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Abstract  
 
In today's challenging energy context, the sustainability of national energy systems plays a key 

role in the development of current and future energy policies. These systems are essential to 

address energy challenges such as energy security, environmental mitigation in terms of 

atmospheric emissions and the penetration of more efficient and lower cost energy. In this 

context, energy modelling tools are becoming increasingly important, as they are able to 

represent an energy system in a simplified but effective way. These models are assumed to 

be relevant in helping decision-makers, companies, and organisations to define the best 

strategies towards an energy transition. These models can define strategies characterised by 

significant reliability and representative of an energy system consistent with the intrinsic 

constraints of the system and the country itself, and with a given time horizon. However, the 

main energy models used are often not freely available or usable, which makes it difficult to 

compare and evaluate the existing results in the scientific literature on energy systems.  

In terms of models, the application of the open-source energy model EnergyScope TD [32] to 

the Spanish case study is presented to identify the different decarbonisation scenarios of the 

Spanish energy system for 2030. Firstly, regarding the previous work carried out using this 

model, the proposed solution model, called Spanish Energyscope, adds new resources and 

energy conversion technologies. Secondly, to check the accuracy and corroborate the optimal 

performance of the model, a validation of the Spanish Energyscope model is carried out in the 

past reference year of 2015. This year is chosen because the documentation of the real data 

for this year is available and, therefore, the consistency of the model results with the real data 

can be checked. Once the reliability of the model has been checked, several decarbonisation 

scenarios are defined for 2030 to have a broad vision of which technologies should be used to 

achieve the objectives set by the national and European organisations with competences in 

energy. From the detailed analysis of the different scenarios, it can be seen that the scenarios 

without relevant changes do not achieve the environmental objectives by 2030 and that the 

PNIEC [21] proposes two scenarios that achieve part of the national and European objectives 

defined. It can also be noted that to walk this difficult path towards the decarbonisation of the 

Spanish energy system, enormous technical and economic efforts are necessary for the 

electrification of energy demand in all sectors. To this end, the focus should be on expanding, 

for example, the use of electric vehicles, heat pumps and the development of renewable 

energy technologies.
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Motivation 
 
 
On the one hand, after several years of studying for a bachelor's and master's degree in 

engineering, the possibility of carrying out the master's thesis work on a project abroad is 

particularly attractive to be able to put into practice all the knowledge learned over the years.  

On the other hand, it is very attractive and interesting to be able to carry out a project on a 

subject of special interest to me and in which I can both put my knowledge into it and, above 

all, learn a lot more about the subject.  

The Erasmus programme together with the UCLouvain University and my university 

(Universitat Politècnica de Catalunya), have given me the opportunity to work on a project that 

has already started and that aims to find solutions to many of the questions that are currently 

being asked about a topic of great social interest such as the energy transition. We live in a 

fast-changing world where the changes are the order on the agenda. Nowadays, the challenge 

is focused on the energy transition, and it is of vital importance to put all efforts into trying to 

solve it. It is an honour for me to try to do my part in helping to achieve this goal. 
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1 

Introduction 
 
The main objective of this project is to offer a solution to Spanish people interested in the 

energy transition to assess the technical, social, and economic potential of the multiple 

strategies to achieve a decarbonised Spanish energy system. The document is divided into 

the following chapters: 

Chapter 1 aims to provide some background on the current situation regarding the energy 

transition at global, European, and national level. In addition, it details the different objectives 

and targets defined by the different organizations with competencies in the energy field. Lastly, 

it explains the state of the art of the different energy models at global and national level and 

justifies the choice of the energy model finally selected. 

 

Chapter 2 is dedicated to a detailed description of the Spanish Energyscope energy model. It 

explains the methodology used by the model, the conceptual structure of the energy system 

proposed for the Spanish model and shows a graphical representation of the application of the 

Spanish Energyscope model to the Spanish case study with all the energy flows involved. 

Finally, the results of the model validation are presented using a past reference year, in this 

case 2015, to compare the model results obtained with the real results to check the consistency 

of the results and verify the correct functioning of the model. 

 

Chapter 3 explains the implementation that has been carried out of the different low-carbon 

scenarios with the intention of defining the different pathways towards a near-zero emission 

national energy system. This analysis is carried out using the Spanish Energyscope model, 

validated in chapter 2, and the time horizon of the study is up to 2030. In addition, the different 

assumptions made in each of the scenarios developed with the model are explained in detail. 

 

Chapter 4 presents the results obtained from the different scenarios modelled. A comparison 

of the results obtained in all scenarios is made by analysing different topics (e.g., emissions, 

TPES, power generation, heat generation sector etc.) and checking whether the national and 

European targets are reached. 

 

Chapter 5 Chapter 5 explains the conclusions reached throughout the project and makes a 

global reflection on how the profound modifications in the Spanish energy system should be 

carried out in the coming years to significantly reduce emissions and increase the national 

RES penetration.  



 

  
 

2 

Chapter 1 

1. State of Art 
 
1.1. The energy transition 
 
1.1.1. Context 
 

Today we live in a time of climate emergency due to the profound climate change that society 

has brought about through the intense burning of fossil fuels and the consequent release of 

large amounts of greenhouse gases (GHG) into the atmosphere. In recent decades, human 

activity has caused sudden changes in climate that seriously affect health around the world. 

The situation is particularly serious in cities, which account for 55% of the world's population, 

claim 75% of all energy produced and generate 80% of all pollution [01]. As a consequence of 

this sudden climate change, sea levels have risen due to increased heat, polar ice caps and 

glaciers are melting, and the combination of these two events causes flooding and erosion in 

coastal and low-lying areas [02]. In addition, there has been a change in weather patterns with 

more recurrent occurrences of heavy rainfall and other extreme weather events leading to 

flooding and in some areas a progressive decrease in water resources. The consequences 

are not only related to changes in climate. There are drastic changes in people's health, 

especially in the poorest regions of the world. According to the Food and Agriculture 

Organisation of the United Nations (FAO), population growth and dietary changes will increase 

consumption patterns by approximately 60% by 2050 [03]. Climate change increases pressure 

on food systems as livelihoods in agricultural environments are increasingly at risk due to 

climate threats to crops, livestock, fish stocks, etc. It is for this reason that FAO specifies that 

"safeguarding food security and eradicating hunger and the particular vulnerability of food 

production systems to the impacts of climate change is a key priority" [03]. 

All these consequences demonstrate that following the same pollution patterns and the same 

social habits, these phenomena will not only continue to appear but will increase in frequency. 

Therefore, in the light of the scientific evidence and the context in which society is immersed, 

governments all over the world are stressing the need to draw up decarbonisation paths and 

policies for their energy and economic systems in the short and long term (up to 2050). These 

decarbonisation policies must lead the way towards a profound transformation of fossil fuel-

based energy systems towards carbon-neutral systems. This transformation should be marked 
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by an increased penetration of renewable energy (RES) in the energy system, a significant 

increase in energy efficiency, greater electricity interconnection of countries and a reduction in 

primary energy consumption. As the energy system is responsible for more than 60% of 

anthropogenic GHG emissions [04], the Kyoto Protocol defined in 1997 by the United Nations 

Framework Convention on Climate Change sets emission reduction targets for the first time, 

committing the signatory industrialised countries to stabilise their emissions. However, 

although concern and action on climate change is increasingly on the agenda, in most 

developed and industrialised countries there is still a high dependence on fossil fuels, with 

more than 80% of the primary energy consumed being based on fossil fuels [05]. 

 

Figure 1.1: Evolution of !"! emissions of the major polluters in the world. Data extracted from World in 

data: Global !"!  emissions [06] 

 
Figure 1.1 shows the current trend of global !"! emissions in the period 1990-2019 for the 

world's largest emitters in billions of tonnes [06]. As can be seen in the figure, the emission 

trends of steadily developing countries such as China and India have grown over the period 

studied. In contrast, the trends in developed countries have remained constant and have even 

seen a slight decrease in emissions due to the more consistent decarbonisation policies 

implemented by governments and organisations in these countries. Current trends show that 

more efforts are clearly needed to mitigate the consequences of climate change in the coming 

decades. This is the direction of the Paris Agreement defined in 2015, which establishes a 
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global framework to avoid dangerous climate change by keeping the global average 

temperature below 2°C above pre-industrial levels and continuing efforts to limit it to 1.5°C 

[07]. To achieve this, a common commitment is made to reduce GHG emissions by at least 

40% by 2030 compared to 1990 levels. In addition, it also highlights the key role and 

importance of non-signatory parties to the agreement, such as cities, national administrations, 

and the private sector, which should be working in the same direction and can play a more 

important role than it may seem at first glance. 

 

1.1.2. Energy transition in Europe 
 
The historic Paris Agreement signed during the XXI Climate Change Conference (COP21), by 

195 member countries, was adopted at the end of 2015 and aimed to establish comprehensive 

measures for the reduction of Greenhouse Gas (GHG) emissions through mitigation, 

adaptation, and resilience of ecosystems for the purposes of global warming. 

To reduce GHG emissions and mitigate the potential negative effect of climate change, the EU 

has set itself targets to progressively reduce its greenhouse gas emissions up to 2050. The 

first measures taken by the EU are included in the so-called "Climate and Energy 

Package"[08], which set challenges and targets such as the reduction of GHG emissions by 

20% by 2020 (relative to 1990 levels), a 20% improvement in energy efficiency and a 20% 

contribution of total European energy from renewable energy. 

The next steps taken by the EU considering the existing ambition to reduce emissions, are 

included in the so-called "2030 climate and energy framework"[09]. The framework includes 

plans and targets at EU level for the horizon 2021-2030 with the aim of extending the current 

legislative framework of 2020. Clarifying the goals for 2030 certainly supports progress towards 

a competitive economy and a secure energy system by creating greater demand for high-

efficiency and low-carbon technologies. In addition, it is an incentive to stimulate research, 

development, and innovation, which can create new opportunities for employment and growth. 
In the same terms, the EU "commits to reduce greenhouse gas emissions to 80-95% below 

1990 levels by 2050 in the context of reductions required by developed countries as a group" 

[28]. The Commission oversees monitoring progress through the so-called 'Roadmap for 

moving to a competitive low carbon economy in 2050'[11], which sets out different scenarios 

involving major changes in carbon prices technologies and networks, energy efficiency, low 

nuclear, CCS1 or the percentage penetration of RES in the energy system, are some of the 

examples. 

 
1 Carbon Capture and Storage (CCS) 
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On the other hand, at the end of 2019 the European Commission went further with its 

commitments and presented the so-called 'Green Deal'[12], an ambitious project that includes 

a set of proposals and objectives in terms of environmental, energy and climate policy with the 

important goal of achieving a carbon-neutral economy by 2050, i.e., that the total balance of 

emissions with the earth should be zero. In this framework, the objectives set by the EU are 

reaffirmed in the European Green Pact, which covers all sectors of the economy, especially 

transport, energy, agriculture, buildings, and industries: steel, cement, textiles, and chemicals. 

The minimum targets set by the EU in the different pacts or strategies are listed in Table 1. 

 

 

Field 
Target 2030 Target 2050 

Climate and Energy 

Framework2 
Green Deal 

Energy Roadmap 

2050 

Reduction on GHG emissions (from 

1990 levels) 
40% 50 - 55 % 80 – 95 % 

Improvement in energy efficiency 32% N/A 32 - 41%3 

EU energy from renewables 32.5% N/A 55%4 

Electrical interconnection 
15% (each EU 

country) 
N/A N/A 

 

Table 1.1: Minimum targets according to “2030 Climate and Energy Framework” [09], the “Energy 

Roadmap 2050” [11] and the “Green Deal” [12]. 

 

To achieve all these objectives, all EU member states are required to develop country-specific 

strategies and long-term plans, with the aim of determining how they will achieve the 

greenhouse gas emissions reductions needed to meet their commitments under the EU 

objectives. The EU is leading the way by investing money in realistic technology solutions, 

empowering citizens, and aligning proposals in key areas such as industrial policy, funding 

and research, while ensuring social equity for a just transition for everyone. The direction is 

right, but acceleration is needed to enable the European Union to become the first continent 

to develop a carbon-free system. 

 

 
2 The objectives of renewable energy, energy efficiency and electrical interconnection may be revised upwards in 2023 
3 Compared with primary energy consumption in 2005 
4 As specified in the RES directive for the calculation of the 20% target by 2020. RES scenario 
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1.1.3. Energy Transition in Spain 
 
1.1.3.1. Current situation 
 
Spain is one of the many countries that have signed the Paris Agreement due to the 

seriousness of the consequences of climate change. As stated in the document "Impacts and 

risks derived from Climate Change" issued by MITECO in 2021 [13], the Spanish climate 

change scenarios elaborated by AEMET5 project temperature increases of between 2ºC and 

6.4ºC with an increase in hot days and longer heat waves. In addition, rainfall will tend to 

decrease, accompanied by changes in wind speed and a general increase in extreme events. 

In addition, the IPCC6 reports point to southern Europe and the Mediterranean basin as one 

of the areas most exposed to the consequences of climate change, so this is an especially 

important issue for Spain [14]. 

Figure 1.2 shows the global !"! emissions of the world's highest emitting countries including 

Spain in 2019. In this year Spain was responsible for the emission of 252.68 Mt !"!  
contributing approximately 0.7 % of the total global emissions (36.44 Gt !"!). 

Figure 1.2: !"!  emissions of the world in 2019. Data extracted from OECD air an GHG emissions 

2019 [15]. 

 
5 Agencia Estatal de Meteorología 
 
6 Intergovernmental Panel on Climate Change 
 
 

0.7 % 
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Total primary energy supplied (TPES) has decreased by 5.5% in Spain over the last 10 years 

[16]. However, !"!  emissions have progressively decreased over the last decades from 2009 

to 2019, from 297.24 Mt to 252.68 Mt !"!  [06]. This decrease in emissions is due to the 

various energy policies implemented and under development, such as increased penetration 

of renewable energies in the electricity sector, improvements in energy efficiency, greater 

interconnection with neighboring countries and an increase in the consumption of renewable 

resources in detriment of fossil fuels. 

For this reason, Spain has already set certain targets to progressively achieve a deep 

decarbonisation of society in all sectors involved, as will be discussed in the following sections 

of this chapter. Spain has the potential to become one of the driving forces behind this 

necessary change, as it has one of the highest renewable resource potentials in the EU [17]. 

This is because it has 50 million hectares with vast territories, Mediterranean and Atlantic 

winds, extensive forests, a high level of irradiation and hydraulic resources, which are 

combined with an important business, technological and innovation network. 

The following is a brief overview of the current situation in Spain in the electricity generation 

sector to get an overview of the Spanish energy outlook.  

In relation to the current situation in Spain, taking 2019 as a reference year, the generation of 

electricity on the Spanish mainland stands at 247 086 GWh. The most significant variations 

with respect to the previous year were recorded in combined cycle generation, which rose by 

93.7%, while coal and hydroelectric power fell by 69.4% and 27.6% respectively [18]. Figure 

1.3 shows the structure of peninsular electricity generation. 
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Figure 1.3: Structure of peninsular electricity generation in 2019. Data extracted from Red Eléctrica 

Española [19] 

Non-renewable generation has reached a total of 61.1% of the total, boosted by the significant 

increase in electricity production in combined cycle plants, where it has doubled its weight in 

the structure, reaching 20.7%. On the other hand, it is worth mentioning that coal has come to 

represent only 4.3% of the mix and is already the lowest value on record. In terms of the 

generation balance, renewables have a 38.9% share of the peninsular generation structure. 

Figure 1.4 shows the structure of peninsular renewable electricity generation in 2019. 
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Figure 1.4: Structure of renewable peninsular electricity generation in 2019. Data extracted from Red 

Eléctrica Española [19] 

As can be seen in the previous figure, wind, hydro, and solar photovoltaic energy have the 

largest shares in the energy structure. Wind energy continues to be the most important 

renewable technology, accounting for more than half (55.2%) of all renewables in 2019. 

Moreover, it has been on an upward trend in recent years and its significant contribution to the 

Spanish mix is worth highlighting, accounting for 21.5% of all production. Solar photovoltaic 

energy increased its production by 19.8% compared to the previous year, reaching a 

production of 8 842 GWh, which was a record annual generation with a contribution of 3.6% 

to the peninsular mix. Similarly, other renewables (biogas, biomass, solar thermal, marine 

hydro, etc.) increased their production and contribution to the energy mix. 

National installed capacity reached an all-time high in 2019 with 110 376 MW installed, 6% 

more than the previous year. In addition, this generating park is increasingly renewable and 

reached 50.1% of the total installed capacity. This renewable increase is due to the significant 

increase in wind, solar photovoltaic and other renewable generation parks, which increased 

their capacity by 9.7%, 94.1% and 22.9% respectively. The following Figure 1.5 shows the 

structure of the installed power of the national electricity system where the relative share of 

each of the technologies can be seen. 
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Figure 1.5: Installed power structure of the national electricity system in 2019. Data extracted from Red 

Eléctrica Española: “Energías renovables en el Sistema eléctrico español” [20] 

This constant drive towards decarbonization has led to a significant decrease in !"!  emissions 

associated with national electricity generation. In 2019, the lowest historical emissions since 

data was collected (1990) were reached, with a reduction of 23% compared to the previous 

year. The following figure shows the evolution of these emissions broken down by type of 

energy source. 

 
Figure 1.6: Emissions associated with national electricity generation [19] 
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As can be seen in the figure above, a total of 50 million tons of !"!  were produced, 23% less 

than the previous year. This decrease is mainly due to the significant decrease associated with 

the production of coal-fired power plants which, as mentioned above, fell by 64.9% compared 

to the preceding year. 

Regarding international electricity exchanges, Spain has been an importer since 2015. In 2019 

the net balance imported was 6 862 GWh, which represents a 38% reduction in imported 

energy compared to 2018. Below is an annual evolution of physical exchanges with the 

different countries with which Spain has electricity interconnections. 

 

Figure 1.7: Annual evolution of physical international exchanges (GWh) [19] 

Electricity interconnections with neighboring countries are key players in the energy transition, 

as their role is essential for a better integration of renewables, ensuring greater security of 

supply and advancing decarbonization. The importance of these interconnections is even 

greater for peripheral countries, such as Spain, for which this type of infrastructure is essential 

for the development of an adequate electricity system. Therefore, strengthening and 

increasing these interconnections is a priority in the coming years, considering that the degree 

of Spanish interconnection is far below the targets set by the EU of 10% and 15% for 2020 

and 2030 respectively. 

It is for this reason that the “Plan Nacional Integrado de Energía y Clima” (PNIEC) [21] 

proposes an increase in exchange capacity, exceeding 3 000 MW with Portugal and reaching 
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8 000 MW with France with the implementation of three new electricity interconnection 

projects. 

Below is a table with a summary of the current electricity trade capacity ranges of 

interconnections with neighboring countries in March 2021. 

Connection Minimum [MW] Maximum [MW] 

France - Spain 3100 3300 

Spain - France 2700 2800 

Portugal – Spain 3000 4000 

Spain - Portugal 1100 1500 

Morocco - Spain 400 600 

Spain - Morocco 400 900 

 

Table  1.2: Trading capacity ranges (MW), March 2021 [22] 

 

1.1.3.2. Future national energy plans in Spain 
 
Spain's energy and climate policy framework are set by the European Union, which in turn 

depends on the aforementioned Paris Agreement to provide a coordinated response to the 

enormous challenge of the climate crisis. Spain ratified the Paris Agreement in 2017, which 

allowed it to establish its own renewed commitment to energy policy. To meet the objective of 

joint action by all EU member states, the EU requires each one to draw up a national plan to 

be able to monitor the degree of its own and joint compliance and establish actions to correct 

any deviations. All these actions are set out in the so-called Governance Regulation [23], which 

establishes certain standards to be followed by each member state. In addition to the 

preparation of a national plan with a 2030 horizon, it establishes guarantees beyond that 

horizon by requiring a longer-term strategy (2050). Finally, it stipulates that each state must 

submit progress reports every two years.  

In this context, Spain has drafted a law called "Proyecto de Ley de Cambio Climático y 

Transición Energética" (PLCCTE) [24] which responds to the commitment made and which 

offers an opportunity from an economic and social point of view by facilitating the equitable 
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distribution of resources in the decarbonisation process. This law is the constitutional 

framework to facilitate a correct progression of the requirements in climate action and to 

guarantee synergies between the different sectors to ensure coherent policies with the main 

objective. This law sets out the main national targets for the 2030 and 2050 horizons in terms 

of reducing greenhouse gas emissions, renewable energies, and energy efficiency in the 

Spanish economy. Two key climate and energy governance instruments have been developed 

in the framework of the PLCCTE, as set out in the "Regulation 2018/1999 of the European 

Parliament and of the Council of 11 December 2018" [25]: Plan National Integrated Energy 

and Climate Plan 2021-2030 (PNIEC) and the Decarbonisation Strategy to 2050.  

PNIEC identifies the challenges and opportunities of the five axes set out in the 

aforementioned Governance Regulation: (i) Decarbonisation, (ii) Renewable energies, (iii) 

Energy efficiency, (iv) Internal energy market and (v) Research, competitiveness, and 

innovation. This plan aims to advance decarbonisation towards a neutral society and economy. 

It is worth mentioning in this regard that, since three out of every four tonnes of GHGs in Spain 

originate in the energy sector, decarbonisation is the main element of the plan. The 

implementation of the plan will result in greater energy self-sufficiency with an important base 

of efficient use of the country's renewable potential, especially wind and solar. 

On the other hand, the “Estrategia de Descarbonización a Largo Plazo 2050” [26] (ELP) is a 

roadmap for moving towards climate neutrality by 20507, with intermediate milestones in 2030 

and 2040. This strategy will also provide an energy mix that is less dependent on fossil fuels 

and, as a result, will make Spain more resilient to variations in international markets. Therefore, 

Spain is and must work on the elaboration and implementation of different plans and coherent 

strategies related to a multitude of sectors, especially due to the geographical area vulnerable 

to climate change where the country is located. Table 1.3 shows the different targets set by 

the different plans and strategies with different time horizons. 

 

 

 

 

 
7 Climate neutrality in 2050 is a scenario in which greenhouse gas emissions are completely absorbed by carbon 
sinks, providing zero net greenhouse gas emissions in 2050. 
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Topic 
Target 2030 Target 2050 

PLCCTE PNIEC PLCCTE ELP 

Reduction on GHG emissions (from 1990 levels) 20% 23% 100% 90% 

Renewable energies as a share of total final energy 

consumption 
35% 42% 100% 97% 

Improving energy efficiency 35%8 39.5% N/A N/A 

Renewable energies in electricity generation 70% 74% N/A 100% 

Reduction of foreign energy dependence to N/A 61%9 N/A 13%10 

 

Table 1.3: Minimum targets according to “Proyecto de Ley de Cambio Climático y Transición 
Energética" [24], the Plan National Integrated Energy and Climate Plan 2021-2030 (PNIEC) [21] and 
the “Estrategia de Descarbonización a Largo Plazo” [26]. Legend: no data (N/A) 

 

Following these needs mentioned in Table 1.3, the expected results of the PNIEC include an 

annual increase of 1.7% of Gross Domestic Product (GDP) and a 3.5% annual increase in 

primary energy intensity11 until 2030 due to the proposed increase in energy efficiency, a 

reduction in energy dependence from 74% in 2017 to 61% by 2030 due to the reduction of 

coal and nuclear (four of the seven reactors are planned to be retired) from the electricity 

generation mix and compensated by a marked increase in the penetration of renewable 

energies, especially wind and solar, which may increase by 55% and 88% respectively in 2030 

compared to 2015 [28]. In addition, it is expected to reach 28% of renewables in transport via 

electrification and biofuels and an installed electricity capacity of 161 GW in 2030 compared 

to 107 GW in 2015 [28]. 

 
 

 
8 Efficiency will be measured by calculating the reduction of primary energy in 2030 compared to the EU's 2007 
PRIMES forecast [27]. 
9 Compared to 74% in 2017. 
10 Assuming savings of 344 million euros. 
11 Energy intensity is an indicator of the energy efficiency of an economy. It is calculated as the ratio of energy 
demand or consumption (E) and a country's gross domestic product (GDP). 
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1.2. Energy System Modelling 
 
1.2.1. Models and studies 
 
Scenario development to model and explore low-carbon futures has been widely undertaken 

for a couple of decades. In an increasing number of cases, these energy models are becoming 

indispensable development tools that allow us to try to predict the different futures of energy 

systems. In addition, they provide predictions from different perspectives or a vision of possible 

development trajectories. As reviewed by S. Hilpert et al. [29], to capture important properties 

of increasingly complex energy systems, sophisticated and flexible modelling tools are needed. 

They are not exact forecasts but represent possible paths to different future energy situations 

by applying a series of hypotheses and constraints that are representative of the reality under 

study. The results of these models provide such valuable information that they are increasingly 

used by key policy makers involved in energy issues. They use this type of software to underpin 

and support energy policy and mitigation decisions at national and international level. So, 

modelling and simulation has long and well served the actors and various decision makers in 

the domain of energy policy. Various modelling approaches and models have been applied to 

address a variety of energy policy related issues [30]. 

In the context of the energy transition already mentioned in Section 1.1.1, ESOMs (Energy 

system optimization models) are used to help represent an energy system on a regional or 

national scale over a time horizon of up to several decades. In fact, most of the plans and 

documents formulated by the various organisations with energy competencies are based on 

scenarios and situations proposed with this type of model. Therefore, it is necessary to make 

a compilation of the different energy models already available to compare them according to 

different criteria and choose the one that could best represent the case of Spain's energy 

transition in a sufficiently good way. 

For this purpose, a review of the literature on the different models that exist has been carried 

out to see which ones are most suitable for the case of Spain according to certain criteria. The 

work performed by Connolly et al. [31] and Limpens et al. [32] was consulted to carry out a 

subsequent study of the potential models suitable for the Spanish case. 

 

1.2.1.1. State of the art in Spain and the Spanish case 
 

A review of the different energy models applied to Spain on a national or regional scale has 

been carried out to have a broad view of the current state of the different scenarios with a time 

horizon up to 2050. To do so, the different models currently used in some of the plans issued 
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by MITECO (Ministry for Ecological Transition) have been analysed, as well as other energy 

models applied to Spain carried out by other non-governmental organisations. 

Firstly, a comparison has been made of the energy system models of the different models 

used in the National Integrated Energy and Climate Plan 2021-2030 (PNIEC) [21], already 

mentioned in Section 1.1.1, carried out by the department of the Directorate General for Energy 

Policy and Mines and for the rest of the models that have been applied in Spain.  

The following table shows a comparison of the different models according to the following 

criteria: sector coupling or electricity only, the scale (region or country), open source and/or 

open use, optimisation, or simulation approach. 

 

 

 
Table 1.4: Comparison of Energy system models applied to Spain. Abbreviations: electricity (elec.), 

coupling (coupl.), optimisation (optim.), simulation (simul.), emissions (emiss.). Legend: ( ) satisfied; 

( ) partial satisfied. 

 

Secondly, a brief explanation of each of the models found with application to the Spanish 

energy or non-energy system. 

