daily load to maintain the 

generators working and from time to time, make a test with the diesel power station and 

its full capacity, to assure that the plant will be ready to cover the full electrical demand 

in case it is necessary. If it is designed a specific operative plan for the power plant, it 

could maintain its operative capacity while reducing its operation and maintenance cost 

and its fuel consumption. This situation would reduce the levelized cost of the electricity 

produced with the power plant and therefore the levelized costs of the scenarios which 

uses the power plant with a minimum load. For the optimal solution selected (Scenario 

4), the variable costs (operation and maintenance, fuel and replacement costs) accounts 

for the 60 % of the costs of the diesel power plant, which in turn accounts for the 50 % of 

the total costs of the system, but the power plant only provides the 20 % of the electricity 

produced. If, for example, a 2/3 reduction in the variable costs is achieved in the power 

plant (due to improvements achieved after designing a new operative plan for the plant), 

while the amount of electricity covered by the plant remains constant, the total levelized 

cost of the solution would decrease from 224 €/MWh to 178 €/MWh for the electricity 

produced, very similar to the 173 €/MWh proposed by the Scenario 2 (only 
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interconnector), which was the scenario with the lowest levelized costs. This cost 

reduction will only be known once the new operative plan for the power plant is designed 

and put in practice, and this is why a new operative plan is recommended. 

A detailed analysis of the power plant capacity installed would be needed as well, to 

determine if the electric load could be covered even if the oldest generators (installed in 

the eighties) are decommissioned.  

5.7.3 Wind Power 

• Onshore Wind 

Once the interconnector is installed an available to import and export electricity between 

Ceuta and the Spanish Electricity Market, is the correct time for the wind power to be 

installed.  

In the Scenario 2, all the electricity demand was supplied through the interconnector. Its 

annualize cost was 36.38 M€, (See Table 28), but if it is only taking into account the cost 

of purchasing electricity from the grid (eliminating the other costs like the capital cost of 

building the interconnector or its operation and maintenance costs) the annualize cost 

would be 12.65 M€. If the electricity was 210 GWh, the levelized cost of purchasing 

electricity from the grid would be 60 €/ MWh. In the Scenario 4, the annualized cost for 

the onshore wind power installed was 3 M€ and the total wind production was 56.8 GWh, 

so the levelized cost of electricity of wind would be 53 €/MWh  (See Table 41).  

This means that the electricity produced by wind is cheaper than purchasing it from the 

interconnector, with an average difference of 7 €/MWh. This is why, once the 

interconnector is installed, it would be beneficial to take full advantage of the maximum 

onshore wind capacity of Ceuta (as it has been done in the Scenario 4), which is 25 MW, 

to cover the most part of the electrical demand with wind power and selling to the grid 

the electricity excess through the interconnector. It is important to notice that the wind 

power should be installed once the interconnector is fully operative, not only for the 

economic advantage of selling the electriciy excess but also to avoid creating stability 

problems that would be created with the excess of electricity produced. 

Onshore wind has not only reached the grid parity, but it has improved it, thus, onshore 

wind power would be the most economical technology to be installed for Ceuta electricity 

system. These results match with the conclusions found in the literature review (See 

Section 2.6), which demonstrated that for some energy isolated places, the levelized cost 

of onshore wind for electricity generation is lower than producing it with fossil fuels. 
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• Offshore Wind 

Due to the current high levelized cost offshore wind technology, it was decided to include 

only the onshore wind power in the scenario simulation, so the offshore wind does not 

appear in any of the scenarios. Despite this fact, it is considered interesting to provide 

some guidance related to this technology.  

If the interconnector is finally built, it could be taken advantage of the extra capacity that 

this installation offers to sell electricity to the grid, but to make it economically feasible, 

it should be done at the appropriate time.  

The current levelized cost of offshore wind projects is 119 €/MWh (140 $/MWh) which 

is almost the double of the average cost of purchasing electricity from the grid 

(60€/MWh). The International Renewable Energy Agency [58] estimates that offshore 

wind costs will decrease, and by 2020 the levelized cost for this technology would be 85 

€/MWh. The average price for purchasing electricity in the Spanish Electricity Market 

has increased a 29 % from the year 2010 [72]. If this trend of increasing the electricity 

price and reducing the levelized cost of offshore wind is maintained, by 2030 it could be 

feasible to produce electricity with offshore wind farms at lower prices than purchasing 

electricity from the Spanish Electricity Market through the interconnector.  

The moment when the levelized cost of offshore wind reachs the parity with the average 

price of purchasing electricity from the grid would be the ideal time to start installing 

offshore wind turbines in Ceuta seawater to take advantage of extra capacity that the 

interconnector provides, without being necessary any kind of subsidies by the Spanish 

Government to install this technology. This recommendation is in line with the literature 

review (See Section 2.6) which states that coupling the price between the electricity 

produced by renewables and the electricity market, would make economically feasible to 

introduce renewables in the electricity generation without being subsidized. 

One of the main advantages in both, offshore and onshore wind power, is if there is a 

problem with the interconnector and its electricity cannot be exported or used in the 

electricity system, the turbines can be shut down instantaneously, without compromising 

the energy stability of the electric system. This way of operating is supported with the 

information covered in the literature review (See Section 2.6) which states that the 

curtailment option in systems with high wind integration should be used as the last option 

to be taken, but is more frequent to happen in small isolated systems. 
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5.7.4 Solar 

Analysing the daily hourly demand and the hourly power output of the photovoltaics 

technology it could be seen that both graphs match perfectly, producing the PV panel its 

maximum output when it happens the first one of the two peaks in the daily electrical 

demand in Ceuta (See Figure 34).  

The levelized cost of electricity produced by a rooftop photovoltaic panel in Ceuta for the 

Scenario 4 was 117 €/kWh, while the cost of purchasing electricity from the grid is 60 

€/kWh and the levelized cost of generating electricity with the diesel power plant is 263 

€/kWh (See Table 22). This means that electricity provided by photovoltaics doubles the 

cost from the one that is purchased from the grid, but its costs are less than a half of 

generating it with the diesel power plant.  

Electricity produced by the photovoltaics would not be exported because it is available 

when it is more needed (during peak demand) and the earnings that would be obtained 

for selling it to the Electricity Market would be lower than its cost. On the one hand, 

purchasing electricity from the grid is cheaper than generating it with photovoltaics. On 

the other hand, if the electricity interconnector is not available, generating this electricity 

with the power plant would double the cost than with photovoltaics. 

For the scenario 4, five MW of solar rooftop photovoltaics were proposed to be installed 

by 2033, which would account for the 3.5 % of the whole electricity produced. The rate 

of installing photovoltaics to reach 5 MW of power installed by 2033 should be around 1 

kW installed per day. By the horizont year, the amount of wind and photovoltaics would 

be 25 MW and 5 MW respectively, which would give a wind/solar ratio of 83/17 from 

the total capacity of renewables integrated in the system. This value is in line with the 

ratio recommended in the literature review (See Section 2.6) of 80/20 for the energy 

systems with high renewable integration. 

If the experience of installing this 5MW of photovoltaic capacity is successful, it could 

be proposed to install another 8 MW in the system by 2050. It would be reached then a 

solar capacity of 13 MW, which has been defined as the maximum solar capacity that the 

electricity system of Ceuta could handle without creating stability problems in the grid 

when there is not interconnector. This 13 MW would cover around the 10 % of the whole 

electricity demand, and it would operate independently if the electricity interconnector is 

working or not, thus, it would increase the energy security of the system. 
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This recommendation for installing photovoltaics progressively in the system matches 

with the conclusions found in the literature review (See Section 2.6), which demonstrated 

that a gradual installation of photovoltaic could reduce the system installation costs due 

to the decrease of its prices over time. 

5.7.5 Scenarios Route 

The five scenarios described in this report can contribute to creating a route map about 

how the electricity generation system in Ceuta could evolve from the current situation to 

the future planned scenario: 

The timeline would be the following:  

2018: Scenario 0             2025: Scenario 1             2033: Scenario 4 

The Scenario 0 would be used to represent the current situation of Ceuta´s electricity 

system. 

The Scenario 1 would represent the situation where the interconnector has been installed 

and it operates in combination with the diesel power plant (it will depend on the 

installation time of the interconnector but could be a reality from 2020 to 2025). 

The Scenario 4 would represent the horizon year 2033, the interconnector and the diesel 

power plant are combined with the integration of renewable technologies for the 

electricity generation. By this year it would have been reached the maximum available 

onshore wind installed capacity (25 MW) and it would have been installed some solar 

rooftop photovoltaics (5 MW) to contribute to the Ceuta´s electricity generation.  

The other two scenarios would not be part of the timeline, but can contribute as well in 

explaining the results that Ceuta´s electricity system would have it is decided to evolve 

in that direction: 

The Scenario 2 would be useful for showing how the electricity system would operate 

with only the interconnector, reducing substantially all the costs and carbon dioxide 

emissions, but compromising the whole energy security of the system, providing an 

unfeasible solution. 