The modelling of the energy system for the PNIEC has been developed with the TIMES-

Sinergia (Integrated System for the Study of Energy) tool, which covers the entire energy 

system. Additionally, other models applied and dedicated specifically to the electricity sector 

Tool Source 
Project/

Plan 

Sectors Open Scale Approach 

Elec. Coupl. Use Source Country Region 
Optim. 

Simul. 
Cost Emiss. 

TIMES-
Sinergia 

[33] PNIEC    -      

PLEXOS [37],[28] PNIEC    -      
M3E [38],[39] PNIEC    -      

DENIO 
[40],[41], 

[42] 
PNIEC   - -      

AIDS [43],[44] PNIEC    -      
TM5-

FASST 
[45],[46] PNIEC    -      

JRC-EU-
TIMES 

[47],[48] HRE4          

ENERGY 
PLAN 

[49] HRE4    -      
[50] DESIRE    -      

SimRen [51] 
Solar 

Catalonia    -      
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have been used to cover certain characteristics that cannot be captured by the TIMES model, 

such as electricity generation with hourly resolution.  

The main tool used in the elaboration of the PNIEC is TIMES (The Integrated MARKAL-EFOM 

system) [34], suitable for energy analysis and foresight. This tool was developed by the 

International Energy Agency within the framework of the ETSAP (Energy Technology Systems 

Analysis Program) for the development of energy systems. It is an evolution of the MARKAL 

tool [35], a generic model tailored by the input data to represent the evolution over a period of 

usually 40 to 50 years of a specific energy system at the national, regional, state or province, 

or community level [36]. TIMES has been used to model systems in more than 60 countries 

and is widely used at European level. In the Spanish case, TIMES-Sinergia [33] is an 

adaptation of TIMES-Spain. It is a bottom-up model, i.e., it starts from each of the components 

of the energy system to obtain data at an aggregated level. Moreover, it combines the technical 

and economic approaches, complementing each other. 

Another model used in the development of the plan is PLEXOS [37,28]. This model, used by 

Red Eléctrica Española (REE), is a simplified version of the original model used for the 

European system in the studies carried out at ENTSO-E12 in the development of the Ten Years 

Network Development Plan (TYNDP). PLEXOS is responsible for simulating the generation 

and guarantee of supply of the Spanish electricity system. It should be noted that the main 

hypothesis used by the model is governed by a perfect competition market model, i.e., the 

interest of generators in maximising profits is not considered. Each modelled system 

(supply/demand zone) is represented by a node interconnected with others and with the 

commercial capacity marked by the market (NTC - Net Transfer Capacity). Therefore, 

PLEXOS consists of optimising the cost of all generation to determine the optimal solution to 

cover the demand and with the restrictions of the maximum interchange capacities between 

nodes or zones. The major drawback is the high computational time, so this model usually only 

covers one sector. 

In the same context, the M3E model (Modelling of mitigation measures in Spain) [39,38] allows 

the analysis of potentials and costs of all mitigation measures in the different sectors and the 

contribution of the non-energy sectors to the fulfilment of the PNIEC objectives. Its function is 

twofold: on the one hand, it optimises in search of the objective function of cost minimisation 

while complying with certain restrictions and, on the other hand, it proposes degrees of 

application of the measures within a range of values. 

On the other hand, the DENIO model (Dynamic Neo-Keynesian Econometric Input-Output 

Model for Spain) [40,41,42] is a dynamic neo-Keynesian econometric model widely used to 

analyse the economic impact of the different measures and scenarios of the PNIEC.  It is a 

 
12 European Network of Transmission System Operators (ENTSO-E) 
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disaggregated model with a wide range of inputs e.g., 74 sectors, 88 products and 16 

consumption categories. For the PNIEC simulations, the DENIO model is combined with the 

TIMES-Sinergia model from which it uses various data such as energy mix, energy intensity 

and energy efficiency per sector etc. 

The Almost Ideal Demand System (AIDS) [43,44] is a consumer demand model mainly used 

to study consumer behaviour. In the context of the PNIEC it is used to calculate the income 

and price elasticities of substitution for the different goods that make up a node or zone e.g., 

food, textiles, households etc. The main added value of this model is that it allows a first order 

approximation to a mainly unknown demand system. 

TM5-FASST [45] is a global air quality source-receptor model (AQ-SRM) developed by the 

Joint Research Centre (JRC) of the European Commission in Ispra, Italy. It allows the analysis 

of ecosystem damage resulting from different emission scenarios or trajectories. Specifically, 

it uses meteorological data to analyse how emissions from a source affect different receptors 

in terms of particulate matter concentration, exposure, and premature deaths. A variety of 

studies have been conducted using this model at regional and global scales e.g., Kitous et al., 

2017 [52]. 

Another model that is widely used in the European context is EnergyPLAN which can be used 

to aid in the design of systems with high penetration in renewables. Shortly, EnergyPLAN is 

an input/output model able to simulate the operation of regional or national energy systems 

including a multi sector approach and in an hourly resolution. A more detailed explanation of 

the model and how it works can be found in [53]. In the Spanish case, the model has been 

used for two different projects. Firstly, it has been used in the Heat Roadmap Europe (HRE4) 

project [49] carried out by the EC, which specialises in developing low-carbon heating and 

cooling strategies. One of the fourteen EU countries to which a heat roadmap has been 

modelled is Spain. The results of the Heat Roadmap Spain can be found at [54]. Secondly, the 

EnergyPLAN model was used in the EU-funded project DESIRE (Dissemination Strategy on 

Electricity Balancing for Large Scale Integration of Renewable Energy) [50]. In this case, the 

model was used for electricity supply considering the important role of electricity 

interconnections in the fluctuating electricity production and consumption especially when 

areas with different production systems are connected. 

In the same context of Heat Roadmap Europe, the JRC-EU-TIMES model applied to fourteen 

EU countries, including Spain, has been used. This model is a linear optimisation bottom-up 

technology model that represents the EU28 energy system, with each country constituting one 

region of the model. The JRC-EU-TIMES is primarily an annual model that optimises the 

energy system over decades, although it includes time slices for smaller time intervals. The 

results for the Spanish case and a comparison of the results using this model or EnergyPLAN 

in the context of HRE4 can be found in [47, 48]. 
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Finally, SimREN is a software that designs energy supply and demand models with a bottom-

up approach. The model simulation uses real weather data for a full year with a simulation time 

of about 15 minutes for each step. Both supply and demand can be simulated considering the 

real time and weather. A detailed overview of the model is available at [55]. SimREN has been 

used to simulate the 100% renewable electricity sector in the region of Catalonia in Spain [51]. 

Once the different models applied to Spain have been analysed, several studies carried out in 

other EU countries with different models have been compared to conclude which models would 

better represent an energy system such as the one in Spain. The studies compared are cases 

applied to different EU countries with some of the most widely used models. The different 

comparison criteria for each case are: (i) Which model is used? (ii) Which country is studied? 

(iii) Has a multi-sector study been carried out? (iv) Which function is optimised? (Cost and/or 

emissions) (v) What is the resolution time-step, base year, and reference year? The Table 1.5 

with the results obtained is shown below. 
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a Snapshot models model the performance of the energy system over a given period of time (in this case, one year), without 
taking into account the pathway. 
b Includes electricity, heating, cooling, transport and industry. 
c Includes Norway, Sweden and Denmark 
 
Table 1.5: Overview of national scenarios through different studies. Abbreviations: electricity 
(elec.), coupling (coupl.), emissions (emiss.), Objective function (Objec.). Legend: (  ) satisfied. 

 

As mentioned above, the MARKAL/TIMES model has been used to model energy systems in 

more than 60 countries. As can be seen in Table 1.5, some of the studies that have been 

carried out refer to the complete energy system of Sweden [56], UK [57], US [58], Portugal 

[59] and Norway [60] among others. In a very similar context, both TIMES (JRC-EU-TIMES) 

and PRIMES are used at the European level where their applications can be found in [67,72], 

where long-term low-emission strategies are developed both at the European level and for 

Tool Country 
Sectors Objec. Time 

Elec. Coupl. Cost Emiss. Step Base Target 

MARKAL/TIMES 

Sweden [56] -   - y 2000 2050 

US [57] -   - 5y 2005 2055 

UK [58] -   - 5y 2010 2050 

Portugal [59] -  b  - 5y 2005 2050 

Norway c [60] -   - 5y 2010 2050 

France [65] -   - 5y 2005 2050 

Canada [66] -   - y 2011 2050 

EU [67] -   - 5y 2010 2050 

PRIMES EU [72] -  - - 5y 2015 2050 

EnergyPLAN 

Denmark [61] - b  - Snapshot a 2015 
2035, 

2050 

Macedonia [62] -   - Snapshot a 2008 
2030, 

2050 

Ireland [63] -  - - - 2007 
2020 & 

beyond 

Italy [64] -  -  - 2014 2050 

EnergyScope TD 

Belgium [68] -    Snapshot a 2015 2035 

Switzerland [69] -    Snapshot a 2011 2035 

Italy [70] -    Snapshot a 2015 2030 

EU [71] -    Snapshot a 2015 2035 
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each of the countries involved in the study. Another of the most widely used models, already 

mentioned above, is EnergyPLAN. This model has been used to simulate deep carbonization 

scenarios for Denmark [61], Macedonia [62], Ireland [63] and Italy [64] among others. 

As can be seen, some of these models have already been used previously to model part or all 

of the Spanish energy system and to represent the different possible paths to meet the 

objective of decarbonising society. However, for TIMES, PRIMES and EnergyPLAN, they only 

have the possibility of optimizing the total cost and they are not open-source models and, 

therefore, it is difficult to interpret the functioning and the methodology followed in the 

modelling. Furthermore, some of these models, such as TIMES, are not freely available for 

use, as they are commercially oriented. Due to all these limitations, it can be concluded that 

these 3 models mentioned above are not suitable for modelling the Spanish case in the context 

of this work. A compilation and comparison of existing models with different criteria (open 

source vs. open use; operational optimization vs. investment optimization), among others, can 

be found in [32] 

Focusing on the search for a model that is accessible and open source, we have found 

EnergyScope Typical Days [32].  This linear programming model allows energy planning of 

energy systems in a region. Unlike the models discussed above, EnergyScope TD is fast, 

accessible, and capable of optimising both total system cost and total emissions. In addition, 

it is equipped with an hourly resolution that allows it to better shape stochastic energies, as it 

can better adapt to the intermittency of this type of energy. A complete description of the 

mathematical formulation can be found at EnergyScope TD supplementary material [73]. As 

can be seen in Table 1.5, this model has been used in other studies applied to other EU 

countries, such as Belgium [68], Switzerland [69] or Italy [70]. 

Finally, Table 1.6 summarises the different criteria that have been followed to choose the most 

appropriate model to represent the Spanish case in this work, within the different models that 

have been introduced in this section. Considering all the literature that has been reviewed, it 

has been believed that EnergyScope TD is the model that best meets the different 

requirements (feasibility, computational time, objective function, etc.), which makes it a very 

interesting option for the representation of the possible future scenarios for the Spanish case.  
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Tool 
Open Sector 

Coupling 
Optimization Comp. 

Time Source use Investment Operation 

MARKAL/TIMES      5-35 min 
PRIMES       

ENERGYPLAN      s 
EnergyScope TD      ~1 min 

 

Table 1.6: Final models comparison. Criteria: ( ) satisfied; ( ) not satisfied; ( ) no data. 
Abbreviations: computational (comp.) 

 

1.3. Main objective 

The main objective of this thesis is to apply an existing open-source energy model oriented to 

regional and national energy systems to the Spanish case. This objective focuses on 

identifying a set of possible low-carbon pathways towards 2030 and beyond, to offer a vision 

of how the well-known energy transition can be approached. The energy model chosen as a 

reference in Section 1.2, called Energyscope TD, is a linear programming (LP) model focused 

on optimisation developed by Limpens [73]. This model builds on previous work by Stefano 

Moret in [74]. To begin with, the focus of this work is to collect all the necessary new data from 

the Spanish energy system to implement them in the already defined formulation. The model 

resulting from the application of all these data inputs is a new version of the Energyscope TD 

model called Spanish Energyscope. The scientific literature on energy models based on the 

Spanish energy system is not very extensive, and the existing literature does not provide 

results for the different sectors of the complex Spanish energy system. The final reports of the 

models used for Spain are usually focused on a specific sector (electricity, heating etc.), so 

the Spanish Energyscope model offers a detailed characterisation of the Spanish energy flows. 

Regarding the previous formulations of the model, Spanish Energyscope offers different 

additions: new end-use demands (e.g., cold for space cooling and processes); new energy 

conversion technologies (e.g., motorbikes, passenger boats, plans); new resources (e.g., 

kerosene). Before developing the different low-carbon scenarios, the Spanish Energyscope 

model is validated with data from a past reference year (in this case 2015) to compare the 

results obtained and corroborate the optimal performance of the model. This simplified but 

sectoral complete version of the Spanish energy model is then used to run and evaluate the 

different scenarios for the gradual decarbonisation of the Spanish energy system. These 

scenarios to be modelled are based on the recent climate and energy transition plans and 

directives developed by the different organisations with energy competences at national and 

European level. The results and the evaluation of the different scenarios will give us knowledge 
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about whether the country is able to achieve the different national and European targets 

defined. It will also help us to understand which are the key drivers (e.g., technologies, sectors, 

resources) to put more emphasis on to reach the goal of a near-zero emission system. 
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Chapter 2 

2. The Spanish Energyscope model 
As seen in chapter 1, the state of the art of the different models for energy planning comprises 

a wide range of models with a great diversity of functionalities. In the case to be studied in this 

thesis and with the goal of applying an open model to the Spanish case, as it has been 

concluded at the end of chapter 1, the optimal option is to try to implement the EnergyScope 

TD model proposed by Limpens at [32]. In this case, the viability of the mathematical 

formulation model to represent the Spanish case, called Spanish Energyscope, is studied to 

obtain different simulations of the functioning of the Spanish energy system and to predict its 

operability in the future. The entire repository with all the code information for each of the 

modelled scenarios can be found at the following link:  

https://github.com/JosepRoselloMartinez/Spanish-EnergyTransition.git 

The Spanish Energyscope model is the result of the combination of several elements that 

enable a proper functioning: 

(i) a model that accounts for the different end-use demands considering the demand for 

electricity, heat (high and low temperature), cooling (both for process or cold space) and the 

demand for mobility (passenger and freight). 

(ii) the hourly resolution of the model, which allows considering the variability of energy 

demand and the integration and implementation of variable renewable energies with thermal 

and electrical storage capacity. 

(iii) the implementation of the mathematical linear programming formulation that allows a 

resolution with a low computational time. 

(iv) The use of the so-called typical days (TD) in the mathematical formulation, which allows to 

represent a reference year only with several days that are the most representative of the year 

and that have a similar energy demand and weather conditions. 
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(v) a system that makes it possible to represent, within certain limits, all the energy of the 

system under study in the different sectors. For this purpose, a series of constraints are defined 

to allow the energy system to be shaped to obtain an optimal representation and results. 

(vi) a model that makes it possible to simulate a version of an energy system by importing 

different resources, whether fossil or renewable, and by installing different technologies that 

guarantee the operation of the system with the possibility of optimizing either the cost or the 

total emissions of the system. 

A detailed description of the Spanish Energyscope model is therefore given in this chapter. It 

describes the methodology adopted by the model and the different constraints considered and 

defined in the mathematical formulation (LP). It also describes the new parameters that have 

been defined only for the Spanish case to represent in a more realistic way the energy system. 

2.1. Methodology 
 
The methodology used in the case of the Spanish Energyscope model is a replication of that 

used in [32]. This methodology starts from several inputs (time series, resources, technical 

and economic characteristics of the energy conversion technologies, parameters defined as 

the shares of different technologies, etc.) that are defined to the model before performing the 

optimisation and represents the desired energy system by optimising either the cost or the 

total emissions for a reference year (past, present, or future). 

As already defined in the work done by Limpens [32], this methodology consists of two steps:  

STEP 1 à Optimal selection of a set of typical days that adequately represent the total of the 

reference year under study. This selection is independent of the use of the LP model 

representing the energy system. 

STEP 2 à Obtaining the optimised operation and configuration of the Spanish energy system 

using the LP model. 

The following figure shows graphically the methodology implemented in the Spanish 

Energyscope. 
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Figure 2.1: Representation of the two-step methodology for the model Spanish Energyscope, adapted 

from EnergyScope TD from [32]. Abbreviations: Typical Days (TDs), Number (Nº), Global Warming 

Potential (GWP). 

2.1.1. Typical days 

Limpens in [32] improved the existing monthly Energyscope formulation by implementing a 

new version of the model with hourly resolution and typical days, the Energyscope TD. These 

typical days are 24-hour aggregations that serve to represent specific time periods. The choice 

of the number of typical days to be chosen is a key point for a good energy planning by limiting 

the computational effort of the model.  The typical days used in the Spanish Energyscope are 

12 and are obtained using the clustering algorithm used by Limpens in [32]. The Spanish 

modelling considers different time series for 2015 such as electricity and heat demand, solar 

irradiation, wind, hydro and river production etc. These time series provide a simplified 

representation of intermittent demand during the year, changing weather conditions and the 

production of renewable energy systems. For more details on the typical day aggregation 
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model used, reference is made to the work of Limpens in [32]. On the other hand, for more 

information about the Spanish time series used in the model, more information can be found 

in the work done by Jeroen & Jean Louis in [75]. 

2.1.2. Conceptual modeling framework 

As already mentioned in Chapter 1, energy modelling is a very flexible and optimizable tool 

that allows modelling a wide variety of designs and variations of an energy system for a limited 

area or zone. As described by Alfonso Ippolito in [76], an energy model is "A virtual or 

computerized simulation of a building or complex, realized with specific software, focusing on 

energy consumption, utility bills and life cycle costs of alternative energy systems to determine 

the most efficient design". In this case, the proposed modelling is aimed to represent a 

simplified view of an energy system that considers the different energy flows within a previously 

defined area. The main objective is to satisfy the energy balance constraints, ensuring that all 

the required energy demand is met. For example, in the case of decentralized heat production 

in the layer (heat_low_temperature) using an electric heat pump, the FEC is the amount of 

electricity consumed by the heat pump while the EUD is the amount of heat generated and 

useful for the consumer's energy requirement. In energy modelling there are two methods for 

the energy approach. The so-called "pathway" can model the evolution of an energy system 

up to a target year and represents the whole path from the current system to a decarbonized 

one. On the other hand, the so-called "snapshot" model optimizes and verifies the viability of 

the energy system for a target year without considering the existing energy system. The 

Spanish case belongs to the snapshot category, as discussed in Chapter 1 and according to 

the classification made by Codina Gironès in [77].  

Figure 2.2 shows a simplified conceptual example of the proposed structure of the Spanish 

Energyscope system at the national scale, considering three main components: Resources 

(renewable and non-renewable), energy conversion technologies and end-use demands. End-

use demand is represented as the sum of 3 energy sectors: electricity, heating, and mobility 

demand. In turn, heating is divided into four end use types (EUTs): high temperature heat for 

industry (mainly process heating), low temperature heat for the service and residential sector 

(hot water and space heating), and finally for cooling there are two types of end use such as 

Space cooling and Process cooling. Mobility is divided into two EUTs: passenger and freight 

mobility. 
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Figure 2.2: Conceptual representation of a national energy system defined with 5 resources, 11 

technologies. Abbreviations: cogeneration of heat and power (CHP), photovoltaic (PV), low temperature 

(LT), end-use type (EUT). 

As can be seen in Figure 2.2, the system is divided into three parts. The resources represented 

in the illustration are electricity, natural gas, uranium (nuclear), kerosene, and solar and wind 

energy. The different end use demands represented are electricity, heating, and passenger 

mobility. To meet these demands using the resources, several energy conversion technologies 

are needed. In this example, solar and wind energy cannot be used directly to meet the 

demand for electricity or heat. Therefore, technologies such as photovoltaic panels or wind 

turbines are used to supply the electrical demand or, on the other hand, electric heat pumps 

are used to supply the low temperature heat demand. 

Figure 2.3 below is a schematic representation of the Spanish Energyscope model with a 

detailed illustration of all the energy vectors involved in the model. The schematic represents 

both the resources used in the energy system, as well as all the available energy conversion 

technologies and the different energy demands. The different conversion technologies are 
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shown grouped by sector (e.g., Industrial Heat, Elec. production etc.) or by type of use (Private 

mobility, thermal storage etc.). Concerning the previous formulations of the different works 

carried out with Energyscope, certain technologies have been added with the main objective 

of representing the Spanish energy system in the most realistic and approximate way possible. 

The different novelties that have been added are illustrated in the representation by means of 

boxes underlined with a red line. These boxes can be coloured by different colours depending 

on whether these novelties are completely new and added for the exclusive Spanish case or 

if they are new technologies (not used in the work done for the case of Belgium in [68]), but 

already used in some other work as for example the one done by Marcello Borasio in [78] or 

the one done by Jeroen and Jean-Louis in [75].  

• Boxes filled in orange: new energy technologies already used in other Energyscope 

models but not in the Belgium case (•). 

• Boxes filled in green: new implementations specially for the Spanish case (•). 
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Figure 2.3: Detailed representation of the application of the LP modelling framework to the Spanish 
energy system. Abbreviations: natural gas (NG), synthetic natural gas (SNG), combined cycle gas 
turbine (CCGT), integrated gasification combined cycle (IGCC), photovoltaic (PV), plug-in hybrid electric 
vehicle (PHEV), cogeneration of heat and power (CHP), carbon capture (CC), synthetic liquid fuel (SLF), 
district heating network (DHN). Adapted from Limpens [75]. 
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The new features that have been added are the following: 

• Cold for space cooling and for industrial processes. 

• New conventional technologies for mobility (e.g., motorcycles, passenger boats and 

planes). 

• Emerging renewable technologies for electricity production: e.g., offshore wind, tidal 

and wave technologies, concentrated solar power (CSP). 

• A new resource such as kerosene, mainly used as fuel for airplanes for passenger 

mobility. 

In addition, several assumptions have been made for the modelling of the Spanish energy 

scope version that must be considered to understand the state of the art of the model and its 

study horizon: 

• The geographical area in which the Spanish case study is framed includes both the 

Iberian Peninsula and the different islands (Balearic and Canary Islands). It also 

includes Spanish cities in African territory (Ceuta and Melilla). 

• Regarding air passenger mobility, both for the validation of the model in Section 2.3 

and in the different scenarios studied, only national mobility and between mainland and 

islands is considered, since it is the one that generates emissions in the country itself. 

The more detailed justification can be found in Section A.1.3 of the Appendix. 

• Non-energy is not considered because it refers to consumption for non-energy uses 

and not for energy production. 

Regarding the model operation, the program mainly considers the different end-use demands, 

the main technical and economic characteristics of the different energy conversion 

technologies and the availabilities of the different resources usable by the model. With this 

input data the model is able to define the optimal strategy for the use of the energy system 

ensuring to supply the energy demand and minimizing the desired objective function (it is 

possible to choose between minimizing the total annual cost of the system or the annual GHG 
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emissions) following different constraints imposed to balance the energy balance. As for the 

available resources, both renewable and fossil fuels are considered, including electricity as a 

resource that can be both imported and exported. Local resources such as wood, wet biomass 

and waste have in the model a limited availability due to the reserves of the Spanish country 

itself. On the other hand, the other resources have been modelled with a sufficiently large 

availability so as not to reach the limit of use. In terms of formulation and as can be seen in 

Figure 2.3, the different end-use demands that are supplied are four: heat, electricity, mobility, 

and cooling. Each of the end-use demands is further divided into different types (EUT). Mobility 

can be passenger (public and private) or freight (road, rail, and sea). Heating demand is divided 

into high and low temperature heat, the latter is further distinguished into centralized heat and 

decentralized heat. Cooling is divided into industrial process cooling and space cooling. Finally, 

the different conversion technologies are classified into storage, infrastructure, and end-use 

energy technologies. On the other hand, while end-use energy technologies can convert 

energy from one layer to supply a demand, storage technologies are only capable of 

processing and converting energy always in the same layer. For example, in the case of solar 

thermal technology, electricity is stored to be used in the future (usually in the unlit night hours). 

Technologies classified as infrastructure include grid electricity, district heating and various 

technologies that do not directly supply an end-use demand (e.g., collectors in solar thermal 

plants, which capture solar energy but do not directly produce the electricity supplying the 

demand). 

2.2. Model Formulation 
 
The conceptual structure of the energy system described in Section 2.2 is represented as a 
linear programming problem. This mathematical problem is formulated by means of several 

components: parameters (fixed values already known); sets (groups of elements of the 

system); variables (unknown quantities defined with lower and upper bounds); constraints 

(equality or inequality equations that allow discriminating the options values of the variables); 

objective function (quantity to maximise or minimise as a function of the variables). 

As for the detailed description of the mathematical formulation of the model, which includes 

sets, parameters, variables, constraints, etc., it can be found fully documented in [79] and is 

not expressly described in this thesis as it does not represent an essential point of research in 

the objective of this work. 
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2.3. Model Validation 
 
2.3.1. The Spanish energy system in 2015 
 
Figure 2.4 shows the evolution of the total primary energy supplied in Spain from 1990 to 2015 

by type of source. As can be seen, after the peak achieved in 2007, Spain's TPES has 

decreased steadily in the following years, possibly due to certain factors present in current 

plans and strategies such as increased energy efficiency and an increase in the penetration of 

renewable energies. In addition, due to the crisis that hit Spain in those years, electricity 

consumption decreased significantly. The Spanish energy system is highly dependent on fossil 

fuels, which represented 73.1% of TPES in 2015, broken down into natural gas (20.72%), oil 

(41.1%) and coal (11.27%) [80].  

 
Figure 2.4: Evolution of Total Energy Supply by fuel in Spain (1990 to 2015). Data extracted from IEA. 

Statistics data browser [80] 

Electricity generation in Spain's national system, which includes the mainland and non-

mainland systems (Balearic Islands), stood at 267 584 GWh [81]. Figure 2.5 shows the 

important role played by non-renewable energies in electricity generation in recent years, 

accounting for 63.1% of the total national energy produced. This important role was reinforced 

by increases in coal-fired (23.8%) and combined cycle generation (18.7%) [81]. Although the 

share of fossil resources is still in 2015, it has a decreasing trend over the last decade starting 

with 83.3% in 2005 [80]. In contrast, the share of renewable energies has been gradually 
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increasing in the energy mix, reaching 14.3% of TPES and 36.9% of the total peninsular energy 

produced in Spain [81], as can be seen in Figures 2.4 and 2.5 respectively. 

 

 

Figure 2.5: Evolution of Electricity Generation by fuel in Spain (1990 to 2015). Data extracted from IEA. 

Statistics data browser [102] 

Table 2.1 shows the power and generation of each of the technologies contributing to the 

production of the renewable mix in Spain in 2015. 