The Scenario 3 would be useful for showing the results that the integration of renewable 

technologies and a pump hydro storage would have in Ceuta´s electricity, and why the 

improvements achieved with this option are lower than in the scenario which combines 

the interconnector and diesel power plant. 
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5.7.6 Recommended Pathway for the electricity provision in Ceuta 

Year 2018: All the electricity demand in Ceuta is provided by the diesel power plant 

(Situation Simulated in the Scenario 0) 

Year 2025: The electricity interconnector is installed and operative and works in 

combination with the diesel power plant (Situation Simulated in Scenario 1) 

Once the interconnector is installed and operative: 

- Create a new operation and maintenance plan for the diesel power plant to reduce 

its operational costs and evaluate if part of its electrical capacity could be 

decommissioned (older generators) without compromising the ability to cover the 

full electric demand if necessary. 

- Beginning of the installation of the onshore wind power until reaching the 25 MW 

of capacity in 2033. 

- Beginning with the installation of rooftop photovoltaics until reaching 5 MW for 

the year 2033. 

Year 2033: The electricity supply in Ceuta is supplied by the diesel power plant, the 

electricity interconnector, 25 MW of onshore wind and 5 MW of solar. Excess of 

electricity is sold to the Spanish Electricity Market through the interconnector (Situation 

Simulated in Scenario 4) 

- If the installation of solar rooftop photovoltaics has been successful, continue to 

the installation until reaching 13 MW of capacity by the year 2050. 

- If the levelized cost of offshore wind has reach grid parity, begin the installation 

of an offshore wind farm with a capacity determined by the maximum electrical 

capacity that can be exported through the electricity interconnector. 

Year 2050: The electricity supply in Ceuta is supplied by the diesel power plant, the 

electricity interconnector, 13 MW of solar, 25 MW of onshore wind and a certain capacity 

of offshore wind. Excess of electricity is sold to the Spanish Electricity Market through 

the interconnector (Future Situation which has not been simulated in any of the scenarios). 
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6 FINAL REMARKS  

 Discussion of the results 

• Main outcomes against the aim and objectives 

The aim of the project and the three main objectives have been fulfilled. The different 

solutions available for the electricity provision in Ceuta has been thoroughly analysed 

and an optimal combination of them was found. The optimal solution achieves a reduction 

68 Million Euros with respect the current situation for the horizon year 2033, reducing in 

more than 50% the carbon dioxide emissions and assuring not only the energy security 

but also the quality of the electricity service provided in Ceuta. In addition, it was 

provided a pathway for the future electricity generation in Ceuta, which provides some 

recommendations on the different technologies and the appropriate timeline to install 

them. 

• Assumptions and Limitations of the work 

Despite using a discount rate and an expected inflation rate to represent the evolution of 

the economy, current prices for the different technologies installed, and for fuel oil and 

electricity consumed are fixed in the model and does not vary over time. This is one the 

simplifications made in the model. The current trend is to increase the electricity price 

and reduce the installation cost of the renewable technologies overtime [58], being more 

difficult to trace what will happen with the price of the fossil fuel consumed [73]. This 

tendency would make even more favourable to install renewables in the future Ceuta´s 

electric system, so its implications are in line with the results obtained. 

During the last ten years the generation capacity and the electricity demand have been 

stable, so the current electrical demand has been established as the electricity demand for 

the horizon year 2033. This one of the main simplifications in the model, but the decision 

for this projection was made based in the last ten years of evolution in the demand.  

While modelling the scenarios where the diesel generator covers only a minimum part of 

the electric load to maintain its full operative capacity, two options were simulated, but 

in real life operations, the solution would be a combination of both. An appropriate plan 

for the power plant operation would reduce the levelized cost of the electricity produced 

with it, and therefore the levelized costs of the scenarios which use the power plant with 

a minimum load, but this reduction in the cost would only be known once the measures 

designed for the power plant operational plan are implemented.  
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The maximum potential of solar rooftop photovoltaic and onshore wind potential that can 

be installed have been quantified, but it would be necessary to carry out an environmental 

impact analysis about the effects of installing them in Ceuta´s territory. 

The results for the wind turbine modelled shows a capacity factor of 23.5 % (See Table 

14), while the average capacity factor for the onshore wind turbines installed in Spain in 

2016 is 31% [58]. These results show that the wind turbine does not reach the average 

performance expected, so it would be beneficial to carry out a detailed analysis to choose 

another model of a wind turbine which could obtain a higher electrical performance for 

the wind conditions analysed. As the cost of the technology is defined per kW of 

technology installed, a higher capacity factor for the wind turbine will produce more 

electricity per kW installed, so it would decrease its levelized costs of the electricity, 

confirming that is the technology which obtains better results, and supporting the 

recommendation of installing onshore wind power technologies until is fulfilled its 

maximum available capacity (25 MW), once the electricity interconnector is installed. 