Renewables Power [GW] Net Generation [GWh] Share [%] 

Hidroelectric 20.355 30819 31.81 

Hidroeolic 0.011 9 0.01 

Winda 23.020 48109 49.66 

PV 4.664 8236 8.5 

Solar Thermal 2.3 5085 5.25 

Other Renewablesb 0.747 4625 4.77 

a only onshore wind turbines installed 
b includes biogas, biomass, marine hydro and geothermal. 
Table 2.1: Power, Net Production and share of renewable technologies in Spanish energy system in 
2015 [81] 
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In this context, hydro and wind power generate more than 80% of the national renewable 

energy, followed by solar photovoltaic and solar thermal. It should be noted that the integration 

of wind power generation has consolidated the Spanish electricity system as one of the world 

leaders in renewables [82]. Although there is a general increase in the penetration of 

renewable energies in the energy sector, this penetration is still low in the heating sector (13%) 

[83]. 

Focusing on the Heating & Cooling sector, it is currently the largest demand for energy in 

Spain, comprising 41% of Spain’s final energy demand as it can be seen in Figure 2.6. It is a 

bit lower than in most European countries, where the average is around 50% [83]. Of the total 

energy demand, approximately one third is used for space heating in the residential sector, in 

addition to process heating (mostly in industry) accounting for 40% of the total. These shares 

also follow an atypical line compared to most European countries where space heating 

generally dominates end use. 

 

Figure 2.6: Heating and Cooling demand in Spain by end-use compared to total final energy demand 

in 2015 [83] 

Regarding the process and space cooling, both process account in 2015 for less than 10% of 

heating and cooling demand, and although it is at the high end compared to other European 

countries, as such it does not represent a very large part of the sector or the energy system. 

Figure 2.7 shows the total energy demand in the H&C sector for each of the energy carriers.  
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Figure 2.7: Heating & Cooling energy demand by energy carriers in 2015 [83] 

It should be noted that in the Spanish energy system there is no extensive heat distribution 

network (DHN), covering less than 1% of total low temperature heat demand, and therefore 

the energy system is dominated by decentralised boilers mostly fuelled with NG, woody 

biomass, and oil. In fact, NG is easily accessible throughout the territory because Spain has a 

gas transport network with sufficient capacity to meet the needs of supply and delivery to the 

distribution network in the medium term [84]. Furthermore, the high diffusion of boilers is 

supported by a lower penetration of cleaner and more efficient technologies such as the low 

contribution of Heat Pumps (HPs) which cover less than 1% of the total low-temperature heat 

demand, as well as by a low expansion of DHN as mentioned above [83]. However, this is not 

due to a lack of investment as it can be the case with heat pumps, but the reasons why these 

types of systems are not widely spread are mainly climatic. This technology is mostly 

implemented in Nordic Countries where heating plays an important role in energy markets due 

to cold climate, and where a lot of effort has been deployed to provide heat production and 

consumption efficiently and with lower emissions [85]. Therefore, it should also be pointed out 

that the Spanish heat generation system, marked by low efficiency, is mostly based on fossil 

fuels (gas, coal, oil), representing more than a 60% of the total heating and cooling demand 

as can be seen in Figure 2.7, and consequently with considerable carbon emissions. 
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In terms of public and private mobility, most of the demand is basically satisfied by gasoline 

and diesel vehicles, while the contribution of electric means of transport is very limited. Electric 

mobility in Spain continues to advance slowly and inexorably. Spain may not be one of the 

countries that registers the most electric vehicles given its per capita income and the current 

lack of support for this type of vehicle. According to DGT (Dirección General de Tráfico), only 

0.05% of passenger vehicles in the 2015 annual fleet use alternative fuels such as electricity 

[86].  The number of battery-electric (BEV) and plug-in hybrid vehicles (PHEV) on the road is 

still low but steadily increasing due to vehicle manufacturers have launched dedicated models 

to the market, grid operators are installing public charging infrastructures and governments 

funded multiple demonstrations and pilot projects creating a new framework condition that 

incentive people to purchase and use the electric vehicles [87]. Although in the PNIEC 2021-

2030 Spain has challenged itself to achieve 5 million electric vehicles by 2030, it seems a very 

ambitious target, considering that Spain is still at the bottom of Europe in terms of electric 

mobility, due to the "scarce" development of charging points, with a total of 1 562 points in 

2015 and currently with 8 020 points according to EAFO [88].  

Figures 2.8 and 2.9 shows a breakdown of the different technologies for public and private 

passenger mobility. The explanation for obtaining the data represented in these two graphs 

can be found specified in Appendix A.1. 

 

 
Figure 2.8: Yearly shares of private mobility technologies in Spain 2015 
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As can be seen in Figure 2.8, more than 80% of the demand for private mobility is supplied by 

fuels such as gasoline and diesel, while a very small percentage (0.05%) corresponds to the 

use of alternative fuels as mentioned above. 

 

 
Figure 2.9: Yearly shares of public mobility technologies in Spain 2015. 

 

As far as public mobility is concerned, as can be seen in Figure 2.9, almost all buses and 

coaches are fuelled with diesel. As for trains, considering that 63.6% of all lines in use in Spain 

are electrified [89], electric trains represent 15.6% of the total demand, a percentage slightly 

lower than the European average of 17.4% [90].   

Regarding the freight mobility most of the demand is transported by road, largely satisfied by 

diesel trucks, which are more flexible and easily accessible. The remaining freight mobility is 

satisfied through trains, pipelines, and ships. As in passenger transport, the poor electrification 

of the Spanish transport network contributes to low electric penetration. These different shares 

of freight mobility can be seen in Figure 2.10. The collection of the data and the justification of 

how they have been obtained and the assumptions that have been considered can be found 

specifically detailed in Appendix A.1. 
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Figure 2.10: Yearly shares of freight mobility in Spain 2015 

Overall, a large and effective transformation of the Spanish energy system towards a low-

carbon trend is needed to reduce its environmental impact. In the near future and in a context 

of renewal and transition, the electrification of end-use demand will be fundamental for the 

diffusion of more efficient and cleaner technologies than today. The penetration of renewable 

energy sources must increase significantly, while the general decline of the mobility sector and 

fossil fuel-based heating must be overcome in favor of electric and efficient energy conversion 

technologies. 

2.3.2. Comparison between model output and actual 2015 values 
 
The validation of the Spain EnergyScope model has been carried out by adapting the one 

proposed by Limpens [79]. First, we start from the model and data for Spain in 2035 reported 

by Jean-Louis Tychon and Jeroen Dommisse in [75]. Based on the data for that year, another 

version of the model is made with the data necessary for the validation of the model in 2015. 

To obtain as a result a configuration as close as possible to the real energy system in that 

year, the following inputs have been introduced for the validation of the model. 

• The EUD values estimated from FEC data. 

• The renewable electricity production by different technologies (hydro, Solar Th., Wind, 

PV). 

• The non-renewable electricity production by different technologies (CCGT, nuclear, 

coal). 
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• The GHG emissions (gwpop) associated only to the direct emissions of CO2 (fuel 

combustion) of some resources. 

• The efficiencies of several of the technologies that configure the Spanish energy 

system in 2015. 

• The share of public mobility (%Public), of train, road, and boat in freight (%Rail freight, 

%Road freight, %Boat freight) respectively, and of centralized heat production (%Dhn). 
• The relative annual percentage of the different technologies for each type of EUD. 

The outputs of the Spain Energyscope model for 2015 are compared with the actual values for 

the same year reported in [91]. To compare the real data of the Spanish energy system and 

those generated by the model, differences have been analyzed in: 

• Primary energy consumption: global and per type of fuel 

• National CO2 emissions 

In this case, the validation of the Spanish energy system model is carried out considering Spain 

as a single region. This decision is taken because the different data obtained for the validation 

are reported for Spain on a national scale. To achieve the most accurate configuration 

possible, a one-cell resolution is chosen.  

For the validation of the model, the 12TDs generated for Spain in [75] are used using the time 

series of the different EUDs and of the time for the year 2035. Although these values are 

slightly different from year to year, it is assumed that these are constant for all years and 

therefore also for 2015. Regarding the computational time to solve the linear problem, this is 

approximately 38 seconds using the CPLEX solver on a MacBook with a 2.3 GHz Intel Core 

i5 processor and 8 GB of memory. 

The total energy balance of the configuration in 2015 is graphically illustrated in Figure 2.11 

by a Sankey diagram [81, 83, 91]. The corresponding numerical values of the Sankey diagram 

are presented in Table 2.2. 

Appendix A summarizes in Section A.1, for the year 2015, the details of all values used for 

validation and the corresponding assumptions taken. 
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Figure 2.11: Energy flows in Spain in 2015. The left side contains the resources, and the right side contains the final energy consumption. All units are in TWh. 
Abbreviations: mobility (mob), private (priv), natural gas (NG), cogeneration of heat and power (CHP), concentrated solar panel (CSP), electricity (Elec), district 
heating network (DHN), low temperature (LT), high temperature (HT).
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The overall energy balance is represented by a Sankey Diagram, as can be seen in Figure 

2.11. The main conclusions that can be drawn directly from the diagram are that the Spanish 

energy system is based on fossil fuels, accounting for only a little more than 16% of primary 

energy consumed by renewable sources.13 

Furthermore, it is observed that there is a very low electrification of transport (1.4%) and heat 

(7.7%) and that some of the different technologies that are increasingly expanding their use 

have a negligible relevance such as heat pumps (≈0%) and district heating (<1%), according 

to heat roadmap Spain [54]. In reference to electricity generation from renewable sources, this 

represents 36.4% of the total, a value very close to the 36.9% reported by the Spanish TSO in 

[81]. Finally, the amount of electricity imports is approximately 0. Therefore, it can be 

concluded that the Spanish energy system in 2015 was not an importer of electricity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
13 Acording to IEA Energy balance database documentation [92], we include as renewable sources: geothermal, 
wind, hydro, solar PV, solar CSP, wave, biofuels, wood and biogas 
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Table 2.2: Model validation: outputs vs real 2015 data for Spanish energy system. Real values 

are extracted from [91] otherwise stated. Abbreviations: electricity imports (Elec.imp.), solar 

thermal (Solar Th), total renewables (Total RE.). 

  2015 ESTD ∆ ∆rel Units 

Primary 
energy 

consumption   

        Gasoline  71.19   TWh 
        Diesel  226.57   TWh 
        Kerosene 65.56 9.67 -55.89  TWh 

     Oil for Mobility 324.97 307.43 -17.54 -5.40% TWh 

     Oil 70.17 67.46 -2.71 -3.86% TWh 

Total Oil 395.14 374.89 -20.25 -5.12% TWh 

Total Gas 251.05 260.42 9.37 3.73% TWh 

Total Coal 153.94 159.35 5.41 3.51% TWh 

Uranium 171.91 165.92 -5.99 -3.48% TWh 

Elec.imp. -0.12 0.28 0.4 - TWh 

     Solar PV 8.269 8.24 -0.03 -0.35% TWh 

     Solar Th 28.77 29.71 0.94 3.27% TWh 

     Wind 49.32 48.12 -1.20 -2.44% TWh 

     Hydro 28.14 28.05 -0.09 -0.32% TWh 

     Geothermal 0.22a 0.22 0 0.41% TWh 

     Wood 61.17 61.13 -0.04 -0.07% TWh 

     Biogas 3.05 3.21 0.16 5.35% TWh 

     Biofuels 11.40 11.39 -0.01 -0.09% TWh 

Total RE 190.34 190.07 -0.27 -0.14% TWh 

     RE. 2.93    TWh 

     non RE. 2.93    TWh 

Total Waste 5.86 19.04 13.18  TWh 

Total Energy 1168.12 1169.97 1.85 0.16% TWh 

GHG emissions  250.51 243.77 -6.74 -2.69% [Mt CO2-eq] 
 

a From “Cuadro 8.2” in [93] 

In terms of energy consumed, the model provides a reasonably good approximation of the 

Spanish energy system in 2015, as described in Section 2.3.1. Some differences can be 

appreciated between some of the compared resources, which are due to certain assumptions 

or approximations. 
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Firstly, the total amount of kerosene is underestimated since the Spanish Energyscope model, 

unlike the energy balance reported by Eurostat, does not consider the international air 

demand14 since it does not emit in the Spanish national territory, as explained in Section 

A.1.1.3 of appendix A. Therefore, only air passenger demand within the Spanish territory is 

considered, on a national scale (inland + Balearic and Canary Islands). Consequently, the 

value of kerosene consumption in the model is much lower than the real value of consumption 

(this represents 15% of the total). This percentage is meaningful considering that the 

proportion of the number of passengers transported by aviation within the national territory in 

2015 represents 17% with respect to the total number of passengers transported nationally 

plus internationally [94]. 

The use of both uranium and oil is a bit underestimated, probably due to a slightly higher 

efficiency than the real one. Coal use is slightly overestimated due to slightly lower efficiency 

than the real in 2015. Regarding natural gas and waste, their total values are overestimated 

compared to actual values. This is due to: 

- Waste: In the heat roadmap Spain [54] the value of energy supplied for the industrial 

sector by the energy carrier "other(fossil)15 (14% out of the total) is assumed as fully 

waste. 

- Waste: In the data reported by Eurostat on fuel used in the different CHP plants in 

Spain [95], used to know the different relative shares of the cogeneration technologies, 

the vector "other (fuels)16 is assumed totally as waste. 

- Gas & Waste: In the data reported by Eurostat on fuel used in the different CHP plants 

in Spain [95], only the fuels NG and Waste have been considered because biomass 

only represents 2.2 % and oil is not implemented as a cogeneration technology in the 

model. Therefore, this percentage belonging to oil and biomass has been distributed 

proportionally to its use in NG and waste. Consequently, the total value of gas and 

waste consumed is slightly higher than expected because of an overestimation of their 

consumptions. 

Regarding the environmental impact of the Spanish energy system configuration, the total 

energy related17 GHG emissions from fuel combustion in 2015 were 250.511 Mt!"! − $% 

(OECD [97] and EC [98]). This value reported by the two sources mentioned above only 

 
14 Includes the international demand in the U.E Schengen and outside the UE 
15 Heat roadmap in the Profile of Heating and Cooling demand in 2015 [96], define others (fossil) as: 
mainly fuels used in industry including waste, stack gas, etc. 
16 Eurostat in the CHP data 2005-20018 [95], in the category other (fuels) includes among others industrial 
wastes and coal gases 
17 Excluding the agriculture, international aviation, Land use, land-use change and forestry (LULUCF) 
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considers the direct emissions from the combustion of the different fuels. This value does not 

include fugitive emissions18 from fuels, because the configuration of the industrial energy 

demand in the model does not include these eventual emissions due to possible leaks in 

industrial processes. 

On the other hand, the gwpop values of the different resources used in the model include the 

indirect19 emissions in addition to the ones related with the combustion of the fuel. For this 

reason, to perform an accurate environmental comparison, only the direct emissions of each 

one of the resources have been used in the model. Therefore, for those resources that have 

associated direct emissions, the gwpdirect values, extracted from [99], are used and for those 

that do not, value of gwpop is assumed as 0. 

The model results in direct emissions of 243.77 Mt!"! − $% This lower environmental impact 

is a consequence of the slight differences in some of the resource consumptions. Mainly 

because oil consumption (slightly lower than actual) is linked to a lower gwpop than emissions 

related to gas consumption (consumption slightly higher than actual). Therefore, the modeled 

emissions are lower than the real ones. 

Finally, the proposed model aims to provide a representation of the country's energy balance. 

The results obtained in the validation confirm that the model can support the orders of 

magnitude of the capacities installed by the different technologies. Although the modeling 

resolution is of one cell, considering the country as a single region, the validation of this model 

demonstrates the consistency of the results provided and corroborates its reliability as an 

energy planning model. 

 

 

 

 

 

 
18 The IPCC defines fugitive emissions as “emissions that are not produced intentionally by a stack or vent and 
include leaks from industrial plants and pipelines”. In the fossil fuel sector, fugitive emissions are sometimes 
broadly defined as any emissions unrelated to the end use of the fuel [100] 
 
19 Indirect emissions are related with the extraction, production, and transportation of these resources 
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Chapter 3 

3. Decarbonization Pathways 
 
Energy modelling helps policy makers, scientists, and politicians to find the best set of possible 

pathways towards low-carbon national energy system configurations. In this context, it has 

already been demonstrated in Chapter 2 that the proposed Spanish Energyscope energy 

model is suitable to be a reference in the search for different future scenarios in the Spanish 

case. 

Starting from the Spanish energy system described in Section 2.3.1, this Chapter 3 defines 

the future Spanish energy transition, highlighting the sectors on which efforts should be 

focused to achieve the objective. Then, an explanation is provided of the different data needed 

and the methodology followed for the optimal development of the different scenarios to be 

modeled. Finally, an analysis is carried out with the aim of defining the different 

decarbonization pathways with a 2030 horizon and beyond. These different pathways are 

classified into reference scenarios and policy scenarios. Throughout the chapter, each of the 

scenarios is explained in detail, specifying all the assumptions and considerations considered 

in each of them. 

3.1. Case study: the Spanish energy system in 2030 
 
As described in Section 1.1.3, both the European Union and the Spanish state itself have 

defined ambitious new measures with the aim of implementing policies that help Spanish 

society to achieve a decarbonized energy system. The key points of these policies, defined in 

the "Proyecto de Ley de Cambio Climático y Transición Energética" [24] and in the "Plan 

Nacional Integrado de Energía y Clima" [21], are based on the following points: (i) 

decarbonization of the energy system, especially the electricity generation sector; (ii) 

improvement of energy efficiency; (iii) increased penetration of renewables in energy end-use; 

(iv) increased electrification of the transport and mobility sectors. It is within this framework 

that, as in the case of national and European directives, the year 2030 has been considered 

as a reference to compare and check the consistency of the results proposed through the 

different energy scenarios proposed to be modelled. 

With the main objective of achieving the different targets proposed by the EU and by Spain 

itself, and to guarantee a gradual shift towards a significant electrification of the energy sector, 
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Spain has already defined several actions to partially decarbonize the energy system. To begin 

with, a global phase-out of existing coal-fired power plants in the electricity sector is scheduled 

for 2030 [21,101]. As can be seen in Figure 2.5, coal-fired plants represent 19% of the total 

electricity produced [102], accounting for a significant share of generation. On the other hand, 

existing coal-fired plants throughout the peninsula are also scheduled for partial closure. In 

particular, 4 of the 7 nuclear reactors are scheduled to close by 2030 [103]. Therefore, the 

various planned phase-outs must be achieved with a parallel effort to find alternative solutions 

for electricity generation that are able to compensate for the electricity lost by the phase-out 

itself.  In this context, the electricity system in the coming years will certainly be characterized 

by a strong increase in RES penetration in power generation. This increase will occur both in 

technologies already established in the country (e.g., PV, Concentrated Solar Power (CSP), 

wind onshore, hydro etc.) and in newer technologies that are in their pilot or expansion phase 

(e.g., wave energy, tidal, geothermal etc.). In addition, this technological transition will also be 

enhanced by a gradual reduction in the investment and maintenance costs of these renewable 

technologies. This reduction will help not only to reduce the environmental impact but also to 

make these technologies more suitable for use. At the same time, the increased availability of 

renewable resources is also leading to increased electrification of the mobility and heat 

sectors, through the widespread use of efficient technologies such as electric vehicles and 

heat pumps respectively. 

The energy transition of the Spanish energy system by 2030 will be influenced by the following 

factors: 

• national availability and price of fossil resources. 

• the modernization of the electricity grid in terms of security and guarantee of supply, to 

adapt to the increased penetration of intermittent RES technologies. 

• modernization of existing energy conversion technologies to achieve more electrified 

and efficient sectors. 

• final demand from the different end-use sectors 

Therefore, the future development of the Spanish energy system towards a low-carbon system 

is numerous, difficult, and highly dependent on strong economic and technological 

investments. In this framework, the Spanish Energyscope energy model described in Section 

2.2 can be used as a support tool for the identification of the most interesting and optimal 

possible paths and strategies to follow in economic and environmental terms. Therefore, this 

model will be applied to the Spanish energy system over a 15-year horizon, starting from the 

validation of the model in the reference year 2015 explained in Section 2.3 and ending in 2030. 
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However, identifying all these alternative strategies accurately and with high reliability requires 

further investigation of the Spanish energy system in terms of resource availability, efficiency 

of the different conversion technologies, energy demand and production capacities of 

renewable technologies. 

3.2. Scenarios definition 
 
The Spanish energy system faces a major challenge towards a deep decarbonization that can 

overcome the different barriers and uncertainties as to whether Spain can achieve carbon 

neutrality. To solve this challenge, multiple scenarios of the Spanish energy system can be 

useful to identify the most robust and effective options in aiming to reach a low or carbon 

neutral system by 2030. For this purpose, the LP formulation described in Chapter 2 has been 

applied to perform the different decarbonization scenarios of the Spain EnergyScope model. 

The different scenarios have been carried out with a time horizon up to 2030 and considering 

Spain as a single region (considering the Spanish mainland and the Balearic and Canary 

Islands). For the realization of the different scenarios, the different critical parameters in the 

model, such as the prices of the different fuels and resources, the end-use demands, and the 

technical situation of the different conversion technologies, are considered to be those 

corresponding to the last horizon year (in this case 2030). The modeling of a scenario requires 

that the input data agree with the technical and economic projections in the target year. 

Therefore, since the snapshot version of the EnergyScope TD [74] model has been used, the 

evolution of the energy system in the time horizon prior to the year under investigation is not 

considered.  

In this case, we have started from the work done by Jeroen Dommisse and Jean-Louis in [75], 

where they collected data for Spain in 2035. Some data independent of the scenario under 

investigation have been modified to obtain the most consistent and realistic scenarios possible, 

such as: 

• Investment and maintenance prices of some technologies (CSP technologies, H2 

electrolysis, biomethanation etc.). 

• The end-use demand for passenger and freight mobility has been adopted for the year 

2030 according to [98] since the data previously defined corresponds to 2035. For 

details of the data collected, please refer to Section A.2.1 of Appendix A. 

Figure 3.1 shows a schematic representation of the methodology adopted for the modelling of 

the different decarbonization scenarios. Based on the modelling of the Spanish Energyscope 

explained in Chapter 2, a set of specific constraints for each scenario are added for the 

definition and configuration of the different scenarios. Some of these constraints consist of 
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setting the production/capacity/share of some technologies or resources of the Spanish energy 

system, such as for example: relative percentages of passenger and freight mobility, 

penetration of certain technologies (nuclear, PV, etc.), penetration of certain technologies 

(DHN, HP's) etc. It is also possible to activate or deactivate the use of certain technologies to 

simulate a phase-out of a certain technology. Depending on the use of the technologies, 

availability of resources and uses, the specific primary consumptions of each of the resources 

vary and consequently the total cost and emissions of the system. 

Then, for each of the scenarios under study, the optimal model solution is defined to minimize 

either the emissions (in terms of gwptot) or the total system cost (in terms of Ctot). In the case 

of minimizing emissions, the model directly discards the less efficient solutions or 

configurations and therefore the optimization of the energy system is maximized and opts for 

the cleanest and more efficient technologies. 
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Figure 3.1 Methodology for the realization and evaluation of the different decarbonization scenarios. 
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In a very similar way to the model validation described in Section 2.3, the different data inputs 

for the different scenarios have been defined. For each scenario, the following inputs are 

introduced for the year 2030: 

• EUD values extracted from the work done by Jeroen Dommisse and Jean-Louis in [75]. 

See Section A.2.1 in Appendix A. 

• The national availability of the different resources. 

• The maximum installable capacity of renewable-based technologies at the national 

scale. 

• The different shares of passenger and freight mobility in addition to the share of 

centralized heat production. 

• The fuel efficiencies of the different energy conversion technologies. We start from the 

efficiencies reported for Spain in 2035 in [75] considering that they are equal in 2030. 

In reference to the previous points, some characteristic constraints are also added for each 

scenario to differentiate it from the others (e.g., if we want to simulate a phase-out of the 

nuclear plants, the uranium availability is limited to 0; if we want to simulate an increase in 

efficiency with respect to another scenario for a specific technology, this efficiency is modified 

by its new value). The results of the scenario modelling are analysed to see if they are in line 

with the different targets set by the different national and European energy organisations [24, 

21,09,12] explained in Section 1.1.2 and 1.1.3. The main targets set by the different agencies 

at national and European level are focused on: (i) reduction of GHG emissions compared to 

1990 levels, (ii) improvement in energy efficiency, (iii) penetration of renewables in final energy 

consumption. 

Table 3.1 below shows a list of the different scenarios proposed for the analysis of the different 

decarbonisation pathways of the Spanish energy system in the defined time horizon. Three 

reference scenarios are defined, which are those that represent the evolution of the energy 

system in accordance with current policies and trends or those defined by already validated 

plans and studies. On the other hand, a police scenario is defined, which allows the system 

itself to choose the most optimized version of the model, seeking the optimal cost to 

subsequently carry out a study of the evolution of the system as the system's emissions are 

limited. 
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Type Name Description 
Reference ESP30_S1 Business as Usual (BaU) scenario, no development 
Reference ESP30_TEND Scenario coherent with PNIEC "Tendential" [21] 
Reference ESP30_OBJ Scenario coherent with PNIEC "Objective"[21] 
Policy ESP30_P1 Cost-optimum scenario of the Spanish energy system 

 

Table 3.1: List of the different scenarios developed with the Spanish Energyscope model for the target 

year 2030. 

The main points to be evaluated in the analysis of these scenarios are: 

• The reduction of operational !"! emissions to be able to compare it with the different 

national and European reduction targets. 

 

• The identification of the most efficient and cleanest technologies and infrastructures in 

which to invest to achieve a more decarbonised system. 
 

• The economic and environmental quantification of the different policies applied in each 

scenario in terms of costs, penetration of fossil fuels, energy dependence, energy 

consumed, etc. 

 

3.2.1. Reference Scenarios 
 
The Spanish Energyscope model is used to define and simulate three different reference 

scenarios. These scenarios represent those pathways that describe the evolution of the energy 

system considering the different targets, trends or development policies defined by the different 

national, European, or global organizations. In this case, Table 3.2 summarizes the main 

characteristics of the three scenarios evaluated by the model for the year 2030 and according 

to the targets and forecasts taken from the "National Energy and Climate Plan 2021-2030" [21] 

and the "Climate and Energy Framework 2030" of the European Commission [09]. 
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Sector Technology Scenario 
  ESP30_S1  ESP30_TEND  ESP30_OBJ  

Power 

Coal Phase-out X Partiala Totalb 

Nuclear Phase-out X X Partial 
Typical RESc maturity X PNIECd PNIECd 

Offshore wind X X X 
CSP 

   

Wave 
   

Geothermal X X X 

Mobility 

% Fr.rail 0.049 0.1 0.1 

% Fr.boat 0.173 Same as 2015 Same as 2015 
% Public 0.251 0.4 0.5 
Share of electric carse 0.01 0.05 0.1 

Heating DHN development X 5% increasef 5% increasef 

HP's penetrationg X 30% 40% 
 

a    a partial phase-out is planned by 2030 in the power sector in 2030, as described in scenario “Tendential” in 
PNIEC proposed in [21, 78]. 
b     total phase-out of coal for power generation by 2030, as described in scenario “Objective” in PNIEC proposed 
in [21]. 
c development of PV, onshore wind, hydropower, biomass electricity production technologies.                                                
d    according to the different scenario forecasts proposed by [21]. 
e it refers to the sum of battery electric cars (BEV) and hybrid electric cars (HEV).                                                                                                    
f    with respect to 2015 centralized heat production. 
g     maximum share of heat pumps in decentralized heat production 
 
Table 3.2: Reference scenarios assumptions in the Spanish Energyscope model to the Spanish energy 

system in 2030. Abbreviations: Concentrated Solar Power (CSP), Plan Nacional de Energía y Clima 

2021-2030 (PNIEC), Renewable energy systems (RES), freight (Fr.), Heat pump (HP), District Heating 

Network (DHN). Legend: technology available ; technology not available X. 