It was not modelled offshore wind turbines due to its current high levelized cost, but its 

cost is expected to decrease in the future, probably making feasible to install this 

technology. The model created could be upgraded in the future including this technology, 

although its purpose would be more related t with exporting electricity to Spain through 

the interconnector, rather than participating in the electricity provision of Ceuta. 

It was defined that 13 MW was the maximum capacity of solar rooftop photovoltaics that 

could be installed in the system without creating stability problems in the electricity grid 

if there is neither energy storage nor the interconnector available, being the only 

renewable technology operating in the system. This value was selected because its 

renewable fraction is lower than 10 % and the instantaneous renewable penetration (the 

maximum part of the load that is cover by renewables at one specific moment is lower 

than 55 %). These results are in line with the values obtained in the literature review, but 

if Ceuta Council decides to follow the energy policy to install this capacity of photovoltaic 

in the system, it would be necessary to carry out a more detailed analysis of the electricity 

grid and the maximum renewable capacity that can be integrated without compromising 

the system´s stability. 

Information relative to CO2 emissions in the current situation and the reduction achieved 

by each Scenario is provided, but it was not possible to offer a wider vision on the results 

relative to other greenhouse gas emissions (like nitrogen oxides or particulates matters) 

due to the lack of reliable emissions data to be introduced in the model. 
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 Conclusions  

The project aim was finding the optimal combination of the different electricity 

generation technologies available to improve the current electricity provision for the off-

grid autonomous city of Ceuta. The optimal solution was found, and it is composed by 

the interaction of these technologies in the following way: 

- The diesel power plant was found to be the most expensive and most polluting 

way of producing electricity, but it offers a reasonable level of energy security. 

The optimal solution needs to minimize the electricity produced by the power 

plant while maintaining its maximum operational capacity, with the objective to 

cover the whole electricity demand with the power plant in case it is needed. 

- The interconnector, used in combination with the power plant, increases the 

energy security and assures a high quality of the electricity service provided. It 

would provide the part of the electric load which is not covered by renewables or 

the power plant and would offer the possibility of selling the excess of electricity 

produced by renewables, eliminating the necessity of additional energy storage. 

- Installing onshore wind turbines until it is fulfilled the maximum available 

capacity (25 MW). It is cheaper to produce electricity from onshore wind power 

than purchasing it from the grid, so onshore wind would be the most economical 

electricity generation technology that could be installed. This technology needs 

from the interconnector to export the electricity excess, having the possibility of 

instantaneously shutting down the wind turbines in case the interconnector is not 

operative, avoiding the creation of stability problems in the electricity grid. 

- The installation of solar rooftop photovoltaics without surpassing the maximum 

available capacity that the grid can handle without the interconnector (13 MW). 

A gradual integration of photovoltaics would take advantage of the decrease in its 

installation price over time, being closer to reach the grid parity prices. 

- A future integration of offshore wind power could be feasible, once its levelized 

costs have reached the grid parity. Its maximum capacity to install would depend 

on the interconnector capacity, which would export its electricity production. 

Following these recommendations, the electricity provision in Ceuta would experience 

an overall improvement, with a reduction in the electricity generation costs, minimizing 

the carbon dioxide emissions, and creating a system with high energy security which 

assures a high quality in the electricity service provided. 
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 Direction for future investigations  

In order to implement some improvements in the solution provided, the direction for 

future work has been defined in four different fields: solar, wind, maximum renewable 

capacity in the system and environmental impact assessment. 

• Solar 

Use of Geographical Information systems to provide not only the available surface to 

install solar rooftop photovoltaics, but also to see which areas are more suitable for the 

installation of this technology, having the possibility of prioritising the installation of 

photovoltaics in the areas of the city where the photovoltaics have a better performance. 

• Wind 

Create a wind model using an appropriate software for an optimum selection of the type 

of wind turbines, to provide a more accurate number for the maximum capacity which 

can be installed and to discover the best places to install them for both, onshore and 

offshore wind turbines. 

• Maximum Renewables Capacity in the System 

Conduct a detailed analysis of the electricity grid to evaluate the maximum renewable 

capacity that can be integrated in the system without compromising the system stability. 

• Environmental Impact Assessment 

Perform an environmental study related with the impacts that the integration of this 

technologies (interconnector, solar rooftop photovoltaics and wind turbines) could have 

in Ceuta´s ecosystem and to detect which are the most suitable areas to install these 

technologies. 
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APPENDIX  

• Solar rooftop photovoltaic chosen 

 

Figure 40. Solar rooftop photovoltaic panel selected for the project 
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• Onshore wind turbine selected 

 

Figure 41. Onshore wind turbine selected for the project



 

 

 

 