 

The Business-as-Usual scenario, hereafter ESP30_S1, describes a configuration in which a 

strategy is followed to leave the same energy structure as in 2015 and therefore not to develop 

or implement the use of any new technology.  Therefore, the percentage of use of electricity 

generation technologies (i.e., PV, wind onshore, hydro dam, etc.) as well as the percentage of 

annual production of the different technologies for each EUD is considered to remain at the 

same values in 2030 as in 2015. As stated in the current national plans in [21] in the following 

years the Spanish energy system will be transformed towards greater energy self-sufficiency 

based on efficiently exploiting the country's renewable potential, particularly solar and wind. 

Moreover, this transformation will have a decisive impact on national energy security by 

significantly reducing the dependence on fossil fuels that consequently affects the high 

economic bill. Therefore, this scenario, which maintains the same structure as in 2015, does 
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not seem the most realistic and optimistic possible. However, although the structure remains 

the same, some modifications are made to obtain a scenario that is as realistic as possible. As 

mentioned above, new EUD values have been taken for 2030 since the forecasts show an 

increase in population, an increase in the number of households and changes in consumption 

habits [21].  

In addition, as suggested by the different national and European energy plans, a substantial 

increase in the energy efficiency of the different conversion technologies is needed. Therefore, 

it is interesting to quantify this increase in energy efficiency compared to 2015. An example of 

this is the energy efficiency of a coal-fired plant which, according to Richard Martin in [104], 

can achieve an efficiency of 49% by 2030 compared to the efficiency of 36% in 2015. Similarly, 

the efficiency of a nuclear plant can reach 37% by 2030, according to [75], as opposed to 33% 

for nuclear plants in 2015. In this case, this first scenario has therefore been divided into two 

sub-scenarios. The difference between the two is that although in both cases the same 

structure of the energy system is maintained, the first does not consider this increase in the 

energy efficiency of the different technologies, while the second does. Table 3.3 below shows 

a comparison of the two versions of the scenario to observe the environmental and economic 

impact of the aforementioned increase in energy efficiency. 

 

Scenario Environmental Impact Total Cost 

 Operating emissionsa Variation vs 2015b Variation vs BaU  

 [Mt CO2/y] [%] [B€/y] 

Validation 2015 243.77   150.15 

BaU_ESP1c 251.14 3.1  182.66 

BaU_ESP2d 231.56 - 5 - 7.8 175,62 

a only accounted the direct emissions from the total operating ones. 
b values directly used from the model validation in 2015 
c values from the different energy conversion technologies in 2015 are used. See Appendix A.1.6. Also called ESP30_S1A 
d values from the different energy conversion technologies in 2030 are used. Values directly extracted from the work done by 
Jeroen and Jean-Louis in [75]. Also called ESP30_S1 

Table 3.3: Comparison of the two sub-scenarios of the Business-as-Usual case considering or not an 

increase in the energy efficiency of certain conversion technologies in 2030. 

 

Analyzing the results, it can be seen firstly that keeping the same structure in 2030 increases 

both emissions and total system cost. It makes sense due to the increase in final energy 
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demand and a constant maintenance of both energy production and efficiency. On the other 

hand, it can be observed that the increase in efficiency of the technologies in Spain in 2030 

leads to a significant decrease in operational !"! emissions of 7.8% compared to the version 

where no technical improvements are applied in the different technologies. This analysis 

reveals the potential for operational emission reductions only by acting on the efficiency of 

certain conversion technologies. These improvements in energy efficiency are in line with the 

development of the MCI20, which is responsible for developing R&D policy in the energy sector 

and coordinating all the stakeholders involved in the energy sector [21]. 

The ESP30_TEND and ESP30_OBJ scenarios have been carried out using the Spanish 

Energyscope model in the framework of Spain's "National Energy and Climate Plan 2021-

2030". This plan suggests different forecasts and policies for the development of the entire 

energy system based on two different situations.   

The ESP30_TEND scenario is defined based on the first scenario of the PNIEC, which 

represents an energy system where no additional policies and measures are implemented in 

addition to those already defined today. A constant development trend is considered for some 

RES technologies and a more conservative scenario is adopted. In this case the Spanish 

energy system is still heavily dependent on the different fossil fuels representing an important 

part of all primary energy consumed. The different assumptions taken for this decarbonization 

scenario are summarized in Table 3.4. The penetration of renewables in the Spanish electricity 

system is defined by the different forecasts of installed capacity in this tendential scenario [21]: 

The largest growth in installed capacity corresponds to PV (289% higher than in 2015), 

followed by wind onshore (66% higher vs 2015). The installed capacities of CSP, hydro and 

marine remain constant without any development. Nuclear technology is assumed constant 

without any phase-out in this scenario. Unlike nuclear, coal is assumed to have an 80% 

reduction in installed capacity for electricity generation due to the Spanish government's target 

to close coal plants that have not invested in the short term by the end of 2025 because of 

European regulations [105]. Innovative offshore wind technology has not been included in the 

model because the PNIEC plan does not mention specific targets for this technology, although 

it does refer to the high potential of this technology in Spain. As for biomethanation technology 

for biogas production, biogas production has been set as a target in the "Ruta por el biogás" 

plan defined by the Ministry of Ecological Transition and the Demographic Challenge of the 

 
20 Department of the General State Administration in charge of executing the policy on scientific research, 
technological development and innovation in all sectors. 
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Spanish government. This plan sets a target of 3.8 times more biogas production in 2030 than 

that estimated in 2020 [106]. 

As for the heating sector, a share of the district heating network (DHN) of 0.5% of the total 

demand for heating and cooling is assumed, as specified in [107]. This value is one of the 

lowest in comparison to all European countries, mainly due to the high temperatures in the 

country and the fact that the development of these systems is more developed in countries 

with a colder climate. As for the development of heat pumps in the decentralized heat sector, 

a maximum share of 30 % of the total decentralized heat demand has been assumed. This 

value is slightly lower than European forecasts which suggest that 40% of all residential and 

service buildings will be heated by electricity [108]. This slight difference is due to the tendency 

of this scenario to be more conservative and not to make such ambitious assumptions. 

As for the mobility sector, the composition of private cars based on fossil fuels has been set 

according to the forecasts made by Cepsa in its Energy Outlook 2030 in [109]. On the other 

hand, the share of motorbikes in 2030 has been defined considering the forecasts of the 

"Strategy for the decarbonization of Land Transport in Spain" in [110]. As for the share of 

electric vehicles21 in the total private road passenger demand, a 5% has been considered as 

defined by the "Instituto de Investigación Tecnológica IIT_ICAI" in [111]. The share is lower 

than the one defined by IIT-ICAI because this scenario tends to be more conservative and that 

is why a lower percentage has been defined. Finally, as for hydrogen cars, the forecast for 

2030 is only about 8000 passenger cars [112] and therefore this technology has been excluded 

from the model.  Finally, in terms of freight mobility, it has been established that 10% of the 

total freight demand is by rail, as set out in the target for Spain in [113]. This share is higher 

compared to the 5% established in the validation of the model in 2015. The modal shift is 

assumed to be from road to rail and therefore the boat share is considered to be the same as 

in 2015. 

 

 

 

 

 

 
21 Including battery electric cars (BEV) and hybrid electric cars (HEV).        
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Table 3.4: Summary of the main assumptions made for the definition of the ESP30_TEND scenario. All 
assumptions are based on reasonable bases, unless explicitly stated otherwise. 

On the other hand, the ESP30_OBJ scenario is aligned with the policies and objectives set out 

in the PNIEC [21], which establishes the framework on which the Spanish energy system 

should focus in order to achieve the decarbonisation objective and to establish a solid basis 

for achieving climate neutrality in the economy and society by 2050. In this case the different 

assumptions taken for the modelling of this scenario can be seen listed in Table 3.5. 

This scenario is mainly characterized by a strong decarbonization of the power generation, 

transport, and heat sectors. In the context of the power sector and with reference to the policies 

defined in the PNIEC for this scenario, a large increase in both established and innovative 

RES technologies is assumed [21].  

The installed capacity of PV is set to eight times higher than the installed capacity in 2015, 

reaching approximately 39 GW in 2030. The wind onshore capacity is set to more than double 

the installed capacity in 2015, reaching approximately 50 GW in 2030. Innovative offshore wind 

technology has not been included again in the model because the PNIEC plan does not 

Assumptions             
 Subject Description   

    

Power 

Coal 
Partial phase-out in the power sector: 80 % reduction of the installed  capacity in the 
power sector vs 2015 [21]. 

Remain in the industrial sector: same consumption [21].    
Nuclear No phase-out: Constant installed capacity vs 2015.   

Renewables 

PV installed capacity :Increase of 289% of PV capacity in 2030 vs 2015 (19GW) 
[21].   
Wind onshore installed capacity: Increase of 66% of wind on capacity in 2030 vs 2015   
(38 GW) [21].  
Wind offshore installed capacity: Not available à Not specific objectives for offshore 
technology in Spain [21].  
CSP installed capacity : Same installed capacity of CSP in 2030 ( 2,3 GW of 2015) 
[21].   
Wave: à Available      
Biogas: Bio-methanation conversion available [106].    
Hydro: Not increasing forecasts [21].     

Mobility 
Passenger Public: share of  public passenger mobility (%Pass.) equal to 40 %   

Private: car fleet in 2030 according to different sources [130,131]   

Freight Share of train freight mobility (%Fr. Rail) equal to 10% [113].    
Share of boat freight mobility (%Fr. Boat) equal to 17,3%    

Heating 
DHN DHN development: Centralised heat production: 0,5 % [107].    
HP's HPs penetration: 30% upper bound of decentralised heat production [108].     
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mention specific targets for this technology. In this case, nuclear energy suffers a partial phase-

out since the Spanish government has established a plan for the orderly and staggered closure 

of the nuclear fleet over the decade between 2025 and 2035. However, in the period 2021-

2030, the installed capacity of nuclear power plants is expected to fall by more than 4 GW 

(corresponding to four reactors out of the seven currently in operation) [103]. Regarding coal, 

it is foreseen that power generation from coal-fired plants that continue to operate beyond 

2020 (a maximum of five or six of the 15 currently in operation) will be phased out by 2030 at 

the latest [103]. However, some coal consumption is maintained for the heating sector. CSP 

technologies undergo a significant increase in installed capacity. In the framework of this 

scenario and as indicated by Spain's National Energy and Climate Programme (PNIEC), the 

development and construction of CSP projects that have been silent for more than 5 years will 

restart, with up to 5GW of new CSP installed capacity to be added to the local energy matrix 

from 2020 to 2030 [103]. These increases in RES technologies compensate for the electricity 

that is no longer generated due to the closure of nuclear and coal-fired plants. Regarding 

biomethanation technology for biogas production, an increase in biogas production of 3.8 times 

more in 2030 than estimated in 2020 has been established as in the ESP30_TEND scenario. 

[106]. 

Regarding the heating sector, a share of the district heating network (DHN) of 0.5% of the total 

demand for heating and cooling is again assumed, as specified in [107]. In this case it is also 

considered that the share of DHN remains constant compared to the ESP30_TEND scenario 

as the development of this technology is not a factor on which Spanish policies are focused 

mainly due to the high temperatures in the country and therefore it has been decided to keep 

the same share. As for the development of heat pumps in the decentralized heat sector, a 

maximum share of 40 % of the total decentralized heat demand has been assumed. This value 

is aligned to the European forecasts which suggest that 40% of all residential and service 

buildings will be heated by electricity [108]. 

As for the mobility sector, the composition of private cars and motorbikes has also been fixed 

based on the forecasts made in [130,131]. As for the share of electric vehicles22 in the total 

private road passenger demand, 10% has been considered as defined by the "Instituto de 

Investigación Tecnológica IIT_ICAI" in [111]. Finally, as for hydrogen cars, the same forecast 

for 2030 of only about 8000 passenger cars is considered [112] and therefore this technology 

has also been excluded from the model. 

 
22 Including battery electric cars (BEV) and hybrid electric cars (HEV).        
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Finally, in terms of freight mobility, it has been established that 10% of the total freight demand 

is by rail, as set out in the target for Spain in [113]. This share is the same as in the tendential 

scenario since no additional policy is established for rail freight transport and it has been 

decided to set the same share in both scenarios. The modal shift is also assumed to be from 

road to rail and therefore the boat share is the same as in 2015. 

Assumptions       

 Subject Description   
 

Power 

Coal 
Total phase-out in the power sector: 100 % reduction of the installed capacity in 
the power sector vs 2015 [103].  
Remain in the industrial sector: same consumption [21].      

Nuclear Partial phase-out: 57 % reduction of the installed capacity: 4 out of 7 
reactors will be closed before 2030 [103].    

Renewables 

PV installed capacity :Increase of 707% of PV capacity in 2030 vs 2015 
(39GW) [21].    
Wind onshore installed capacity: Increase of 120% of wind on capacity in 2030 vs 
2015 (50,33 GW) [21]. 
Wind offshore installed capacity: Not available à Not specific objectives for 
offshore in Spain [21].  
CSP installed capacity : Increase of 217,5% of CSP capacity in 2030 (7,3 GW vs los 
2,3 de 2015) [21].  
Wave:à Available        
Biogas: Bio-methanation conversion available [106].    
Hydro: Not increasing forecasts       

Mobility 
Passenger Public: share of  public passenger mobility (%Pass.) equal to 50 %       

Private: car fleet in 2030 according to different sources [130,131].     

Freight Share of train freight mobility (%Fr. Rail) equal to 10% [113].      
Share of boat freight mobility (%Fr. Boat) equal to 17,3%      

Heating 
DHN DHN development: Centralised heat production: 0,5% [107].    
HP's HPs penetration: 40% upper-bound of dec. heat production [108]         

 

Table 3.5: Summary of the main assumptions made for the definition of the ESP30_OBJ scenario. All 

assumptions are based on reasonable bases, unless explicitly stated otherwise. 

For the different constraints (upper and lower bounds) of the different technologies of the 

different EUTs, please refer to Appendix A.2.3. 

3.2.2. Policy Scenario: Cost-optimum 
 
In addition to the reference scenarios already explained, the Spanish Energyscope model is 

used to model a policy scenario using 2030 demand and efficiencies. In this case, the model 

tries to identify which cost-optimal scenario can represent a possible future decarbonization 

trajectory of the Spanish energy system. Although the results of this scenario are unlikely to 
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be achieved in 2030, due to economic and technical limitations, its development is interesting 

as it can suggest which are the key technologies in terms of efficiency, cost, and availability, 

which should play a very important role in the achievement of national and European targets 

beyond 2030. 

Table 3.6 summarizes the main assumptions made to define the policy scenario evaluated 

with the Spanish Energyscope model. 

 

Assumptions 

 Subject Description 

Power 

Coal Total coal phase-out: allowed 
Nuclear Total nuclear phase-out: allowed 

Renewables 

Maximum PV capacity fixed according to  [75] 
Maximum wind onshore capacity fixed according to [114] 
CSP maximum capacity equal to the forecast done by PNIEC [21] 
Hydroa maximum capacity is constant 
Biomethanation: Allowed at its maximum 
Wave: allowed 

Mobility 
Passenger Public: share of  public passenger mobility (% Pass.) equal to 40 % 

Private: Maximum capacity of all the private mobility technologies allowed. 

Freight Minimum share of roadb freight mobility (% road) equal to  50%. 
Share of boatc freight mobility (% boat) equal to 17,3% 

Heating 
DHN DHNd development between 5% and 30% 
HP's HPs development maximum of 40% 

a the maximum capacity of hydro technologies has remained constant, as it is considered that the hydro potential is already 
well exploited in the country. As evidence of this, there has been no increase in installed capacity in recent years and there 
are no plans to do so [81]. 
b this minimum is set because a minimum of road freight transport is required, for example to reach locations that can only be 
reached by road. 
c this share is fixed, in this case the same as in 2015, as a minimum of goods transport by sea is required to make the 
connection with the different islands of the country. 
d a maximum DHN development of 30% is set, considering that by 2050 a development of 68% is expected according to 
[54]. 
 
Table 3.6: Summary of the main assumptions made for the definition of the ESP30_P1 scenario. All 

assumptions are based on reasonable bases, unless explicitly stated otherwise. 

In particular, the ESP30_P1 scenario analyses a possible cost-optimal strategy that 

significantly decarbonizes the Spanish energy system and meets the European emission 

reduction target beyond 2030. Basically, the objective of this scenario is to investigate a 

possible version of the energy system that includes a very high-RES penetration maximizing 

its potential and considers a significant electrification of the mobility and heating sectors. To 
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do so, for those conversion technologies that do not have a physical or logical limitation to 

supply the full demand of their layer, the parameters &"#$,% and &"'(,% are set to 0 and 1 

respectively. To understand this with an example, this means that the private passenger 

demand could theoretically be supplied only by electric vehicles (&"'(,% [CAR_BEV] =1) or for 

example by fuel cell vehicles (&"'(,% [CAR_FUEL_CELL] =1), which are efficient technologies 

and are characterized by zero !"! emissions. On the other hand, conversion technologies that 

do have a physical or logical limitation, the &"'(,%  parameter of these is set according to this 

limitation. An example of this is the TRAIN_PUB technology, where it is not possible for all 

public passenger mobility to be carried out by train, as the infrastructure does not allow access 

by this type of transport to all locations in the country. In this case, all limited &"'(,%  values for 

this scenario can be found in Appendix A.2.3 
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Chapter 4 

4. Results and Discussion 
 
This chapter presents the results obtained in the different scenarios developed in the previous 

chapter. All these scenarios have been carried out following the methodology described in 

Section 3.2. A complete and detailed comparison of the different outputs obtained in the 

modelling of the different scenarios is shown below to be able to quantify the economic and 

environmental impact of the different alternatives for decarbonizing the Spanish energy system 

in 2030. Finally, the chapter focuses on a detailed study of the ESP30_P1 scenario that obtains 

the cost-optimal scenario with no policy or trend-based constraints, only physical constraints 

(infrastructure, maximum capacities, etc.).  

4.1. Scenarios Comparison 
 
This section provides a detailed comparison of the different configurations of the Spanish 

energy system generated by the different scenarios. The validation of the model in 2015 is 

also added to have a reference point to know the starting conditions. In this case, this detailed 

comparison is based on: environmental impact through !"! emissions from fuel combustion, 

total primary energy supply by energy source, specific analysis for the electricity, transport and 

heating sectors and economic analysis and necessary investments.  

4.1.1. Summary of the main results 
 
This section summarizes the main results obtained from the scenario analysis. Table 4.1 

highlights the main differences between the different scenarios developed in terms of 

emissions, primary energy supply, electricity generation, RES penetration in the electricity 

sector, electrification etc. The results are specifically compared and evaluated throughout 

chapter 4 and the graphical representations of each scenario, represented by Sankey 

diagrams, can be found in Appendix B. 
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Subject Units Transport TPES 

  
Model 

Validation ESP30_S1 ESP30_TEND ESP30_OBJ ESP30_P1 

2030 Emissions Target [EU]   X X X 
 

 

2030 Emissions Target [PNIEC]a  X X 
  

 

TPES [TWh] 1173.0 1152.5 1032.3 990.6 793.1 
RES over TPES [%] 17.6 19.4 32.9 47.9 99.1 
Elec. Generation [TWh] 265.0 280.4 292.3 314.1 492.7 
RES over Elec. Generation [%] 36.42 36.15 52.26 73.80 100 
2030 RES over Elec. Gen target 
[EU] 

 X X X 
  

2030 RES over Elec. Gen target 
[PNIEC]a 

 
X X X 

  

HPs heat [TWh] 0 0 67.39 95.61 96.57 
Electrification of LT heatb [%] 8.9 9 28.8 49.17 64.66 
Electrification of mobilityc [%] 6.7 6.9 20 29.5 18.87d 

Total annual cost [B€/year] 150.1 175.6 151.6 153.0 89.11 
a target of the “Plan Nacional Integrado de Energía y Clima” 
b including both centralized and decentralized low temperature heat generation 
c including both passenger and freight mobility 
d in this case the entire electrification of mobility is slightly lower as private mobility is completely supplied by hydrogen, 
which does not count as electric. 
 

Table 4.1: Main results among the different scenarios performed with Spanish Energyscope model. 

Legend: satisfied; X not satisfied. 

In more detail, the summary of these results introduces a layout of the different scenarios 

developed with the model and, above all, gives a vision and a focus on which are a priori the 

main technologies on which a decarbonised energy system should be based. As an example, 

the ESP30_OBJ scenario represents a highly decarbonised electricity system characterised 

by a high penetration of RES with approximately 74 % of the total electricity generated.  

A comparative analysis of the different scenarios shows a progressive growth in the 

electrification of both mobility and low-temperature heat generation, thus limiting the demand 

related to fossil fuels and limiting the related environmental impact. Finally, it can be seen that 

a significant reduction in emissions is achieved, as the ESP30_OBJ scenario meets the 

national and European emission targets. The detailed explanation of each of these results is 

explained throughout this chapter. 
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4.1.2. Emissions 
 
Table 4.3 summarizes the emission reduction target values in the different European directives 

such as "Climate and Energy Framework 2030" [09], "Green Deal" [12], "Energy Roadmap 

2050" [11] and PNIEC 2021-2030 [21]. The values reported in the directives indicate the overall 

percentage of emission reductions expected for the EU compared to 1990. However, individual 

targets are specified for each European Member State in [115]. These national targets usually 

include a distinction between the Emission Trading System (ETS) sectors, which include 

energy-intensive installations such as power industries, large industrial installations, and 

aviation, and the non-ETS sectors, i.e., medium-sized industry, transport, and waste [115]. For 

example, focusing on the non-ETS sectors, Spain targets a GHG emission reduction of 26% 

by 2030, compared to 2005 levels. Nevertheless, since it is not possible to differentiate 

specifically between ETS and non-ETS sectors in the Spanish Energyscope modelling, the 

overall European targets indicated in Table 4.2 have been used as a reference for the 

comparison of the results of the different scenarios.  

In addition, the above-mentioned European targets consider the emissions of all energy and 

non-energy sectors, whereas the Spanish Energyscope model formulation considers only the 

operational emissions of each resource (gwpop) in terms of CO2-eq emissions for the energy 

sector. Therefore, it is assumed that for the comparison of results the emission reduction 

targets are the same. 

Field 

Target 2030  Target 2050 

Climate and Energy 

Framework 
Green Deal PNIEC 

Energy 

Roadmap 

2050 

Reduction on GHG 

emissionsa 
40% 55 % 32%b 80 – 95 % 

a compared to 1990 levels 
b considering only energy sectors 

Table 4.2: Targets of emissions reduction for 2030 and 2050 according to "Climate and Energy 
Framework 2030" [09], "Green Deal" [12] and "Energy Roadmap 2050" [11] directives and PNIEC [21]. 

Table 4.3 shows the total operational !"! emissions and the percentage reduction compared 

to the 1990 and 2015 values for each of the pathways developed with the Spanish 

Energyscope model. The 2015 emissions value is the one from the 2015 model validation (see 

Section 2.3), which has been added to give a clearer picture of the environmental trend in 
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recent years. The emissions value for 1990 is taken from the OECD database and corresponds 

to 209.48 Mt !"!-eq23 [97]. 

In addition, Figure 4.1 represents graphically for each scenario the total !"!  emissions from 

fuel combustion (left y-axis). It also shows the percentage reduction of emissions compared to 

the 1990 level (right y-axis) represented by an orange trend line. The emission reduction target 

limits listed in Table 4.2 are also represented by dashed lines. 

Scenario Total emissions Reduction 

 [Mt CO2-eq/y] vs 1990 vs 2015 
2015 Validation 243.77 16.4% - 
ESP30-S1 231.56 10.5% -5% 
ESP30_TEND 142.51 -32% -41.5% 
ESP30_OBJ 118.88 -43.2% -51.2% 
ESP30_P1  9.93  -95.3% -95.9%  

 

Table 4.3: Total CO2 emissions and percentage reduction compared to 1990 and 2015 values for each 

scenario. 

 
23 The value extracted from the database follows the same methodology as explained in Section 2.3 of the model 
validation. 
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Figure 4.1: Representation of total energy related CO2 emissions and percentage reduction compared 

to 1990 levels for each scenario.  

As can be seen in Figure 4.1 and as could be predicted, the strategy of leaving the energy 

system undeveloped beyond what is in existence in 2015 (ESP30_S1), despite improving 

efficiencies, offers a system with almost no reduction in environmental impact. This system 

offers a small reduction of 5 % compared to the model in 2015, which is far from meeting 

national and European targets. The ESP30_TEND scenario also fails to meet the European 

emission target as it achieves a 32% reduction compared to 1990 levels. However, this 

scenario does achieve the emission reduction percentage of 32% set in the PNIEC [21]. It is 

also necessary to make greater efforts to develop more efficient technologies to achieve a 

deeper decarbonisation to meet the European targets. For this purpose, the ESP30_OBJ 

scenario offers a version of the Spanish energy system in accordance with the most ambitious 

and recent national guidelines that with some certainty meet the decarbonisation targets set 

by the European Union. Therefore, of the different reference scenarios only ESP30_OBJ 

reaches and exceeds the target set by the European Commission for 2030 in [09] with a 43.2 

% reduction of CO2 emissions. This scenario also meets the emission reduction target set by 

the PNIEC. As can be seen, none of the reference scenarios reaches the European Green 

Deal target of 55% emission reduction, so more efforts in the same direction are needed in the 

coming years. 
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Finally, the ESP30_P1 scenario modelled with the aim of representing a cost-optimal system 

characterised by deep decarbonisation, pushes the Spanish energy system also below the 

40% reduction limit in 2030. Rather, the scenario shows a near zero emission system 

achieving a 95.3 % reduction. This policy scenario demonstrates that deep decarbonisation is 

possible if enormous efforts are made to extend the use of cleaner and more efficient 

technologies. These technologies plus a broad sectoral electrification and a higher RES 

penetration could help to reduce the environmental impact of the Spanish energy system by 

2030. 

4.1.3. Primary energy supply 
 
The total primary energy supplied, and the related emissions depend on the different fuels and 

technologies that are used to convert energy to supply the entire energy demand. As the 

energy sector decarbonises and therefore uses a higher share of renewable energies and 

cleaner and more efficient conversion technologies, the total primary energy supply is reduced. 

As can be seen in Figure 4.2, as the Spanish system decarbonises under the different 

scenarios, total primary energy decreases. 

 

Figure 4.2 Total primary energy supply (TPES) in each scenario by energy source 
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As can be seen in Figure 4.2, in all modelled scenarios primary energy demand is continuously 

reduced compared to the 2015 energy system, achieving a reduction of 15.5% in the 

ESP30_OBJ scenario and up to a 32.4% maximum decrease in the ESP30_P1 scenario. This 

steady reduction is mainly due to improvements in energy efficiency and the increased 

penetration of renewable energies, which should be the key driver and factor in 

decarbonisation until 2030 and beyond. The modal shift towards electric vehicles in transport 

and fuel switching from fossil fuels to cleaner and renewable sources guarantees significant 

energy savings and consequently lower emissions. As can be seen in the different scenarios, 

there is a continued increase in the penetration of renewable energies, reaching 34.7% of the 

total TPES in the ESP30_OBJ scenario, while at the same time there is a gradual phase-out 

of certain fossil fuels (coal) and uranium. Renewable resources cover up to 67% in the 

ESP30_P1 scenario. Limiting and reducing the penetration of fossil fuels in the energy system 

is key not only to diversify and expand clean energy sources but also to increase energy 

security. Spain's energy dependence reached 74% in 2017 and aims to reach 61% by 2030 

[21]. Therefore, it is vital to significantly increase indigenous energy sources and the shift 

towards more innovative and renewable technologies strongly increases the chances of 

achieving it. 

 
4.1.4. Electricity generation sector 
 
One of the key points of the Spanish "National Energy and Climate Plan" is the progressive 

decarbonisation of the electricity generation sector with the aim of reducing the environmental 

impact of the Spanish electricity system. In this context, the "Climate Change and Energy 

Transition Law" (PLCCTE) sets a target of 70% of electricity generation to be based on 

renewable energy sources [24]. Furthermore, the PNIEC itself achieves in its target scenario 

74% of electricity generation based on renewable sources [21]. Table 4.4 confirms the 

fulfilment of the target in the ESP30_OBJ scenario, reaching a renewable electricity generation 

of 73.8%, which is assumed to meet the targets of the two plans. Furthermore, the table shows 

how through the different scenarios renewable electricity generation is increasing, reaching an 

increase of 18.5% in the ESP30_OBJ scenario and up to 85.8% in the ESP30_P1 scenario 

compared with 2015 values. 
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Scenario Elec. Production RES Target 2030: % RES in Elec. Gen. 

 [TWh] Variation vs 2015 [TWh] % PLCCTE [70%] PNIEC [74%] 
2015 Validation 265.05 - 96.54 36.42% X X 
ESP30-S1 280.44 5.81% 101.39 36.15% X X 
ESP30_TEND 292.25 10.26% 152.75 52.26% X X 
ESP30_OBJ 314.06 18.49% 231.77 73.80% 

  

ESP30_P1 492.68 85.88% 492.68 100% 
  

 
Table 4.4 Spanish power generating sector in terms of electricity and percentage of electricity 

generation based on renewable energy sources 

 
Figure 4.3 shows the electricity generation of the Spanish system by generation technology. 

Furthermore, Figure 4.4 shows the percentage of electricity generation based on renewable 

sources in each scenario. The generation structure can be seen to be changing significantly 

by focusing electricity generation on renewable energy sources. To begin with, a key point 

towards the decarbonisation of the electricity system is the national phase-out of coal as a 

generation source, either partially or totally, as proposed by the PNIEC in [21] and modelled 

in the ESP30_TEND and ESP30_OBJ scenarios. In addition, another important point is the 

partial phase-out of nuclear power plants which is defined in [21] and modelled in the 

ESP30_OBJ scenario. On the other hand, as mentioned above, RES penetration is set to 

increase through a growing share of electricity production, from 96.54 TWh in 2015 to 231.77 

TWh in 2030 in the ESP30_OBJ. In this scenario, the main actors in this increase are PV 

technology, which goes from generating 8.23 TWh in 2015 to 66.91 TWh in 2030, and wind 

onshore, which goes from generating 48.12 TWh in 2015 to 110.63 TWh in 2030. Hydro 

generation remains constant at 28.05 TWh, which assumes that the potential is already 

exploited today. As already mentioned, the ESP30_OBJ scenario reaches a generation of 

73.8% based on renewables, reaching the targets listed in [24,21]. The contribution of 

intermittent RES grows more rapidly in the policy scenario ESP30_P1, accounting for 492.68 

TWh. 
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Figure 4.3 Electricity production in all scenarios by type of technology used. Abbreviations: combined 

Heat and Power (CHP), photovoltaic (PV), concentrated solar power (CSP), combined cycle gas turbine 

(CCGT). 

 

It is worth mentioning that this increased renewable electrification is in line with the objective 

of reducing primary energy supply described in Section 4.1.3, since fossil-based technologies 

have lower efficiencies than renewables and therefore increase total consumption. 

Furthermore, as also discussed in Section 4.1.3, reducing the total consumption of fossil fuels 

consequently reduces the country's energy dependence. 
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Figure 4.4: Percentage of electricity generation based on renewable energy sources. Renewable 
energy sources are divided in PV, wind, hydro, wave, CSP, biogas, CHP by waste & wood and elec. 
Imports. Abbreviations: “Plan Nacional de Energía y Clima” (PNIEC), “Proyecto de Ley de Cambio 
Climático y Transición Energética (PLCCTE).  

 
4.1.5. Transport sector 
 
The transport sector is the largest emitter in the case of model validation with 39% of total 

emissions. Therefore, decarbonising the transport sector will certainly contribute to mitigating 

the environmental impact of the Spanish energy system. Gradually eradicating traditional fuels 

in the automotive sector, such as diesel and petrol, is key to achieving a significant reduction 

in both emissions and pollution produced in areas of pollution such as cities. Figure 4.5 shows 

the total private passenger demand by type of transport. As can be seen, there is a gradual 

shift from traditional fossil fuels to an increased use of efficient electric vehicles and natural 

gas vehicles. This increase, which is essential to decarbonise the transport sector, is starting 

to be reflected in the ESP30_OBJ scenario, where these innovative cars cover 13% of the total 

private passenger mobility demand. Furthermore, in this same scenario, the development of 

new infrastructures for electric vehicles (e.g., charging stations, electric storage etc.) is very 

important to ensure that the efficiency of these vehicles can be increased and help these 

technologies to stabilise in the current market. This development of electric infrastructure is 

also essential to match and stabilise these vehicles to the grid, especially during peak 
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production from RES. In addition, the same graph shows that in the reduction of fossil fuels 

there is a shift from diesel to petrol, mainly due to the fear of bans, the various restrictions, and 

the proliferation of alternatives such as hybrid cars [116]. In contrast to the ESP30_OBJ 

scenario, in ESP30_P1 all private passenger demand is satisfied by fuel cell cars only. In 

addition, the demand for road freight mobility is also only satisfied by fuel cell trucks. This gives 

us an idea of the importance that vehicles based on this technology should have, although it 

does not represent a realistic view of what Spain can or will achieve in terms of private and 

freight mobility. 

 

Figure 4.5: Demand for private passenger mobility by type of technology. Abbreviations: Hybrid electric 

vehicle (HEV), Battery electric vehicle (BEV). 

Finally, Figure 4.6 shows that both the gradual shift from fossil fuels to electric vehicles, plus 

a shift from road to rail mobility and a significant increase in public mobility, leads to a reduction 

of the total primary energy supplied by the transport sector compared to 2015 values (18 % in 

ESP30_OBJ). This shift is also due to the higher efficiency of electric vehicles compared to 

traditional vehicles. As an example, a fuel cell car is assumed to have 0.1794 kWh/pkm 

efficiency in 2030 while a gasoline car has an efficiency of 0.4297 kWh/pkm, as reported in 

[75]. 
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Figure 4.6: Primary energy supply by energy source for each scenario in transport sector.  

 
4.1.6. Heating sector 
 
The !"!  emissions related to low and high temperature heat generation in space heating and 

hot water for low temperature applications and industrial processes for high temperature 

applications can be seen in Table 4.5 below. At present, the heating sector is not the largest 

emitter, as it corresponds to the transport sector. In any case, the heating sector in the Spanish 

energy system contributes 33.2 % of the national emissions in the validation case. In more 

detail, low temperature applications account for 43% of the total emissions of the sector. This 

environmental impact of the sector is due to the use of different fossil fuels in low efficiency 

technologies (boilers) and the low electrification of the heat demand. 
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Scenario Emissions 

 Low T Heat High T Heat Total 

 [Mt CO2-eq/y] [Mt CO2-eq/y] [Mt CO2-eq/y] 

2015 Validation 34.41 46.31 80.71 
ESP30-S1 48.65 30.86 79.51 
ESP30_TEND 23.32 31.55 54.87 
ESP30_OBJ 19.48 26.22 45.70 
ESP30_P1 0   9.93 9.93  

 
Table 4.5: Operational !"!  emissions for each scenario in the Spanish heat generation sector 

 
The scenario analysis shows that in the ESP30_S1 scenario, emissions from LT heat 

generation increase compared to the model validation in 2015, mainly due to the significant 

increase in low-temperature heat demand in 2030 compared to 2015. This increase is in turn 

mitigated by the increase in energy efficiency of traditional boilers. In the same framework, it 

can be observed that in the ESP30_TEND and ESP30_OBJ scenarios the emissions related 

to low-temperature heat generation are significantly reduced. This phenomenon, which can be 

seen in Figure 4.7, is mainly due to the gradual shift from low efficiency fossil boilers to a more 

important penetration of decentralised heat pumps and solar thermal panels, which have much 

less weight in the scenarios with the 2015 energy system.  

Regarding high temperature heat demand, it is usually supplied by CHP plants fuelled with NG 

and waste, fossil (gas, coal, oil) and biomass boilers, and electricity. In this case, the 

penetration of heat pumps and solar thermal panels faces a difficult barrier due to the high 

temperatures of the industrial processes characteristic of this sector. The decrease in 

emissions in high-temperature heat generation is due to a slight reduction in demand in 2030 

compared to the value in 2015 and on the other hand due to a shift caused by the phase-out 

of coal in industrial boilers mainly in the ESP30_TEND and ESP30_OBJ scenarios. 

For the ESP30_P1 scenario, all emissions are produced by the high-temperature heat 

generation sector. This is since there are no emissions in the power generation sector with 

100% renewable penetration and the transport sector is mainly hydrogen based (as discussed 

in Section 4.1.5). As for the low temperature heating sector, all the gas used comes from the 

biomethanation process and therefore the model does not account for its emissions as it is not 

an imported resource. 
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Figure 4.7 can be seen below and graphically represents the evolution of high and low 

temperature heat demand. This demand is represented by the relative share of each type of 

technology used to supply this demand. 

 

 

 
 
Figure 4.7: High and low temperature heat demand (centralized and decentralized) by type of 
technology. 

 
The continued transition from traditional fossil fuel boilers to other technologies such as heat 

pumps and RES leads to increased electrification of these heat systems. As a consequence, 

these technologies (heat pumps, solar, geo, boiler wood and direct elec.) reach a penetration 

of 53% in the ESP30_OBJ scenario and up to 81% in the ESP30_P1 scenario. 

In conclusion, this analysis demonstrates that a decarbonisation of the heat generation sector 

can be achieved through electrification of these systems. This electrification should be based 

on the use of heat pumps and technologies based on renewable sources (geo, solar thermal 

panels, biomass boilers etc.), although in the high temperature sector this is more difficult due 

to the complexity of its processes. 
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4.1.7. Cost and investments 
 
The different strategies designed to try to achieve a profound decarbonisation of the Spanish 

energy system not only require efforts to develop new and better clean technologies but must 

also go hand in hand with the economic aspect. Table 4.6 shows a list of the total annual 

system cost (Ctot) for each scenario developed. This total cost is further broken down into 

investment costs (Cinv), maintenance costs (Cmaint) and operational costs of the different 

resources (Cop). As can be seen in Table 4.8, the annual cost of the modelled energy system 

does not decrease despite the increased penetration of renewable energies and improved 

energy efficiencies of the technologies. Furthermore, although total !"!  emissions are on a 

decreasing trend, the annual cost of the system does not decrease. This phenomenon gives 

us an idea that a deep decarbonisation of the Spanish energy system requires large economic 

investments to try to reverse the fossil fuel-based system. In detail, the cost analysis shows 

that in the low-carbon strategy, in the ESP30_TEND and ESP30_OBJ scenarios, there is an 

economic shift from operational costs to more infrastructure-related costs. This shift, mainly 

due to the reduction in fossil fuel penetration and the increase of RES technologies, results in 

lower emissions due to the consumption of fewer fossil resources. 

In this analysis, in terms of electricity generated, only the investment and maintenance costs 

of the different generating technologies and operational costs are included. Therefore, the total 

annual cost does not include the cost of transmission and distribution of electricity to the 

different consumption locations. Furthermore, the cost of emitting !"!, which is stipulated in 

the European Directive of 2003 (Directive 2003/87/EC) [117] and which aims to correct the 

externality of GHG emissions, is also not included. On the other hand, investments in the 

electricity grid due to the increased penetration of renewable technologies are accounted for. 

In scenarios characterized by a high penetration of intermittent renewable energies and a 

considerable increase in the electrification of the energy system, specific investments are 

required for the modernization, adaptation, and security of the electricity grid. This ensures 

that the grid is able to capture the full renewable electricity potential while guaranteeing 

security and quality of supply. 
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Scenario Costs review 

 Cinv Cmaint Cop Total 

 [B€/y] [B€/y] [B€/y] [B€/y] 
2015 Validation 72.95 32.34 44.86 150.15 
ESP30-S1 89.56 41.39 44.67 175.62 
ESP30_TEND 81.30 36.51 33.83 151.64 
ESP30_OBJ 87.32 36.76 28.88 152.97 
ESP30_P1 76.03  10.59   2.49  89.11 

 
Table 4.6: Review of the total annual costs of the Spanish energy system for each developed scenario 

 
 
Figure 4.8 shows the total annual costs per category type for each scenario. The graph shows 

the costs of imported fossil and renewable resources, mobility technologies, heating, storage 

& infrastructure, and fossil & RES electricity generation technologies. 

 
 

Figure 4.8: Total annual costs by type of category for each developed scenario. 

 
In this context, it can be observed that going through the different scenarios, more emphasis 

is placed on gradually shifting the costs of fossil resources towards costs more related to 
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renewable electricity generation capacity (infrastructure, storage etc.) and cleaner and more 

efficient electricity technologies. This is partly driven by the gradual phase-out that occurs for 

example in coal and nuclear plants, as already discussed in Section 3.2.1. This gradual shift 

contributes to a cut in the total national TPES as already seen in Figure 4.2. The increase in 

annual cost in the ESP30_S1 scenario is associated with a significant increase in mobility 

demand and as can be seen in the graph, this cost increase is mainly reflected in the costs 

related to private vehicle mobility. This increase represents 17% compared to 2015. In the 

other two scenarios (ESP30_TEND and ESP30_OBJ) this increase in demand in 2030 also 

occurs, but in this case the costs of private mobility are not as high due to the higher share of 

public mobility and the shift from the use of traditional fossil fuels in cars to a greater use of 

natural gas and electric vehicles. It should therefore be noted that the private mobility sector 

is key to the financing of the energy transition of the Spanish system, as it corresponds to a 

high percentage of the total cost in all scenarios developed. Finally, a significant decrease in 

the total annual cost (40.6%) of the ESP30_P1 scenario compared to 2015 should be noted. 

This scenario, which represents the optimal cost scenario, suffers this cost decrease due to 

the low operational cost (!)*) of the different resources used. As mentioned above, this 

scenario is characterised by a very high penetration of RES in the total TPES, therefore the 

operational cost of renewable resources is much lower compared to the other scenarios. 

As a conclusion, it can be said that looking for a cost reduction in the national electricity 

generation sector is apparently feasible by seeking a higher RES penetration, while looking for 

this reduction in the private mobility sector is not so easy. As has been seen, the reduction in 

the use of traditional vehicles for further electrification does not lead to cost reductions. 

Therefore, strong sector-specific investment is needed in this sector either through private 

capital or public investment. Therefore, to achieve the goal of deep decarbonisation, it is not 

only necessary to create plans and strategies, as their achievement and success depend 

directly on appropriate financing. Companies, organizations and mainly the population as an 

entity itself, need this funding to enable them to be key players and help achieve the goal of 

this challenging challenge. 
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Chapter 5 

5. Conclusions 
Through this thesis, an energy model called Energyscope TD has been implemented to make 

it acceptable to Spanish applications with the intention of identifying different low-carbon 

scenarios to help national energy planning for the year 2030 and beyond. The entire repository 

with all the code information for each of the modelled scenarios can be found at the following 

link: https://github.com/JosepRoselloMartinez/Spanish-EnergyTransition.git 

With respect to previous work done with the Energyscope TD model, the model proposed in 

this thesis as a solution, called Spanish Energyscope, presents some additions such as new 

conversion technologies and new resources to define the Spanish energy system. Once the 

Spanish energy system framework has been defined (Chapter 2), and using the mathematical 

formulation of previous works, the Spanish Energyscope model has been applied in real 

conditions of Spain in 2015. This year has been chosen because it is a past reference year 

and therefore it has been possible to compare the real results with those obtained in the model 

to validate the model and corroborate the consistency of its results. Then, the validated model 

has been used to implement multiple low-carbon scenarios for the Spanish energy transition 

until 2030 (Chapter 3). The development and analysis of these scenarios aims at trying to find 

out whether the different policies defined by the current national plans and directives (the so-

called reference scenarios) could achieve the different European targets in terms of emission 

reductions or RES penetration. In addition, it also serves to evaluate configurations that 

represent a deep decarbonization (the so-called policy scenario). The results of the analysis 

of the different scenarios are discussed and compared in Chapter 4.  

The comparison of scenarios has demonstrated that for the coming years profound 

modifications and investments are required to significantly reduce emissions and increase 

RES penetration in the Spanish energy system. Following a no-action trend in the system, the 

impact of the Spanish energy system is bound to increase because of increasing energy 

demand. Furthermore, the energy strategy of keeping with the same trends (ESP30_TEND) 

turns out not to be sufficient to cut emissions. However, the ESP30_OBJ scenario, which 

contains the most ambitious but realistic national policies, can reach the European targets, 

leading the energy system to reduce !"!  emissions by more than 40% compared to 1990 

levels. This same scenario allows to reduce the TPES by 15.5 % and thus the dependence on 
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resources from other countries. This reduction is mainly based on: the total phase-out of coal 

and partial phase-out of nuclear plants in electricity generation; the increase of energy 

efficiency; a high electrification of the energy system through a higher penetration of RES in 

the electricity system and heat pumps and electric vehicles in the heating and mobility sectors 

respectively. The results of the ESP30_OBJ scenario show that the progressive 

decarbonization of the Spanish energy system requires considerable economic investments. 

The total annual cost of the energy system does not decrease even though there is a reduction 

in !"!  emissions. This is due to an increase in RES penetration in the electricity sector and 

the increased use of HPs and electric vehicles. Considering that the private sector is the 

costliest sector, without specific strategies for this sector it is very difficult for the 

decarbonization of the Spanish energy system to be economically viable. 

In addition, a scenario characterized by a deep decarbonization of the energy system has been 

analysed. To achieve this, in addition to decarbonizing the electricity system, it is necessary to 

focus efforts on electrifying the heating and transport sectors. In this context, this ESP30_P1 

scenario leads the energy system to an enormous reduction in emissions (95.3% compared to 

1990 levels) and TPES (32.4%). This ambitious scenario could represent an interesting line of 

research for energy policy makers to help them understand which technologies should play a 

major role in the future. Even if some of the results are not feasible either for technical or 

economic reasons (e.g., widespread use of hydrogen in private passenger mobility), a very 

low emission configuration has proven to be achievable especially in the power generation 

sector. 

The Spanish Energyscope model has proven to be a valuable tool capable of quickly 

representing future decarbonization scenarios for the Spanish energy system. This intuitive 

tool can help future researchers, energy policy makers and in general students and people 

interested in the energy transition of the country to evaluate future configurations of the 

Spanish system. In the future, the Spanish energy system could be evaluated by dividing the 

Spanish territory into several regions, to obtain more accurate results. In addition, the 

possibility of considering imports and exports of resources (e.g., hydrogen) with neighbouring 

countries could be incorporated into the model to broaden the scope of the energy system. 

Clearly, these improvements would increase the computational time of the model, but on the 

other hand, they would provide more accurate results that would offer greater certainty for 

energy policy makers. 
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Appendix A   
 

A. Spanish Energy System data 
 
A.1. Real data in 2015 for model verification 
 
This appendix details how all the data necessary to model and implement the real energy 

system for the past 2015 has been collected. Therefore, the following paragraphs detail more 

specifically what actual data has been collected, what methodology has been followed to 

obtain it and from which sources it has been obtained. 

Therefore, this section details the data of the Spanish energy system in 2015 used to validate 

the LP model. The different data inputs used for the validation of the model are: 

i) The yearly EUD (endUsesyear) values in the different sectors (Households, 

Services, Industry, Transportation) 

ii) Data for the electricity production technologies in the Spanish energy system. 

iii) The relative annual production shares of the different heating, cooling and 

cogeneration technologies. 

iv) The shares of public mobility (%public), the different shares of passenger and 

freight mobility and the share of centralised heat production (%Dhn). 

v) The relative annual shares of the different public and private technologies. 

 

All other data not specified in this appendix, such as technology prices, energy conversion 

technology efficiencies, lifetime, emission factor etc. are assumed to be the same values as 

those defined in the Spanish case in the work done by Jeroen and Jean Louis in [75]. In this 

appendix only the values that have been varied compared to the values already defined in that 

work are specified. 
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A.1.1. Energy Demand 
 
The data for the EUDs in Spain for heating, cooling, electricity, and mobility in 2015 in this 

chapter are the result of a data collection and elaboration process from different accessible 

sources. To obtain the different EUD data, a set of assumptions have been considered to 

present a simplified configuration of the Spanish energy system and suitable for the validation 

of the model. The EUD data in Spain 2015 are listed in Table A.1: 

 

 

 

  Units Households Services Industry Transportation 
Electricity (other) [GWh] 66130 55513 74107 0 
Lighting [GWh] 8893 21589 7329 0 
Heat High T [GWh] 0 4440 114682 0 
Heat Low T (SH) [GWh] 49218 28793 22270 0 
Heat Low T (HW) [GWh] 43325 4423 0 0 
Cold Process [GWh] 0 9552 15439 0 
Cold Space [GWh] 11951 34488 11687 0 
Mobility passanger [Mpkm] 0 0 0 418901 
Mobility freight [Mtkm] 0 0 0 263912 

 
Table A.1: End-uses demand in Spain(endUsesyear) in 2015 

 

Specific details on how the EUD data for Heating & Cooling, Mobility, Electricity (not related 

with heating) and Lighting have been obtained are detailed in different sections below. 

 

A.1.1.1. Heating and Cooling  
 
2015 
The different EUD data for the households, services, and industry sectors in the Spanish 

energy system in 2015 have been calculated using data obtained from the "Heat Roadmap 

Europe" [118]. Furthermore, it is shown which are the different resources (e.g., fuels, RES, 

direct electricity etc.) used to satisfy the demand in each of the sectors. 

In the heating and cooling demand profiles provided by Heat Roadmap Europe, the FEC 

values for each of the different types of heat (space heating, space cooling, process heating, 

process cooling, hot water) can be found separated by the different carriers (e.g., oil, gas, coal, 

RES etc.) responsible for supplying that consumption.  Table A.3 shows the final calculated 

data for the detailed final energy consumptions with the different carriers used and the result 
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of the different values for the heating and cooling EUDs. The data for the different EUDs have 

been obtained from the FEC data by type of heat use, which are available in [118]. The average 

efficiencies used for each type of end-use technology to pass from FEC to EUD are shown in 

Table A.2. 

 
 

  COP [-] Efficiency [%] 
Households Boilers  0.81 
Services Boilers  0.86 
Industries Boilers (LT Heat)  0.90 
Industries Boilers (HT Heat)  0.77 
Elec.Direct Heating (LT Heat)  0.95 
Elec.Direct Heating (HT Heat)  0.84 
Decentralised HPs 2.7  
Elec. Space Cooling 2.4  
Elec. Process Cooling 2.2  

 
Table A.2: Average efficiency/COP of different technology categories used to satisfy the cooling and 

heating demand in Spain in 2015 

 

These efficiencies are not taken directly from the Heat Roadmap, but are calculated as the 

average of different efficiencies (e.g., the efficiency of boilers in the household sector has been 

calculated as the average between the efficiencies of space heating (+,-!"#$%	'%#()*+.+/!"#$%	'%#()*+
) and hot 

water(+,-',(	-#(%..+/',(	-#(%.
) or the COP in space cooling is obtained as the average between the COP 

in space cooling in the three different sectors). 
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Heat Roadmap Spain [118] 

  EUD type Technology/source Households 
[GWh/y] 

Industry 
[GWh/y] 

Services 
[GWh/y] 

FEC 

Space heating 

 

62684 24784 32392 
Space cooling 5426 4675 13265 
Hot water 52133 0 5332 
Process heating 0 149095 4876 
Process cooling 0 6421 4776 

FEC1 

Space heating 

Fuels 62075 24714 29756 
RES 362 70 2457 
Elec.heat pumps 247 0 179 
Elec.direct heating 13315 548 2576 

Space cooling 

Fuels 0 0 0 
RES 0 0 0 
Elec.heat pumps 0 0 0 
Elec.direct heating 5426 4675 13265 

Hot water 

Fuels 46363 0 4493 
RES 2086 0 432 
Elec.heat pumps 146 0 29 
Elec.direct heating 3538 0 379 

Process heating 

Fuels 0 140636 0 
RES 0 0 0 
Elec.heat pumps 0 0 0 
Elec.direct heating 0 8459 4876 

Process cooling 

Fuels 0 0 0 
RES 0 0 0 
Elec.heat pumps 0 0 0 
Elec.direct heating 0 6421 4776 

EUD1 

Space heating 

  

49218 22270 28793 

Space cooling 11951 11687 34488 

Hot water 43325 0 4423 

Process heating 0 114682 4440 

Process cooling 0 15439 9552 

EUD1 

Heat LT 

  

92543 22270 33215 

Heat HT 0 114682 4440 

Cold HT 11951 11687 34488 

Cold LT 0 15439 9552 
1Calculated values 

Table A.3: FEC and EUD data for households, industry, and services in Spain in 2015. Abbreviations: 

Low Temperature (LT), High Temperature (HT). 
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The recorded FEC values result from the sum of the fuel consumed either in boilers or in CHP 

plants, the electricity consumption for direct heating/cooling, the electricity consumption for 

HPs and the energy provided by renewable resources (e.g., solar thermal). Table A.4 below 

shows a summary of the energy carriers classified in the Heat Roadmap Europe and which 

have been merged into different categories as seen in Table A.3. 

 

Category  ID Energy Carriers  Technology/Source 

Fuels 

3 Oil 
5 Coal 
2 Gas 
4 Biomass 

16 Other (fossil) 

8 + 9 Micro CHP 

RES 
10 Solar Thermal 
15 Other (RES) 

Elec.Heat Pumps 11 Heat pumps total (electric) 

Elec. Direct heating 6 Electric Heating 
 
Table A.4: Relations between ID energy carriers from [118] and the different categories used to 

represent each technology/source in Table A.3 

 

Thus, the EUD for heating accounts for the heat supplied by traditional boilers, the heat 

supplied by micro-CHP plants, the heat supplied by HPs and RES and the heat provided by 

direct electric heating system. Regarding the EUD for cooling (space cooling and process 

cooling) is only supplied by electric cooling system. Because there is a clear distinction 

between low and high temperature in the EnergyScope model formulation, it is necessary and 

required to make a more specific classification to fit the model. Therefore, HT heat includes 

only the demand for process heating and LT heat includes the EUD of space heating and hot 

water. On the other hand, as far as cooling is concerned, LT cold considers process cooling 

for industry and services and HT cold covers space cooling demand for all three sectors. 
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A.1.1.2. Electricity & Lighting 
 
This section explains how the non-heat electricity demand data for Spain in 2015 has been 

obtained for the three sectors previously considered in the End-uses demand matrix. The 

overall electricity demand (FECelec) is taken from the Monthly hourly Load Profile from Spain 

available in [119].  

This electricity demand has been compared with the FEC data for electricity (given in black) 

reported for Spain in the Eurostat Energy Balance, available in [120], to check that the two 

values reported by the two sources match. However, only the final energy consumption (FEC) 

is given by sectors, so it is assumed for electricity that the values of EUD and FEC are the 

same.  

There is a difference between the two values of final electricity consumption (FECelec) which is 

related to distribution network losses, which must also be considered. Even considering the 

distribution losses, there is a relative difference of 3% which is considered not significant.  

In this case it has been decided to take the total FECelec value provided by ENTSO-e in the 

time series of electricity demand as a reference. As the FEC values by sector is only reported 

by Eurostat and there is a relative difference of 3 % between the two sources, as mentioned 

above, the FEC values of each sector must be corrected so that the total FECelec is the one 

taken as a reference. For this purpose, the ratio of electricity consumed in each sector with 

respect to the total electricity consumed has been calculated. This ratio of electricity consumed 

is 32.8 %, 30.2 % and 31 % for industry, households, and services respectively. Considering 

these ratios constant and having the total energy consumed, the adjusted FECelec for each 

sector can be calculated. Table A.5 shows the data collected from Eurostat and Table A.6 

shows the FECelec values adjusted. 

 

    EUROSTAT [ktoe]   
  FEC  FECelec,sector Ratio (FECelec,sector / FECelec) [%]a 

Industry 18915 6539 32.8 

Households 14876 6024 30.2 

Services 10037 6191 31 
a Calculated value 

Table A.5: FEC values by sector extracted from [119] 
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ENTSOE Hourly Profile [ktoe] 
 FECelec. Ratio (FECelec,sector / FECelec) [%] FECelec.a 

  21365    
Industry - 32.8 7002 

Households - 30.2 6451 
Services - 31 6630 

a Calculated value 

Table A.6: Adjusted FEC values by sector with FEC electricity value from [120] as a reference 

 
A part of the electricity is assumed to be a fixed demand, such as freezers in the residential 

and services sector, while another part of the electricity such as lighting demand is variable. 

Knowing the percentage of electricity used for lighting in each of the sectors, the electricity 

demand can be divided between lighting demand and other electricity demand. In the 

residential sector, 4.8% of the energy demand was spent on lighting in 2015 [121], which 

corresponds to 12% of the total electricity demand. For the industrial and services sectors, the 

same values as Italy in 2015 specified in [122] have been taken, assuming that Spain and Italy 

are similar countries in terms of climatology and that therefore the share of lighting demand is 

similar. Tables A.7 and A.8 report the electricity demands for each sector and divided into 

lighting demand and the rest of electricity demand. 

 

 FECelec [ktoe] % lighting Lighting [ktoe] Electricity (others) [ktoe] 

Industry 7002 9 630 6372 
 

Households 6451 12 765 5686 
 

 

Services 6630 28 1856 4773 
 

 
 

Table A.7: FECelec values by sector in Spain 2015 

 Lighting 
 [GWh] 

Electricity (others) 
[GWh] 

Industry 7329 74107 
 

Households 8893 66130 
 

 

Services 21589 55513 
 

 
 

Table A.8: Electricity demand not related to heating by sector in 2015 
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A.1.1.3. Mobility 
 
The annual passenger mobility demand for Spain in 2015 is estimated to be 418,901 million 

passenger kilometres (Mpkm) from Tables 1-6 of [123]. The annual demand for freight mobility 

is estimated to be 263,912 million tonnes kilometres (Mtkm) from Tables 11, 20 and 25 of [123] 

and Table 1.1.13 of [124]. For both passenger and freight mobility, due to the difficulty of finding 

mobility data at the international level, the national level has been defined as the boundary and 

only mobility that generates emissions within the national territory is considered, in a similar 

way to what has been done in the case of Belgium by Limpens [04]. Thus, all mobility that 

generates emissions outside the limits of Spanish territory has not been considered.  

State organisations when reporting the GHG emissions of the country normally do not take 

into account the emissions generated by international transport, as is the case in Table 3 of 

[125] where 299712.29 thousand tonnes of !"! equivalent (Mt!"! − $%.) are reported, while 

in other statistical organisations when reporting the total number of GHG emissions of the 

country they do specify the emissions generated by international mobility (maritime and air), 

as is the case in [126], with a total of 33812.29 kt !"! − $%. The difference between the two 

emission results reported in the two sources is specifically the emissions generated by 

international maritime and air mobility (38.400 kt !"! − $%)  reported in Figure A.1. 

 
Figure A.1: Sectoral emissions shares in Spain 2015 

 
Therefore, international passenger and freight demand outside Spanish territory is not 

quantified in the total demand. 
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Both total passenger and freight demand is divided into four modes of transport: road, rail, air 

and maritime and the scope of the Spanish territory includes mobility within the mainland, 

mobility between the mainland and the different islands (Balearic Islands & Canary Islands), 

mobility between the mainland and the cities of Ceuta and Melilla and inter-island mobility.  

Table A.9 shows the total interior demand for passenger and freight mobility classified by mode 

of transport. 

 

  Units Mode Mainland and islands 

Mobility 
passenger [Mpkm] 

Road 366092 
Train 26452 

Air 25392 
Maritime 965 

Total 418901 

Mobility freight [Mtkm] 

Road 209386 
Train 10882 
Air1 63.835 

Maritime2 43580 
Total 263912 

 
1 no data from private or regional airports have been considered. 
2 includes traffic with island provinces 
 
Table A.9: Total demand for passenger & freight mobility in Spain 2015. Abbreviations: Million 
passengers’ kilometre [Mpkm], Million tonnes kilometre [Mtkm] [123,124] 

 

A.1.2 Electricity production 
 
In the case of electricity generation, electricity generation from the different technologies 

present in the Spanish electricity system has been used to validate the model. Table A.10 

below shows the electricity generation imposed in the validation of the model for each of the 

generating technologies. 
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Elec prod [F_t]  [GWh] Source 
NUCLEAR 54755 [127] 
CCGTa 35854 [127] 
COAL US 52789 [127] 
COAL IGCCb 0 [128] 
PV 8236 [127] 
Wiind onshore 48109 [127] 
Wind offshore 0 [127] 
Hydroriverc 8234 [127] 
Hydrodamc 19823 [129] 
Pump hydro storagec 2762 [129] 
Geothermal 0  
Wave 0.25 [130] 
Parabolic Trough 4904.75 [131,132,133] 
Solar Tower 178 [131,132,133] 
Stirling Dish 2.25 [131,132,133] 
Biomass 3818 [134] 
Waste 1766 [134] 
Biogas 1174 [134] 
CHP 25108 [127] 

a CCGT + Fuel/gas plants. Gas turbines and ICE are used in islands with little loads. These machines can vary a lot but have 
a lower efficiency. The overall capacity is 0.918 GW of CCGT and 1.6 GW of ICE, GT and steam turbine. As it represents a 
small fraction (compared to the rest of the techno implemented in Spain), fuel & gas is assimilated as CCGT. 
b IGGC Plant in Puertollano - CLOSED in 2015 
c the percentages for each hydro technology from ENTSOE 2016 have been applied and then these shares have been applied 
to the Monthly Domestic Values 2015-2019 data. 

 
Table A.10: Electricity generation by different technologies in 2015 for the Spanish electricity system. 

A.1.3. Heating & Cooling & CHP Technologies 
 
For the calculation of the different shares of each of the technologies used for industrial, 

centralised, and decentralised heat generation, we have used the data obtained by Heat 

Roadmap Europe in [118]. These different shares for each technology (CHP, boilers, solar 

thermal, etc.) could not be obtained directly from the source consulted, but different 

calculations had to be carried out to obtain the desired results. First, it has started from the 

percentage distribution of all the energy demand for Heating & Cooling in Spain by end use 

type (see Figure A.2) and from the same distribution by energy carriers and by end use type 

but classified according to the different end-use sectors (see Figure A.3). 
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Figure A.2: Energy demand for Heating and Cooling by sectors and end-use types in Spain 2015 

[118] 

 
Figure A.3: Energy demand for Heating and Cooling by sectors and energy carriers in Spain 2015 

[118] 

 
As can be seen in Figure A.3, the share of District Heating (DHN) and Heat Pumps can be 

considered negligible as their contribution is almost 0. Therefore, for industrial heat generation 

(IND) the industrial sector data will be used, while the residential and service sectors will be 

counted for decentralised heat generation. Below is an explanation of how these data have 

been collected for both industrial heat generation and decentralized heat generation (DEC), 

taking in consideration that in Spain the penetration of DHN is not yet significant and therefore 

it is not considered in the validation of the model. 
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A.1.3.1. Industrial Technologies  
As mentioned above, the objective is to know how much of each energy carrier (e.g., gas) is 

used for each end-use type (e.g., process heating). As these values are not published directly 

in the Heat Roadmap Spain, they have been extracted from Figures A.4 and A.5 shown below. 

 

Figure A.4: Energy demand for Spanish Industry by energy carriers & EUT in % [118] 

 

 
Figure A.5: Energy demand for Spanish Industry by energy carriers & EUT in 2015 [118] 

 
As can be seen in Figure A.5, the amount of energy of each of the energy carriers destined for 

each of the EUTs is shown. In addition, knowing the percentages with respect to the total 

energy demand of the industrial sector shown in Figure A.4, it is possible to calculate the 

different TWh used by each energy carrier, which are reported in Table A.11. 
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INDUSTRY   Pr.cooling Pr.heating S.heating S.cooling  
(186TWh) %  4 8 14 2  

  TWh 7.44 148.8 26.04 3.72 Available for 
heating a 

Biomass 8 14,88 0 14.88 0 0 14.88 
Coal 7 13,02 0 13.02 0 0 13.02 
Others (fossil)b 14 26,04 0 26.04 0 0 26.04 
Oil 8 14,88 0 10.56 4.32 0 10.56 
Electricity 11 20,46 7.44 9.3 0 3.72 9.3 
Gas 52 96,72 0 75 21.72 0 75 

 
a own calculation 
b others fossil à waste 
 
Table A.11: Energy available for High Heat Temperature in the industrial sector by energy carrier [118] 

 

In the model, the industrial sector is identified with the Heat High Temperature end-use and 

therefore, to calculate how much energy from each of the energy carriers is destined for this 

EUT, it has been considered: 

• The demand for industrial cooling is supplied entirely by electricity. 

• The total demand of the industrial sector (IND) in the model will be the respective one 

for Process Heating. 

 

To determine how much gas, wood, waste, oil, and coal is used in boilers and how much in 

CHP plants to supply this demand, the different percentages of fuel used in CHP plants in 

Spain have been used, available in [95]. With these percentages it can be known how much 

of each energy carrier is used by CHP plants and therefore the rest is used as fuel in boilers. 

Thus, knowing the energy demanded by each energy carrier with respect to the total available 

heating energy and the percentages of fuel used in CHP plants, it is possible to calculate the 

different shares of each technology for the industrial sector. 
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  Share Heat [%] 
Boiler Wood 10 % 
Boiler Coal 8.8 % 
Boiler Oil 7.1 % 
Boiler Waste 11 % 
Boiler Gas 3.3 % 
Direct Elec. 6.3 % 
CHP Waste 6.5 % 
CHP Wood 0 % 
CHP Gas 47.1 % 

 
Table A.12: Yearly shares of industrial high temperature heat & CHP technologies for the Spanish 

energy system, in 2015. 

 

A.1.3.2. Decentralised Technologies  
 
 
As in the industrial sector, for the service and residential sectors, the objective is to know the 

final demand of each energy carrier for each EUD type. As mentioned above, the percentage 

of District Heating in Spain is practically zero, and therefore its contribution is not significant in 

the Spanish model. Therefore, the demand of the residential and service sectors is assimilated 

to decentralized systems (DEC). In this case, in a similarly way as for the industrial sector, the 

energy demand matrix by carrier and EUD in the service sector has been calculated first, 

starting from Figures A.6 and A.7. 

 

 

 

 

  
Figure A.6: Energy demand for Spanish Services sector by energy carriers & EUT in % [118] 
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Figure A.7: Energy demand for Spanish Services sector by energy carriers & EUT in 2015 [118] 

 
Table A.13 shows the demand of each of the energy carriers for each type of EUT. For 

instance, as can be seen in Figure A.7, all the energy demand provided by biomass (in green) 

has been destined to supply space heating demand. 

 
 

aOwn calculation 
 

Table A.13: Energy available for Heat Low Temperature in the services sector by energy carrier 
[118] 

 

 

 

SERVICES  

 

Pr. 
cooling 

Pr. 
heating S.heating S.cooling H.water 

Available for 
heatinga 
[TWh] 

(64 TWh) %  3 3 56 21 8    TWh 1.92 1.92 35.84 13.44 5.12  
D.heating 1 0.64 0 0 0.64 0 0 0.64 
Biomass 3 1.92 0 0 1.92 0 0 1.92 
Solar 
thermal 5 3.2 0 0 2.9 0 0.3 3.2 

Oil 22 14.08 0 0 12 0 2.08 14.08 
Electricity 4 25.6 4.8 4.8 2.38 13.44 0.18 2.56 
Gas 29 18.56 0 0 16 0 2.56 18.56 
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In this case, in contrast to the case of the industrial sector, for the calculation of the available 

demand for heating has been considered: 

• The demand for services cooling is supplied entirely by electricity. 

• The total demand of the Service sector in the model will be the respective one for Space 

Heating and Hot Water. 

 

Analogously, in the case of the residential sector, the above-mentioned matrix has been 

calculated based on Figure A.8. 

 

 
Figure A.8: Energy demand for Spanish Households sector by energy carriers & EUT in 2015 [118] 

 

In this case, as shown in Figure A.8, the total demand for Hot Water and Space Heating is 

divided into SFH (Single Familiar House) and MFH (Multi Familiar House). For the calculation 

of the energy carriers/EUD type matrix these two types of residences have been merged. In 

addition, the EUD called "other heating" has been classified as Space Heating.  
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HOUSEHOLDS 
(134 TWh) % 

 

Total space 
cooling 

Total hot 
water 

Total S. 
heating 

Available 
for heatinga 

[TWh] 

  TWh 5 53.08 75.92  

Oil 24 32.16 0 29.7 2.46 32.16 
Biomass 22 29.48 0 1.3 28.18 29.48 
Solar thermal 2 2.68 0 2.68 0 2.68 
Electricity 13 17.42 5 3.1 9.32 12.42 
Coal 1 1.34 0 0 1.34 1.34 
Gas 38 50.92 0 16.3 34.62 50.92 
aown calculation 
 
Table A.14: Energy available for Heat Low Temperature in the Households sector by energy carrier 

[118] 

In this case, as in the services sector, for the calculation of the available demand for heating 

has been considered: 

• The demand for households cooling is supplied entirely by electricity. 

• The total demand of the Households sector in the model will be the respective one for 

total Space Heating and total Hot Water. 

As mentioned above, the Services and Residential sectors are only considered for 

decentralized systems due to the almost null percentage of district heating in Spain. Table 

A.15 shows the total demand available for decentralized heat. 
 

 Available for heating [TWh]  
 SERVICES HOUSEHOLDS TOTALa 

District heating 0.64 0 0b 

Biomass 1.92 29.48 31.4 
Solar thermal 3.2 2.68 5.88 
Oil 14.08 32.16 46.24 
Electricity 2.56 12.42 14.98 
Gas 18.56 50.92 69.48 
Coal 0 1.34 0b 

aown calculation 
bconsidered null 
 

Table A.15: Energy available for Decentralised Low Temperature Heat [118] 

 

To calculate the different shares of the technologies that will supply the total heat demand, the 

following assumptions have been made: 
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• District Heating is considered insignificant for the model due to its low share of the total 

(less than 1%). 

• CHP plants as a source of heat generation are not considered because CHPs normally 

involve a DHN, since they produce a large amount of heat. All this amount of heat is 

too much for the case of a decentralized system with few buildings. Therefore, only 

the use of boilers in DEC systems is assumed. 

• The share of coal-fired boilers is zero since there are usually no coal-fired boilers in 

DEC systems, in addition to the low percentage it represents (0.7%). 

• The heat demand supplied by electricity is not provided by heat pumps since their use 

is negligible as can be seen in Figures A.6 and A.8 but comes directly from the grid. 

• For gas, wood, and oil, it is considered that they are used only in boilers to provide the 

demanded heat. 

Table A.16 shows the different shares of each of the technologies in the decentralized low 

temperature heat & CHP technologies. 

 

 Share Heat [%] 
HP 0 % 

Thermal HP 0 % 
CHP NG 0 % 
CHP Oil 0 % 
FC NG 0 % 
FC H2 0 % 

Boiler NG 41.4 % 
Boiler Wood 18.7 % 

Boiler Oil 27.5 % 
Direct Elec. 8.9 % 

Solar Thermal 3.5 % 
 
Table A.16: Yearly shares of decentralised low temperature heat & CHP technologies for the Spanish 

energy system, in 2015 [118] 

 
The results of the different energy carrier matrices by EUD type of the different sectors can be 
found in "2015 heating and cooling profiles for all EU28 member states as spreadsheets" in [135]. 
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A.1.4. Mobility shares: Passenger & Freight; Public & 
Private  
 
Based on the total demand for passenger and freight mobility described in Section A.1.1 of 

this Appendix, the different shares of each type of transport mode have been calculated. In the 

case of passenger mobility, the modal split data for land-based modes provided by Eurostat in 

[136] (See Table 2.3.3) have been used. Table A.17 shows these shares: 

 

 Share [%] in pkm 
Passanger Cars 79.9 

Buses & Coaches 11.7 
Tram & Metro 1.8 

Railways 6.6 
 
Table A.17: Modal split of Passenger Transport on Land 2015. Abbreviations: passenger-kilometre 

[pkm] [136] 

 

Using these shares and adding the passenger mobility demand for non-land-based modes (air 

& maritime demand), the modal split of passenger mobility for each type of transport can be 

recalculated. Table A.18 shows in detail the new modal split of passenger mobility considering 

all the different modes of transport. 

 
  Total Mpkm Mode Share [%] Mpkm New Share [%] 

Road 366092 
392544 

Passanger Cars 79.9 313643 74.87 

Buses & Coaches 11.7 45928 10.96 

Tram & Metro 1.8 7066 1.69 

Train 26452 Railways 6.6 25908 6.18 

Air 25392 25392 Passanger air - 25392 6.06 

Maritime 965 965 Passanger boat - 965 0.23 

 
Table A.18: Modal split of Passenger Transport 2015 in Spain. Abbreviations: Million passenger-

kilometre [Mpkm] [123,124,136] 

To distinguish which percentage of all passenger mobility corresponds to private and which to 

public mobility, several assumptions have been made. It has been assumed that for both air 
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and maritime mobility private trips are not significant compared to public passenger demand. 

Therefore, all air and maritime mobility is public. 

 

Considering that Railways, Buses & Coaches and Tram & Metro are all public, only passenger 

cars are attributed to private mobility. Therefore Table A.19 reports the percentage split 

between public and private passenger mobility in Spain in 2015. 

 

  Share [%] 
Public mobility 25.1 
Private mobility 74.9 

 
Table A.19: Shares of public & private mobility in Spain 

 

On the other hand, in the case of freight mobility, the modal split data for land-based modes 

also provided by Eurostat in [136] (See Table 2.2.3) have been used. Table A.20 shows these 

shares: 

 

 Share [%] in pkm 
Road 89.3 
Rail 5.1 

Pipelines 5.6 
 
Table A.20: Modal split of Freight Transport on Land 2015. Abbreviations: passenger-kilometre [pkm] 
[136] 

 

Using these shares and adding the freight mobility demand for non-land-based modes (air & 

maritime demand), the modal split of freight mobility for each type of transport can be 

recalculated. Table A.21 shows in detail the new modal split of freight mobility considering all 

the different modes of transport. 
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  Total pkm Mode Share [%] Mpkm New share [%] 

Road 209386 

220268.01 

Freight road 89.3 196699 74.53 

 
Pipelines - Freight pipelines 5.1 11234 4.26  

Train 10882.01 Freight Rail 5.6 12335 4.67  

Air 63.835 63.835 Freight Air - 64 0.02  

Maritime 43580 43580 Freight Boat - 43580 16.51  

 

Table A.21: Modal split of Freight Transport in Spain 2015. Abbreviations: passenger-kilometre [pkm] 
[123,124,136] 

Due to the low percentage attributed to air freight mobility within the scope of the Spanish 

territory (0.02%), its contribution to the modal split has been assumed negligible. Furthermore, 

the share of freight transport by pipeline is not considered in the modelling in the EnergyScope 

Spanish model because it is not implemented. Thus, the percentages of each mode of 

transport in freight mobility are as follows and are shown in Table A.22: 

 

  Share [%] 
  % Fr, Road 74.5 
% Fr, Rail 4.7 

  % Fr, Boat 16.5 
 

Table A.22: Shares freight mobility in Spain 2015 [123,124,07] 

 

A.1.5. Relative annual shares of Public & Private 
technologies. 
 
For private passenger mobility, the distribution of the different vehicle models available in the 

Spanish Energyscope model has been estimated based on the actual number of each type of 

vehicle in the Spanish vehicle fleet in 2015. It is assumed that each type of car does the same 

distance over the year. Thus, the car distribution allows to know at the same time the 

distribution in passenger-km. According to the data provided by DGT [86], we can know the 

number of each type of passenger vehicle (fuelled by gasoline, diesel, or fuel alternative) and 

motorbikes. For the case of vehicles using alternative fuel, the repartition has been made 

according to the data reported by EAFO in [137]. In the Spanish case, the only types of vehicles 
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using alternative fuel are Plug in Hybrid Vehicles (PHEV), Battery Electric Vehicles (BEV) and 

Liquified Petroleum Gas (LPG), although their penetration and contribution to the vehicle fleet 

is very low (0.05%).  Hybrid electric vehicles (HEV) and Hydrogen Cars (H2) are not present 

in the vehicle fleet in 2015. In addition, there is a significant presence of motorbikes, 

representing a 12% share of the total. Tables A.23 and A.24 shows the annual shares of each 

type of private vehicle in Spain in 2015. 

 

 Share [%] 
Gasoline Cars 38.05 
Gas-oil Cars 49.79 
Fuel Alternative Cars 0.05 
Motorcycles 12.11 

 
Table A.23: Shares of the different types of private transport in Spain 2015 according to [86] 

 

 Share Mpkm [%] 
Gasoline car 38.05 
Diesel car 49.79 
NG car 0 
HEV 0 
PHEV 0.01 
BEV 0.02 
Fuel Cell car 0 
LPG 0.02 
H2 0 
Motorcycles 12.11 

 
Table A.24: Yearly Shares of private vehicles technologies in Spain 2015 [86,137] 

For public mobility, the results reported in Tables A.25 and A.26 have been obtained by 

considering the different shares of passenger mobility calculated above in Section A.4 of the 

Appendix in Table 6. Knowing also that the total share of public passenger mobility is 25.1 %, 

the shares of each type of public passenger transport can be recalculated. In 2015 buses and 

coaches are mostly used (43.63%), followed by trains and metro (24.61%), airplanes (24.12%), 

tram and trolley bus (6.7%) and passenger ships (0.9%).  
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 Share Mpkm [%] 
Tram and Trolley Bus 6.71 
Train  24.61 
Boat 0.92 
Air planes 24.12 
Buses & Coaches 43.63 

 
Table A.25: Yearly shares of public modes of transport in Spain 2015 [123,124,136] 

 

Secondly, to fourthly differentiate all the available technologies for public mobility on buses & 

coaches, the EAFO observatory has been consulted [138]. In the same way as for private 

passenger mobility, the distribution of percentages between the different categories of buses 

& coaches has been done by the number of each of the vehicle types in the whole fleet 

assuming that each of them performs the same number of kilometres over the year. In this 

way, the percentage distribution of each type of vehicle in reference to the total public mobility 

can be quickly calculated. 

 

 Share Mpkm [%] 
Diesel Bus and Coach 42.56 
Diesel PHEV Bus and Coach 0 
NG Bus and Coach  1.03 
FC Bus and Coach 0 
BEV Bus ans Coach 0.04 

 
Table A.26: Yearly shares of Buses & Coaches in Spain 2015 [138] 

 

Table A.27 shows the summary of the percentage share of each of the technologies within 

public passenger mobility in Spain in 2015. 
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 Share Mpkm [%] 
Tram and Trolley Bus 6.71 
Diesel Bus and Coach 42.56 
Diesel PHEV Bus and Coach 0 
NG Bus and Coach 1.03 
FC Bus and Coach 0 
BEV Bus and Coach 0.04 
Train 24.61 
Boat 0.92 
Air planes 24.12 

 

Table A.27: Yearly shares of public mobility technologies for the Spanish system in Spain 2015 

[123,124,136,09] 

 

In this case, passenger transport technologies using ships and aircraft have been added in 

the Spanish Energyscope model, as opposed to the model used to simulate Belgium. 
 

 

A.1.6. Other parameters 
 
 
This section details various values that have been modified to perform the model validation in 

2015 in an optimal way. In particular, the following are detailed: (i) efficiencies of some energy 

conversion technologies of electricity, heat, and transport sectors; (ii) consumption of biofuels; 

(iii) parameters of added resources; (iv) operational emission factors of different resources; 

parameters of added technologies. 

To begin with, the efficiencies that have been modified for technologies in the power generation 

sector, the heating sector and the transport sector are detailed in Table A.28. 
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Sector Technology Efficiency Source 
  [%] [Kwh/pkm or tkm]  

Electricity 
Generation 

CCGT 58   [139] 
COAL_US 36  [140] 
NUCLEAR 33  [141] 
BIOMASS 50   

Heating 

IND_BOILER_GAS 83  [118] 
IND_BOILER_WOOD 85  [118] 

IND_BOILER_OIL 82  [118] 
DEC_BOILER_GAS 82.4  [118] 

DEC_BOILER_WOOD 70  [118] 
DEC_BOILER_OIL 75  [142] 

IND_COGEN_GAS, ELEC.a 0.765  [145] 
IND_COGEN_GAS, NGa 2.743  [145] 

IND_COGEN_WASTE, ELEC.a 0.667  [145] 
IND_COGEN_WASTE, WASTEa 2.22  [145] 

Transport 
CAR_GASOLINE - 0.481 [143,144,146] 

CAR_DIESEL - 0.426 [143,144,146] 
TRUCK_DIESEL - 0.745 [144,147] 

a These values come from calculations made from the percentages of use of each fuel in CHP plants in Spain in 
2015. 

 

Table A.28: Modified efficiencies of the different conversion technologies by sector in 2015 

 

These efficiencies have been modified because, based on 2030 efficiency data, to optimally 

model the model in the year 2015, these efficiencies must be in line with that year, as the 

efficiencies are usually lower compared to 2030. 

To continue, the consumption of biofuels for the year 2015 is specified as follows: 

 

• Bioethanol consumption is set at 192 ktoe and biodiesel consumption at 788 ktoe 

according to [120]. 

 

Resource             

Kerosene 
Emision factor Conversion factor       gwp op 

[kg!"!/TJ] [kg!"!/GWh]  
 

  [kt !"!/GWh] 
71500 [148] 257400.7       0.257 

Kerosene 
Specific energy  Price Density   Cop 

[KWh/Kg] [€/l] [kg/l] [KWh/€] [€/KWh] [M€/GWh] 
11.9 [149] 0.47 [150] 0.804 [149] 20.357 0.049 0.049 
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To continue, as discussed in Section 2.1.2, different technologies and resources have been 

added to the model. Table A.29 and A.30 shows the different parameters that define these 

technologies. 
 

 
Table A.29: Parameters of the resource added in the model. 

 

Efficiencies Consum 
[l/100km] 

Conversion "[9,61KWh 
=1l gasoline]" 

nº 
passengers [KWh/100km x nº] [Kwh/pkm] 

MOTORCYCLE 4.4 [151] 9.61 [144] 1 42.28 0.422 

PLANES 3.7 [152] 10.31 [144] - 38.15 0.381 
 

Table A.30: Parameters of the technologies added in the model. 

 

The BOAT_PASS DIESEL and BOAT_PASS NG technologies have been added with the 

same parameters as the same technologies for freight, already defined earlier in the Jeroen 

and Jean Louis model [75]. Finally, in Table A.31 below, the operational !"! emission factors 

for the different resources, extracted from [99], are specified. 

 

 

  Combustion 
Resource [kg !"!-eq / Mwh fuel] 
Gasoline /Bio-gasoline 0.25 
Diesel / Bio-diesel 0.27 
Light Fuel Oil 0.28 
NG 0.2 
Waste 0.26 
Uranium 0 
Coal 0.34 
Biomass 0 
Wood 0 
Electricity 0 

 
Table A.31: GHG emissions for different resources. The emissions are given for the impact of the 

resources Combustion only. Biomass and wood are resources assumed sustainable. 
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A.2 Data in the Spanish Energyscope model in 2030 
 
 
This section of the appendix provides details: 

 

(i) the end-use data for the different sectors in 2030, used in the Spanish Energyscope model. 

 

(ii) The different parameters characterising the conversion technologies added in the Spanish 

Energyscope model, already mentioned in Section 2.1.2 of the work. 

 

(iii) For each of the scenarios developed, it is specified which data have been modified. Some 

of the modified data are e.g., among others: 

 

• Maximum and minimum capacities of electricity generation technologies. 

 

• !!"#,% and !!&',% for energy conversion technologies in the heating sector 

 

• !!"#,% and !!&',%for energy conversion technologies in the transport sector 

 
All data that do not appear in the following tables, it is assumed that the same values have 

been used as those used in the work done by Jeroen & Jean Louis for the Spanish case in 

[75]. 
 

A.2.1.  Energy Demand 
 
 
2030 
The different EUD data for the households, services, and industry sectors in the Spanish 

energy system in 2030 have been extracted directly from the work done by Jeroen and Jean 

Louis in their work in [75]. Table A.32 below summarises the different end-use values used for 

the whole analysis of the different scenarios developed with the Spanish Energyscope model 

in 2030. 
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  Units Households Services Industry Transportation 
Electricity (other) [GWh] 715 863 1581 0 
Lighting [GWh] 44561 53764 98469 0 
Heat High T [GWh] 0 0 91759 0 
Heat Low T (SH) [GWh] 93158 70520 23866 0 
Heat Low T (HW) [GWh] 23812 15808 6183 0 
Cold Process [GWh] 0 13000 15000 0 
Cold Space [GWh] 16837 41163 14000 0 
Mobility passanger [Mpkm] 0 0 0 568000a 

Mobility freight [Mtkm] 0 0 0 282000b 

a Unlike the Jeroen & Jean Louis data, this value is taken from the European Commission's Reference Scenario in 
[98]. The value is found by subtracting the total value of international aviation demand from the 2030 Gpkm value, 
which as discussed in Section A.1 is not considered in the study. 
b Unlike the Jeroen & Jean Louis data, this value has been extracted from the European Commission's Reference 
Scenario in [98]. 

 

Table A.32: End-uses demand in Spain (endUsesyear) in 2030 

 
A.2.2.  Parameters of new technologies 
 

To continue, the different parameters defining the energy conversion technologies added to 

the model are explained in detail, compared to previous work. 

In this case, the technologies added are technologies related to passenger mobility. These 

technologies are grouped into two categories: public and private. From the literature, mobility 

data cannot be passed directly into the model. Mobility data are usually given per vehicle, such 

as vehicle cost, average vehicle occupancy or maintenance cost. These data are summarised 

in Table A.33 below. 

Vehicle type 
Veh. Cost Maintenance Occupancy Av. Distance Av.speed Lifetime '()012345 

[k€2015/veh] [k€/veh/y] [pass/veh] [1000km/y] [km/h] [years] [Kg CO2-eq 
/veh] 

Motorcycle 7.5a 1b 1.05c 2.9d 40 10 326.2e 

Planes 85916f 3600g 114.6h 2550i 850j 30 - 
a the cost of a motorbike is assumed to be 7500 €, according to [153]. 
b the maintenance cost of a motorbike is assumed to be 1000 € per year, in accordance with [154]. 
c the average occupancy of a motorbike is assumed to be 1.05 passengers, according to [155]. 
d the average distance of a motorbike is assumed to be 2900 km/year, according to [156]. 
e the value is obtained from [157] 
f the cost of a plane is assumed to be 85916 k€, according to [158]. 
g the maintenance cost of a plane is assumed to be 3600 k€ per year, in accordance with [159]. 
h the average occupancy of a plane is assumed to be 114.6 passengers, according to [160]. 
I average of 3000 h/a * 850 km/h = 2550000 thousand km/year 
j the average speed of a plane is assumed to be 850 km/h, according to [161]. 
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Table A.33: Specific investment cost calculation based on vehicle investment data, in 2030. 

 

From the data in Table A.34 the specific parameters for the model are calculated. The 

investment cost (!#$6) is calculated with the vehicle cost, average occupancy, and average 

speed (Eq. A.1). The capacity factor (!*) is calculated by the ratio between the annual distance 

travelled and the average speed (Eq.A.2). The maintenance cost (!"'#$7) is calculated with 

the maintenance cost, average occupancy, and average speed (Eq. A.3). Below are the 

equations that allow the calculations of the parameters and Table A., which summarises this 

information for each technology. 

 

 

!!"#(#) = #$%!&'$	&)*+	(!)
.&&/01"&2	(!)∗1#$415$	*0$$6	(!)        ∀#	 ∈ )*+ℎ-.*/)									(01. 3. 1) 

 

!0(#) = 1#$415$	6!*+1"&$(!)
1#$415$	*0$$6	(!)∗789:	    ∀#	 ∈ )*+ℎ-.*/)									(01. 3. 2) 

 

!;1!"+(#) = ;1!"+$"1"+$	&)*+	(!)
.&&/01"&2	(!)∗1#$415$	*0$$6	(!)    ∀#	 ∈ )*+ℎ-.*/)									(01. 3. 3) 

 

 

Vehicle type 
Cinv Cmaint gwp constr Cp 

[€/pkm/h] [€/pkm/h] [Kg CO2-eq /pkm/h] [%] 
Motorcycle 178.6 23.8 326.2 0.8 
Planes 881.9 36.9 - 34.2 

 
Table A.34: Passenger mobility financial information, in 2030 (based on Table A.33) 

 

 

A.2.3.  Scenario constraints 
 
In this section, for each of the scenarios developed, it is specified which data have been 

modified. 

 

A.2.3.1. ESP30_S1 
 

This section explains and justifies how the ESP30_S1 scenario has been developed and what 

data has been introduced into the model for its performance. 
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In the case of the ESP30_S1 scenario, the model tries to represent an energy system as in 

2015 but adapted to the higher energy demand in 2030. Therefore, no changes are made to 

the &"#$ and &"'( parameters of the different conversion technologies in the case of the power 

generation sector. What is done to model this scenario is to set the &"#$,% and &"'(,%  

parameters of all technologies used in the 2015 model validation. In this way, the Spanish 

energy system in 2030 uses the same shares as in 2015 (same energy system) and adapts it 

to the new energy demand in 2030. It is worth mentioning that in this case, the efficiencies of 

all conversion technologies are those already used by Jeroen and Jean Louis in [75]. 

 

The values of &"#$,% and &"'(,%   for the heating and mobility sectors are the same as in 2015 

and can be found in Appendix A, Sections A.3, A.4 and A.5. In contrast, the values of &"#$,% 

and &"'(,% for the power generation sector can be found in Table A.35 below. 

 

Assumptions 

 Subject fmin_p  fmax_p 

  [%] 

Power 

Nuclear 23.51 
CCGT 15.39 
Coal_US 22.67 
Coal_IGGC 0 
PV 3.54 
PT_Power_Block 2.11 
ST_Power_Block 0.08 
Stirling Dish 0.001 
Wind onshore 20.66 
Hydro Dam 8.51 
Hydro River 3.54 
Wave 0.0001 

 
Table A.35: <!"#,% and <!&',%  of the different electricity generation technologies for the ESP30_S1 

scenario in 2030. 

 

A.2.3.1. ESP30_TEND 
 
 
In this section, it is specified which data have been modified for the case of the ESP30_TEND 

model in the power generation, heating, and mobility sectors. In the different tables, the 
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sources and justifications for all data and assumptions made are specified. In this case, these 

data are summarised in Tables A.36, A.37, A.38. 

 
 
 

Assumptions 

 Subject fmin_p fmax_p fmin fmax Source/Comments 

  [%] [GW]  

Power 

Nuclear     7.362 7.362 [21] 
CCGT     27.286 27.286 [21] 
Coal_US     2.165 2.165 [21] 
Coal_IGGC     0 0 [128] 
PV     4.664a 18.921 [21] 
PT_Power_Block     2.2225 2.2225 [131,132,133] 
ST_Power_Block     0.051 0.051 [131,132,133] 
Stirling Dish     0.002 0.002 [131,132,133] 
Wind onshore     23.020a 38.033 [21] 
Hydro Dam     16.261a 16.261 Same as 2015 
Hydro River     1.167a 1.167 Same as 2015 
Tidal Stream     0 0.07 [75] 
Tidal Range     0 0.07 [75] 
Wave     0.0003 0.0003 [130] 
Biogas [GWh]     10400 10400 [106] 
Geothermal     0 0   

a Same as 2015 
 
Table A.36: Modifications in the <!"# and <!&' in the power generation sector for the ESP30_TEND 

scenario in 2030. 
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Assumptions 

 Subject fmin_p  fmax_p fmin  fmax Source/Comments 

  [%] [GW]  

Heating 

Ind. Boiler Gas 0 30a     [162] 

Ind. Boiler Waste 0 20b     [162] 

Ind. Boiler Wood 10c 100     [162] 

Ind. Boiler Coal 0 9d     [162] 

Dhn HP Elec. 0 30     [108] 

Dec. Boiler Gas 0 42e     [162] 

Dec. Boiler Oil 15f 28.57f     [162] 

Dec. Boiler Wood 18.69g 100     [162] 
Dec. HP Elec. 0 30     [108] 

a from 2015 to 2030, there will be a shift from natural gas to biomass, therefore a maximum of 30 % has been set 
as a logical maximum. 
b from 2015 to 2030, there will be a shift from waste to biomass, therefore a maximum of 20 % has been set as a 
logical maximum. 
c from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at a minimum there should be the 
same share (10%) as there was in 2015. 
d from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at most there should be the same 
share (9%) as there was in 2015. 
e from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at most there should be the same 
share (42%) as there was in 2015. 
f from 2015 to 2030, there is a shift from natural gas, oil and coal to biomass, so at most there should be the same 
share (28.57%) as there was in 2015 and at least 15% has been set as a logical minimum. 
g from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at a minimum there should be the 

same share (18.69%) as there was in 2015. 

 

Table A.37: Modifications in the f!"#,% and f!&',% in the heating sector for the ESP30_TEND 

scenario in 2030. 
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Assumptions 
 Subject fmin_p  fmax_p fmin  fmax Source/Comments 
  [%] [GW]  

Mobility 

Tramway Trolley 0 30     [75] 
Bus Coach NG 1.03a 5a      
Bus Coach Fuel Cell 0.25 0.5     [165] 
Train Public 25 50     [75] 
Boat Pass. Diesel 0 1      
Boat Pass. NG 0 0,5b      
Planes 24.4 25     [163] 
Car gasoline 48.93 48.93     [109] 
Car diesel 30.68 30.68     [109] 
Motorcycle 12.07 12.07     [110] 
Car NG 3.32 3.32     [109] 
CAR_HEV 

5 5 
    

[111] 
CAR_BEV     
Boat Freight NG 0 5c      
Truck Fuel Cell 0 0.5     [164] 
Truck NG 0 4     [164] 

a as a minimum value, the same share has been set as in 2015. As a maximum value a 5 % is set. 
b as a maximum value a 0.5 % is set  
c a maximum value of 5% has been set as a logical figure, since in Spain the use of NG in the transport of goods 
by sea is not at all widespread. 
 
Table A.38: Modifications in the <!"#,% and <!&',% in the mobility sector for the ESP30_TEND scenario 

in 2030. 

 

A.2.3.1. ESP30_OBJ 
 
In this section, it is specified which data have been modified for the case of the ESP30_OBJ 

model in the power generation, heating, and mobility sectors. In the different tables, the 

sources and justifications for all data and assumptions made are specified. In this case, these 

data are summarised in Tables A.39, A.40, A.41. 
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Assumptions 

 Subject fmin_p fmax_p fmin fmax Source/Comments 

  [%] [GW]  

Power 

Nuclear     3.181 3.181 [21] 
CCGT     27.286 27.286 [21] 
Coal_US     0 0 [21] 
Coal_IGGC     0 0 [128] 
PV     4.664b 39.181 [21] 
PT_Power_Block     7.016 7.016a [21] 
ST_Power_Block     0.295 0.295a [21] 
Stirling Dish     0.0071 0.0071a [21] 
Wind onshore     23.02b 50.333 [21] 
Hydro Dam     16.261b 16.261 Same as 2015 
Hydro River     1.167b 1.167 Same as 2015 
Tidal Stream     0 0.070 [75] 
Tidal Range     0 0.070 [75] 
Wave     0.0003 0.0003 [130] 
Biogas [GWh]     10400 10400 [106] 
Geothermal     0 0   

a the PNIEC in [21] plans an increase of 5 GW compared to 2015. This increase has been assumed with the same 
weight as each of the CSP technologies in 2015. 
b same as 2015 
 
Table A.39: Modifications in the <!"# and <!&' in the power generation sector for the ESP30_OBJ 

scenario in 2030. 
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Assumptions 

 Subject fmin_p  fmax_p fmin  fmax Source/Comments 

  [%] [GW]  

Heating 

Ind. Boiler Gas 0 20a     [162] 

Ind. Boiler Waste 0 20b     [162] 

Ind. Boiler Wood 10c 100     [162] 

Ind. Boiler Coal 0 9d     [162] 

Dhn HP Elec. 0 40     [108] 

Dec. Boiler Gas 0 42e     [162] 

Dec. Boiler Oil 15f 28.57f     [162] 

Dec. Boiler Wood 18.69g 100     [162] 
Dec. HP Elec. 0 40     [108] 

a from 2015 to 2030, there will be a shift from natural gas to biomass, therefore a maximum of 20 % has been set 
as a logical maximum. 
b from 2015 to 2030, there will be a shift from waste to biomass, therefore a maximum of 20 % has been set as a 
logical maximum. 
c from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at a minimum there should be the 
same share (10%) as there was in 2015. 
d from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at most there should be the same 
share (9%) as there was in 2015. 
e from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at most there should be the same 
share (42%) as there was in 2015. 
f from 2015 to 2030, there is a shift from natural gas, oil and coal to biomass, so at most there should be the same 
share (28.57%) as there was in 2015 and at least 15% has been set as a logical minimum. 
g from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at a minimum there should be the 

same share (18,69%) as there was in 2015. 

 

Table A.40: Modifications in the f!"#,% and f!&',% in the heating sector for the ESP30_OBJ scenario 

in 2030. 
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Assumptions 
 Subject fmin_p  fmax_p fmin  fmax Source/Comments 
  [%] [GW]  

Mobility 

Tramway Trolley 0 30     [75] 
Bus Coach NG 1.03a 5a      
Bus Coach Fuel Cell 0.25 0.5     [165] 
Train Public 25 60     [75] 
Boat Pass. Diesel 0 1      
Boat Pass. NG 0 0,5b      
Planes 24.4 25     [163] 
Car gasoline 45.979d 45.979     [109] 
Car diesel 28.834d 28.834     [109] 
Motorcycle 12.07 12.07     [110] 
Car NG 3.12d 3.12     [109] 
CAR_HEV 

10 10 
    

[111] 
CAR_BEV     
Boat Freight NG 0 5c      
Truck Fuel Cell 0 0.5     [164] 
Truck NG 0 4     [164] 

a as a minimum value, the same share has been set as in 2015. As a maximum value a 5 % is set. 
b as a maximum value a 0.5 % is set  
c a maximum value of 5% has been set as a logical figure, since in Spain the use of NG in the transport of goods 
by sea is not at all widespread. 
d the different shares of fossil fuel-based vehicles have been recalculated due to the increased penetration of electric 
vehicles (10%). 
 
Table A.41: Modifications in the <!"#,% and <!&',% in the mobility sector for the ESP30_OBJ scenario in 

2030. 

 
A.2.3.1. ESP30_P1 
 
 
In this section, it is specified which data have been modified for the case of the ESP30_P1 

model in the power generation, heating, and mobility sectors. In the different tables, the 

sources and justifications for all data and assumptions made are specified. In this case, these 

data are summarised in Tables A.42, A.43, A.44. 
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Assumptions 

 Subject fmin_p fmax_p fmin fmax Source/Comments 

  [%] [GW]  

Power 

Nuclear     0 3.181 [21] 
CCGT     0 27.286 [21] 
Coal_US     0 0 [21] 
Coal_IGGC     0 0 [128] 
PV     4.664b 907.764 [75] 
PT_Power_Block     2.2225b 7.0164a [21] 
ST_Power_Block     0.051b 0.29449a [21] 
Stirling Dish     0.00225b 0.0071a [21] 
Wind onshore     23.02b 214.404 [136] 
Hydro Dam     16.261b 16.261 Same as 2015 
Hydro River     1.167b 1.167 Same as 2015 
Tidal Stream     0 0.07 [75] 
Tidal Range     0 0.07 [75] 
Wave     0.0003 0.0003 [130] 
Geothermal     0 0   

a the PNIEC in [21] plans an increase of 5 GW compared to 2015. This increase has been assumed with the same 
weight as each of the CSP technologies in 2015. 
b same as 2015 
 
Table A.42: Modifications in the <!"# and <!&' in the power generation sector for the ESP30_P1 scenario 

in 2030. 

 

In the case of the heating and transport sectors, no lower bounds are applied to any of the 

conversion technologies because the intention of the scenario is to identify which technologies 

are relevant. Therefore, imposing a certain use of any technology results in the study not 

providing the desired outcome. 
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Assumptions 

 Subject fmin_p  fmax_p fmin  fmax Source/Comments 

  [%] [GW]  

Heating 

Ind. Boiler Gas 0 80     [78] 
Ind. Boiler Waste 0 50     [78] 
Ind. Boiler Wood 0 100     [162] 
Ind. Boiler Coal 0 9a     [162] 
Dhn Deep Geo. 0 50   [78] 
Dhn HP Elec. 0 40     [108] 
Dec. Boiler Gas 0 80     [78] 
Dec. Boiler Oil 0 30     [78] 
Dec. Boiler Wood 0 100     [162] 
Dec. HP Elec. 0 40     [108] 
Dec. Solar 0 20   [78] 

a from 2015 to 2030, there is a shift from natural gas and coal to biomass, so at most there should be the same 
share (9%) as there was in 2015. 
 
Table A.43: Modifications in the <!"#,% and <!&',% in the heating sector for the ESP30_P1 scenario in 

2030. 
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In the case of the transport sector, upper bounds are only applied to conversion technologies 

that for physical and logical reasons are not able to supply the entire demand of their layer 

alone. 
 

Assumptions 
 Subject fmin_p  fmax_p fmin  fmax Source/Comments 
  [%] [GW]  

Mobility 

Tramway Trolley 0 30     [75] 
Bus Coach NG 0 100      
Bus Coach Fuel Cell 0 100      
Train Public 0 50     [75] 
Boat Pass. Diesel 

0 25a      
Boat Pass. NG      
Planes 0 100b      
Car gasoline 0 100      
Car diesel 0 100      
Motorcycle 0 100      
Car NG 0 100      
CAR_HEV 0 100      
CAR_BEV 0 100     
CAR_FUEL_CELL 0 100    
Boat Freight NG 0 100      
Truck Fuel Cell 0 100      
Truck NG 0 100      

a a constraint has been applied in the model where the sum of the technologies BOAT_PASS_DIESEL + 
BOAT_PASS_NG must have a maximum share of 25 %. This share is the same as the aviation share in the previous 
scenarios. As the passenger transport between mainland and islands can only be done with plans or boats, this 
percentage is set as a maximum. 
b it is set at 100% because the model may choose that passengers should be transported with boats rather than 
planes. 
 
Table A.44: Modifications in the <!"#,% and <!&',% in the mobility sector for the ESP30_P1 scenario in 

2030. 
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Appendix B   
 

B. 2030 Sankey Diagrams 
 

This chapter shows the Sankey diagrams of the different scenarios developed with the Spanish 

Energyscope model explained in Section 3.2. Taking advantage of the fact that the model can 

represent the different energy flows of the Spanish energy system in each scenario, Figures 

B.1, B.2, B.3, B.4 and B.5 represent the energy flows resulting from the scenarios ESP30_S1A, 

ESP30_S1, ESP30_TEND, ESP30_OBJ, and ESP30_P1 respectively. These graphical 

representations of the Spanish energy system allow to easily identify the resources supplied 

(on the left side of the diagram), the energy conversion technologies used (centre of the 

diagram) and the different end-use demands (right side of the diagram) for each modelled 

scenario. 
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Figure B.1: Energy flows in Spain in the year 2030 according to the ESP30_S1A scenario. All values are in TWh. 



APPENDIX B: 2030 SANKEY DIAGRAMS 

 

 

124 

Figure B.2: Energy flows in Spain in the year 2030 according to the ESP30_S1 scenario. All values are in TWh. 
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Figure B.3: Energy flows in Spain in the year 2030 according to the ESP30_TEND scenario. All values are in TWh. 
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Figure B.4: Energy flows in Spain in the year 2030 according to the ESP30_OBJ scenario. All values are in TWh. 
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Figure B.5: Energy flows in Spain in the year 2030 according to the ESP30_P1 scenario. All values are in TWh.



 

 
 

128 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
  

  
 

129 

Bibliography 
 
 
 
[01] Fundación Energías Renovables (FER), Escenarios, políticas y directrices para la transición energética, 

2019, URL: https://fundacionrenovables.org/wp-content/uploads/2019/06/REVISADO-Escenario-
Pol%C3%ADticas-y-Directrices-para-la-Transici%C3%B3n-Energ%C3%A9tica-PUBLICADO-EN-
WEB.pdf 

[02] European Commission, Action for the Climate: Consequences of climate change, URL: 

https://ec.europa.eu/clima/change/consequences_es#:~:text=El%20volumen%20del%20agua%20aume

nta,costeras%20y%20de%20baja%20altitud. 

[03] Food and Agriculture Organisation of the United Nations, El trabajo de la FAO sobre el Cambio 

climático, 2016, URL: http://www.fao.org/3/ca7126es/ca7126es.pdf 

[04] Internation Energy Agency (IEA). CO2 Emissions. 2018. url: https:// 

www.iea.org/geco/emissions/ 

[05] BP, Statistical Review of World energy, 2020, URL: https://ourworldindata.org/grapher/fossil-fuels-

share-energy 

[06]  Our world in data, Global CO2 emissions: Annual Co2 emissions by country, URL: 

https://ourworldindata.org/co2-emissions 

[07] European Commission, Climate Action, International action on climate change: Paris Agreement, URL: 

https://ec.europa.eu/clima/policies/international/negotiations/paris_en 

[08] European Commission (EC), 2020 climate & energy package, URL: 

https://ec.europa.eu/clima/policies/strategies/2020_en 

[09] European Commission (EC), 2030 climate & energy framework, URL: 

https://ec.europa.eu/clima/policies/strategies/2030_en 

[10] European Commission (EC), Energy Roadmap 2050,Page 9,(iii),URL: 

https://ec.europa.eu/energy/sites/ener/files/documents/roadmap2050_ia_20120430_en_0.pdf 

[11] European Commission (EC). Energy Roadmap 2050. English. 2012. doi: 10. 2833 / 10759. URL: http : 

/ / ec . europa . eu / energy / en - %20ergy2020 / roadmap/doc/roadmap2050_ia_20120430_en.pdf 

[12] European Commission (EC). EU Climate Action and the European Green Deal. URL: 

https://ec.europa.eu/clima/policies/eu-climate-action_en 

[13] M. J. Sanz, y E. Galán, Ministerio para la Transición Ecológica y el Reto Demográfico, 2021, Page 6, 

URL: https://www.miteco.gob.es/es/cambio-climatico/temas/impactos-vulnerabilidad-y-

adaptacion/impactosyriesgosccespanawebfinal_tcm30-518210.pdf 

[14]  Agnes Kelemen, Wolfgang Munch, Hugo Poelman, Zuzana Gakova, Lewis Dijkstra and Beatriz 

Torighelli, REGIONS 2020 THE CLIMATE CHANGE CHALLENGE FOR EUROPEAN REGIONS, 

2009. 

[15] Organisation for Economic Co-operation and Development. Air and climate-Air and GHG emissions, 

OECD Data, URL: https://ourworldindata.org/co2-emissions 



BIBLIOGRAPHY 

 
 

130 

[16] Internation Energy Agency, Data and Statistics, Spain, URL: https://www.iea.org/data-and-

statistics/data-browser?country=SPAIN&fuel=Energy%20supply&indicator=TPESbySource 

[17] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Estrategia de 

descarbonización a largo plazo 2050, 2020, Page 10. 

[18] Red Eléctrica Española, Informe del Sistema Eléctrico Español 2019, June 2020, URL: 

https://www.ree.es/sites/default/files/11_PUBLICACIONES/Documentos/InformesSistemaElectrico/2

019/inf_sis_elec_ree_2019_v2.pdf 

[19] Red Eléctrica Española, Informe del Sistema Eléctrico Español 2019, June 2020, EXCEL file, URL: 

https://www.ree.es/es/datos/publicaciones/informe-anual-sistema/informe-del-sistema-electrico-

espanol-2019 

[20] Red Eléctrica Española, Las energías renovables en el sistema eléctrico español 2019, URL: 

https://www.ree.es/es/datos/publicaciones/informe-de-energias-renovables/informe-2019 

[21] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, URL: https://www.miteco.gob.es/images/es/pnieccompleto_tcm30-

508410.pdf 

[22] Red Eléctrica Española, Interconexiones internacionales – Capacidad comercial, URL: 

https://www.ree.es/es/actividades/operacion-del-sistema-electrico/interconexiones-internacionales 

[23] European Commission (EC). “Gobernanza de la Unión de la Energía”, Reglamento de gobernanza, 

URL: https://eur-lex.europa.eu/legal-content/ES/TXT/?uri=celex%3A32018R1999 

[24] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Proyecto de Ley de Cambio 

Climático y Transición Energética, 2020, URL: 

https://www.miteco.gob.es/es/ministerio/proyectodeleydecambioclimaticoytransicionenergetica_tcm30

-509256.pdf 

[25] European Commission (EC), Regulation (EU) 2018/1999 of the European Parliament and of the Council 

of 11 December 2018, URL: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:32018R1999 

[26] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Estrategia de 

Descarbonización a Largo Plazo 2050, 2020, URL: 

https://www.miteco.gob.es/es/prensa/documentoelp_tcm30-516109.pdf 

[27] Red Eléctrica Española, Guía para la Transición Energética en Entidades Locales, Page 13-16, URL: 

https://www.ree.es/sites/default/files/07_SALA_PRENSA/Documentos/Guia_Transicion_Energetica.p

df 

[28] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Page 43-46, Table 2.3. 

[29] S.HILPERT et al. The Open Energy Modelling Framework (oemof) - A new approach to facilitate open 

science in energy system modelling, 2018, Pages 16-25. 

[30] QUDRAT-ULLA, HASSAN, Modelling and Simulation in Service of Energy Policy, 2015, Abstract 

[31] D. Connolly et al. \A review of energy system models". English. In: Applied 

Energy 87 (2010), pp. 1059{1082. doi: https://doi.org/10.1016/j. 

apenergy.2009.09.026.  



 

 
 
   

131 

131 

[32] Hervé Jeanmart, Gauthier Limpens, Stefano Moret, François Meretal, EnergyScope TD: A novel open-

source model for regional energy systems, Applied Energy 255, 2019. 

[33] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Pages 293-310. 

[34] Richard Loulou et al. \Documentation for the TIMES Model". English. In:Energy technology systems 

analysis programme (ETSAP) (2005). url:  http://ieaetsap.org/docs/TIMESDoc-Intro.pdf. 

[35] Richard Loulou, Gary Goldstein, and Ken Noble. \Documentation for the MARKAL Family of Models". 

English. In: Energy technology systems analysis programme (ETSAP) (2005). url: https://iea-

etsap.org/MrklDoc-I_StdMARKAL.pdf. 

[36] International Energy Agency, ETSAP (Energy Technology Systems Analysis Program), Brief 

Description. URL: https://iea-etsap.org/index.php/etsap-tools/model-generators/markal 

[37] PENY PANAGIOTAKOPOLOU, Energy Exemplar, Different types of electricity markets modelled 

using PLEXOS® Integrated Energy Model – The UK Balancing Market example, 2015, Pages 1-5 

[38] Oficina Española de Cambio Climático, Herramiente M3E: Modelización de medidas de Mitigación de 

España, 2015. URL: http://docplayer.es/110208838-Herramienta-m3e-modelizacion-de-medidas-de-

mitigacion-en-espana.html 

[39] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Pages 317-319. 

[40] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Pages 320-323. 

[41] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Estrategia de 

descarbonización a largo plazo 2050, 2020, Page 123. 

[42] Kratena, K., Streicher, G., Salotti, S., Sommer, M., Valderas Jaramillo, J.M. FIDELIO, European 

Commission, Joint Research Centre, Institute for Prospective Technological Studies, Overview and 

theoretical foundations of the second version of the Fully Interregional Dynamic Econometric Long-

term Input-Output model for the EU-27, 2017. 

[43] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Pages 324-326. 

[44] Deaton, A. and Muellbauer, J, An almost Ideal Demand System. American Economic Review,2018, 

312–326. 

[45] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Pages 327-328. 

[46] Van Dingenen, R., Dentener, F., Crippa, M., Leitao, J., Marmer, E., Rao, S., Solazzo, E., and Valentini, 

L.: TM5-FASST: a global atmospheric source–receptor model for rapid impact analysis of emission 

changes on air quality and short-lived climate pollutants, Atmos. Chem. Phys., 18, 16173–16211, 

https://doi.org/10.5194/acp-18-16173-2018, 2018. 

[47] Wouter Nijs, Ruiz Castelló, Pablo., Hidalgo González, Ignacio., Baseline scenario of the total energy 

system up to 2050, JRC-EU-TIMES model outputs for the 14 MS and the EU, 2017, Page 63 

[48] Wouter Nijs, Susana Paardekooper, Hidalgo González, Ignacio., JRC-EU-TIMES and EnergyPLAN 

comparison, Methodology report for comparing the JRC-EU-TIMES and EnergyPLAN scenarios, 2018. 



BIBLIOGRAPHY 

 
 

132 

[49] Aalborg University, Energy PLAN, Heat Roadmap Europe 4 (HRE4), URL: 

https://www.energyplan.eu/hre4/ 

[50] Aalborg University, Energy PLAN, EU Project DESIRE: Electricity Balancing for the Large Scale 

Integration of RES,  2005-2007. URL: https://www.energyplan.eu/eu-project-desire-electricity-

balancing-for-large-scale-integration-of-res-2005-2007/ 

[51] Peter, S., Doleschek, A., Lehmann, H., Mirales, J., Puig, J., Corominas, J. & Garcia, M. A Pathway to a 

100% Renewable Energy System for Catalonia. Institute of Sustainable Solutions and Innovations, 

2007,http://www.isusi.de/downloads/Solar_Catalonia_2007_en.pdf. 

[52] Kitous, A., Keramidas, K., Vandyck, T., Saveyn, B., Van Dingenen, R., Spadaro, J., Holland, M., Joint 

Research Centre, Global Energy and Climate Outlook 2017, 2017 

[53] Aalborg University, Energy PLAN, Advanced energy system analysis computer model. URL: 

http://www.energyplan.eu/ 

[54] Paardekooper, S., Lund, R. S., Mathiesen, B. V., Chang, M., Petersen, U. R., Grundahl, L., David, A., 

Dahlbæk, J., Kapetanakis, I. A., Lund, H., Bertelsen, N., Hansen, K., Drysdale, D. W., & Persson, U. 

Heat Roadmap Spain: Quantifying the Impact of Low-Carbon Heating and Cooling Roadmaps, 2018 

[55] Lehmann, H., Kruska, M., Ichiro, D., Ohbayashi, M., Takase, K., Tetsunari, I., Evans, G., Herbergs, S., 

Mallon, K., S., P. & Aßman, D. Energy Rich Japan: Full Report. Institute for Sustainable Solutions and 

Innovations, 2003, http://www.energyrichjapan.info/en/download.html. 

[56] Krook-Riekkola, Luleå University of Technology (LTU), National Energy System Modelling for 

Supporting Energy and Climate Policy Decision-making: The Case of Sweden, 2015 

[57] United States Environmental Protection Agency, EPAUS9rT - An Energy Systems Database for use 

with the TIMES Model, URL: https://www.epa.gov/air-research/epaus9rt-energy-systems-database-

use-times-model 

[58] Birgit Fais, Ilkka Keppo, Marianne Zeyringer, Will Usher, Hannah Daly, Impact of technology 

uncertainty on future low-carbon pathways in the UK, 2016, Pages 154-168 

[59] Patricia Fortes, Top-down and bottom-up modelling to support lowcarbon scenarios: climate policy 

implications, 2013, Pages 285-304 

[60] Dr. Arne Lind, Institute for energy technology (IFE), Department for Renewable Energy Systems 

(ENSYS), 2018, URL: https://www.simula.no/sites/default/files/arne_lind_times_and_times-

norway.pdf 

[61] Mathiesen, B. V., Lund, H., Hansen, K., Ridjan, I., Djørup, S. R., Nielsen, S., Sorknæs, P., Thellufsen, 

J. Z., Grundahl, L., Lund, R. S., Drysdale, D., Connolly, D., & Østergaard, P. A. (2015). IDA's Energy 

Vision 2050: A Smart Energy System strategy for 100% renewable Denmark. Department of 

Development and Planning, Aalborg University. 

[62] Boris Cosic, Goran Krajacic, Neven Duic, Faculty of Mechanical Engineering and Naval Architecture, 

University of Zagreb, Croatia, A 100% renewable energy system in the year 2050: The case of 

Macedonia, 2012 

[63] D. Connolly et al. “The first step towards a 100% renewable energy-system for Ireland”. English. In: 

Applied Energy 88 (2011), pp. 502–507, URL: 



 

 
 
   

133 

133 

https://vbn.aau.dk/ws/portalfiles/portal/237136369/Irelands_pathway_towards_a_100_renewable_ener

gy-system_The_first_step.pdf 

[64] Francesco Calise et al. Detailed Modelling of the Deep Decarbonisation Scenarios with Demand 

Response Technologies in the Heating and Cooling Sector: A Case Study for Italy., 2017, Pages 1535–

1568 

[65] Edi Assomou, Nadia Maïzi, Carbon value dynamics for France: A key driver to support mitigation 

pledges at country scale, Energy Policy 39, 2011, Pages 4325-4366. 

[66] Vaillancourt K., Exploring deep decarbonization pathways to 2050 for Canada using an optimization 

energy model framework, Energy Policy 195, 2017, Pages 774-785 

[67] Wouter Nijs, Ruiz Castelló, Pablo., Hidalgo González, Ignacio., Baseline scenario of the total energy 

system up to 2050, JRC-EU-TIMES model outputs for the 14 MS and the EU, 2017, Page 11 

[68] Gauthier Liempens, Hervé Jeanmart, François Maréchal, Belgian Energy Transition: What Are the 

Options?, 2020 

[69] G. Limpens, EnergyScope TD: A novel open-source model for regional energy systems, Applied Energy 

255, 2019 

[70] Stefano Moret, Université Catholiqué de Louvain, Energy system modeling and scenarios for the Italian 

energy transition, 2019 

[71] Jeroen DOMMISSE, Jean-Louis TYCHON, Université Catholiqué de Louvain, Modelling of Low 

Carbon Energy Systems for 26 European Countries with EnergyScopeTD, 2020 

[72] European Commission, A Roadmap for Moving to a Competitive Low Carbon Economy in 2050, 2011. 

URL:https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2011:0112:FIN:EN:PDF 

[73] Gauthier Limpens, Stefano Moret, Herve Jeanmart, and Francois Marechal. EnergyScope TD: a novel 

open-source model for regional energy systems. Supplementary Material. 

[74] Moret Stefano, “Strategic Energy Planning Under Uncertainty", EPFL Thesis N° 7961, PhD Thesis. 

2017, p. 268, URL: http://infoscience.epfl.ch/record/231814. 

[75] Dommisse. J, Tychon. J.L, Modelling of Low Carbon Energy Systems for 26 European Countries with 

EnergyScopeTD: Can European Energy Systems Reach Carbon Neutrality Independently?, 2020. 

[76] Alfonso Ippolito, Handbook of Research on Emerging Technologies for Digital Preservation and 

Information Modeling, 2016, URL: https://www.igi-global.com/dictionary/energy-model/56513 

[77] Victor Codina Gironès, Strategic energy planning for large-scale energy 

systems: A modelling framework to aid decision-making, 2015. 

[78] Marcello Borasio, Energy system modelling and scenarios for the Italian energy transition, 2018. 

[79] Limpens.G, Optimisation of energy transition pathways: application to the case of Belgium, 2021 

[80] International Energy Agency (IEA), Data, Data and Statistics, Data Browser, Spain: Energy Supply by 

source. 

[81] Red Eléctrica Española (REE), Informe del Sistema Eléctrico Español 2015, Page 28-29 URL: 

https://www.ree.es/sites/default/files/downloadable/inf_sis_elec_ree_2015.pdf 

[82] Red Eléctrica Española (REE), Informe del Sistema Eléctrico Español 2015, Page 36 URL: 

https://www.ree.es/sites/default/files/downloadable/inf_sis_elec_ree_2015.pdf 



BIBLIOGRAPHY 

 
 

134 

[83] Heat Roadmap Europe. 2015 Final Heating & Cooling Demand in Spain, URL: 

https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4-Country_presentation-Spain.pdf 

[84] Ministerio para la Transición Ecológica y el Reto Demográfico, Plan Nacional Integrado de Energía y 

Clima 2021-2030, Page 267. 

[85] Nordic Council of Ministers, Nordic Heating and Cooling, Nordic approach to EU’s Heating and 

Cooling Strategy, Page 7. URL: http://norden.diva-

portal.org/smash/get/diva2:1098961/FULLTEXT01.pdf. 

[86] Dirección General de Trñafico, Parque anuario 2015, URL: https://www.dgt.es/es/seguridad-

vial/estadisticas-e-indicadores/parque-vehiculos/tablas-estadisticas/ 

[87] International Energy Agency, Implementing Agreement Hybrid and Electric Vehicles,  The Electric 

Drive Commutes. Annual Report on 2015, 2016 URL: www.ieahev.org 

 

[88] European Alternative Fuels Observatory, Conuntry:Spain, Total Number AF Infraestructure, URL: 

https://www.eafo.eu/countries/spain/1754/summary 

[89] European Comission, Transport: EU Transport Scoreboard, Electrified railway lines 2015,  URL: 

https://ec.europa.eu/transport/facts-fundings/scoreboard/compare/energy-union-innovation/share-

electrified-railway_en#2015 

[90] European Commission (EC). EU transport in Figures. English. Statistical 

Pocketbook. 2017 

[91] European Commission, Eurostat, Energy Balances Sheets- 2015 data (2017 edition), Pages 30-31, URL: 

https://ec.europa.eu/eurostat/documents/3217494/8113778/KS-EN-17-001-EN-N.pdf/99cc20f1-cb11-

4886-80f9-43ce0ab7823c?t=1500382477000 

[92] International Energy Agency (IEA), World Energy Balances 2020 Edition: Database documentation, 

2020, URL: http://wds.iea.org/wds/pdf/WORLDBAL_Documentation.pdf 

[93] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), El Libro de la Energía  2015, 

Page 190, Cuadro 8.2, URL: https://energia.gob.es/balances/Balances/LibrosEnergia/Energia_2015.pdf 

[94] Ministerio de Fomento, Observatorio del Transporte y la Logística de España (OTLE), Informe OTLE 

2017, page 89, Tabla 26,  URL: https://observatoriotransporte.fomento.es/NR/rdonlyres/EE4D9E3E-

74A9-4C1F-A5FC-284D30BBAFFA/148831/INFORMEOTLE2017.pdf 

[95] Eurostat, Combined Heat and Power Generation (CHP) data 2005-2018, URL: 

https://ec.europa.eu/eurostat/web/energy/data 

[96] Heat Roadmap Europe, Profile of Heating and Cooling demand in 2015, Page 10, URL: 

https://heatroadmap.eu/wp-content/uploads/2018/11/HRE4_D3.1.pdf 

[97] Organisation for Economic Co-operation and Development, Statistics, URL: https://stats.oecd.org/ 

[98] European Commission (EC), EU Reference Scenario: Energy, transport and GHG emissions Trends to 

2050, 2016, URL: 

https://ec.europa.eu/energy/sites/ener/files/documents/20160713%20draft_publication_REF2016_v13.

pdf 

[99] Limpens, Gauthier, Optimisation of energy transition pathways: application to the case of Belgium, 

2021. 



 

 
 
   

135 

135 

[100] Laconde.T, Energy, Fugitive emissions: a blind spot in the fight against climate change, URL: 

https://www.climate-chance.org/wp-content/uploads/2019/03/new-fugitive-emissions-a-blind-spot-in-

the-fight-against-climate-change.pdf 

[101] Jaime Velazquex, Good Morning Europe: Spain plans to phase out coal-fired power plants by 2030, 

2020, URL: https://www.euronews.com/2020/02/04/spain-plans-to-phase-out-coal-fired-power-plants-

by-2030 

[102] International Energy Agency (IEA), Data, Data and Statistics, Data Browser, Spain: Electricity 

generation by source. 

[103] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), Plan Nacional Integrado de 

Energía y Clima 2021-2030, 2020, Page 241 URL: 

https://www.miteco.gob.es/images/es/pnieccompleto_tcm30-508410.pdf 

[104] Martin Richard, MIT Technology Review, 2016, URL: https://www.technologyreview.es/s/6066/la-

industria-sigue-mejorando-la-eficiencia-de-las-plantas-de-carbon-en-lugar-de-cerrarlas 

[105] Ramón Roca, El periódico de la energía: España inicia su adiós del carbón, 2020, URL: 

https://elperiodicodelaenergia.com/espana-inicia-su-adios-del-carbon-las-electricas-apagan-esta-

noche-ocho-centrales-termicas/ 

[106] MITECO, Transición Ecológica saca a información pública la propuesta de Hoja de Ruta del Biogás, 

2021, URL: https://www.lamoncloa.gob.es/serviciosdeprensa/notasprensa/transicion-

ecologica/Paginas/2021/150721-biogas.aspx 

[107] European Commission, Directorate General for Energy: Mapping and analyses of the current and future 

(2020 - 2030) heating/cooling fuel deployment (fossil/renewables), 2016, URL: 

https://ec.europa.eu/energy/sites/ener/files/documents/mapping-hc-final_report_wp1.pdf 

[108] European Heat Pump Association, Market data: report 2021, URL: https://www.ehpa.org/market-data/ 

[109] Cepsa, Energy Outlook 2030, Page 92, URL: 

https://www.cepsa.com/stfls/corporativo/FICHEROS/Cepsa-Energy-Outlook-2030.pdf 

[110] Economics for Energy, Estrategias para la descarbonización del transporte terrestre en España, página 

50, 2020. 

[111] Instituto de Investigación Tecnológica ITT-ICAI, Solo el 10% del parque automovilístico español serán 

coches eléctricos en 2030, 2019, URL: https://www.hibridosyelectricos.com/articulo/actualidad/espana-

contara-1-25-millones-vehiculos-electricos-2030/20190517142555027750.html 

[112] Faconauto, España quiere un parque de 8.000 vehículos de hidrógeno para 2030, 2021, URL: 

https://www.posventa.info/texto-diario/mostrar/2987471/espana-quiere-parque-8000-vehiculos-

hidrogeno-2030 

[113] Ministerio de Transportes, Movilidad y Agenda Urbana (Mitma), Ruta del transporte, 2021, URL: 

https://www.rutadeltransporte.com/multimodal/Ahora-Gobierno-trasvase-mercancias-

carretera_0_1548445187.html 

[114] Brown, Tom; Schlachtberger, David, Supplementary Data: Code, Input Data and Result Summaries: 

Synergies of sector coupling and transmission extension in a cost-optimised, highly renewable European 

energy system, 2018, https://zenodo.org/record/1146666#.YRuSxhMza3J 



BIBLIOGRAPHY 

 
 

136 

[115] European Commission, Effort sharing regulation 2021-2030:Limiting Member States’ carbon 

emissions, URL: 

https://www.europarl.europa.eu/RegData/etudes/BRIE/2016/589799/EPRS_BRI%282016%29589799

_EN.pdf 

[116] Alberto de la Torre Reyes, La prohibición del diésel en España y Europa: ciudades y fechas, URL: 

https://www.autopista.es/noticias-motor/la-prohibicion-del-diesel-en-espana-y-europa-ciudades-y-

fechas_155321_102.html 

[117] Energía y Sociedad, La internalización del coste del CO2 en el precio de la energía: Directiva europea 

de 2003 (Directiva 2003/87/CE), URL: https://www.energiaysociedad.es/manenergia/3-3-la-

internalizacion-del-coste-del-co2-en-el-precio-de-la-energia/ 

[118] Heat Roadmap Europe, Profiles and Baselines for heating and cooling energy demands in 2015 for EU28 

countries, Spain2015. 

[119] Entso-e, Historical Data, Consumption: Hourly load values 2006-2015, URL: 

https://www.entsoe.eu/data/data-portal/ 

[120] European Commission, Eurostat, Energy Balances Sheets- 2015 data (2017 edition), Pages 30-31, URL: 

https://ec.europa.eu/eurostat/documents/3217494/8113778/KS-EN-17-001-EN-N.pdf/99cc20f1-cb11-

4886-80f9-43ce0ab7823c?t=1500382477000 

[121] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), El Libro de la Energía  2016, 

Page 183, Figure 8.36, URL: https://energia.gob.es/balances/Balances/LibrosEnergia/energia-espana-

2016.pdf  

[122] Associazione Nazionale Produttori Illuminazione (ASSIL), Illuminazione Intelligente Negli Edifici non 

Residenziali, Edizione giugno 2015, URL: 

https://issuu.com/associazioneilluminazione/docs/illuminazione-intelligente-edifici- 

[123] Ministerio de Fomento, Observatorio del Transporte y la Logística de España (OTLE), Informe OTLE 

2016, URL: https://observatoriotransporte.mitma.es/recursos_otle/informeotle20161.pdf 

[124] Ministerio de Fomento, El Informe Anual sobre los Transportes y las Infraestructuras -2015, URL: 

https://apps.fomento.gob.es/CVP/handlers/pdfhandler.ashx?idpub=BTW031 

[125] Observatorio de Sostenibilidad, Evolución de las emisiones de Gases de Efecto Invernadero en España 

(1990-2019), 2019, URL: 

https://www.observatoriosostenibilidad.com/documents/EVOLUCI%C3%93N%20EMISIONES%20G

EI%20ESPA%C3%91A%20%281990-2019%29%20v03.pdf 

[126] European Environment Agency, Data and Maps, EEA Greenhouse gas – data viewer, Spain 2015, URL: 

https://www.eea.europa.eu/data-and-maps/data/data-viewers/greenhouse-gases-viewer 

[127] Red Eléctrica Española (REE), Informe del Sistema Eléctrico Español 2015, URL: 

https://www.ree.es/sites/default/files/downloadable/inf_sis_elec_ree_2015.pdf 

[128] Jeffrey Phillips, The History of Integrated Gasification Combined-Cycle Power Plants, 

URL:https://www.researchgate.net/publication/318085088_The_History_of_Integrated_Gasification_

Combined-Cycle_Power_Plants 

[129] Entso-e, Power Statistics: Monthly Domestic Values 2015-2019, URL: 

https://www.entsoe.eu/data/power-stats/ 



 

 
 
   

137 

137 

[130] Diario Renovables, nalizamos los datos de la Central Undimotriz de Mutriku, 2017, URL: 

https://www.diariorenovables.com/2017/12/central-undimotriz-de-mutriku-analisis-datos-produccion-

problemas.html 

[131] Protermo SOLAR, Proyectos termosolares en España, URL: https://www.protermosolar.com/proyectos-

termosolares/mapa-de-proyectos-en-espana-4/ 

[132] Hugo Joca López, DISEÑO DE UNA PLANTA TERMOSOLAR DE RECEPTOR CENTRAL CON 

SALES FUNDIDAS COMO FLUIDO DE TRABAJO Y SISTEMA DE ALMACENAMIENTO, 2012, 

URL: https://core.ac.uk/download/pdf/30046627.pdf 

[133] Tecpa, Las plantas termosolares en España 2021, URL: https://www.tecpa.es/planta-termosolar-mas-

grande/ 

[134] Ministerio para la Transición Ecológica y el Reto Demográfico (MITECO), El Libro de la Energía  2016,  

URL: https://energia.gob.es/balances/Balances/LibrosEnergia/energia-espana-2016.pdf 

[135] Heat Roadmap Europe, Profiles and Baselines for heating and cooling energy demands in 2015 for EU28 

countries, Sheet Aggregation Analysis, Spain2015. 

[136] European Commission (EC). EU transport in Figures. English. Statistical 

Pocketbook. 2017 

[137] European Alternative Fuels Observatory, Country: Spain, Percentage of AF passenger cars in the total 

fleet incl. ICE, URL: https://www.eafo.eu/vehicles-and-fleet/m1# 

[138] European Alternative Fuels Observatory, Country: Spain, Busses, AF Fleet 2015, URL: 

https://www.eafo.eu/vehicles-and-fleet/m2-m3 

[139] Naturgy, Compromiso con el Cambio Climático, URL: 

https://www.naturgy.es/es/conocenos/compromiso+y+sostenibilidad/cambio+climatico/energias+respo

nsables/1297101993224/ciclos+combinados.html#:~:text=El%20rendimiento%20en%20las%20central

es,ventajas%20tanto%20medioambientales%20como%20econ%C3%B3micas. 

[140] Red Eléctrica de España, Emisiones de CO2 asociadas a la generación de electricidad en España, Page 

6-9, URL: https://ceoe-tenerife.com/wp-

content/uploads/2020/05/2020_05_21_REE_Metodolog%C3%ADa_emisiones_CO2_generaci%C3%

B3n_electricidad_Espa%C3%B1a.pdf 

[141] World Nuclear Association, Nuclear Power reactors, URL: https://www.world-nuclear.org/information-

library/nuclear-fuel-cycle/nuclear-power-reactors/nuclear-power-reactors.aspx 

[142] European Commision, A technical analysis of FTT:Heat - A simulation model for technological change 

in the residential heating sector, URL: 

https://ec.europa.eu/energy/sites/ener/files/documents/technical_analysis_residential_heat.pdf 

[143] Ruta 401, Comparativa del consumo de un coche eléctrico con uno gasolina o diésel, URL: 

https://blog.reparacion-vehiculos.es/comparativa-consumo-coche-electrico-gasolina-diesel 

[144] Fuel Conversions, URL: https://travelifestaybetter.com/wp-content/uploads/2019/02/17-ES-Fuel-

Conversion-to-kWh-and-CO2e.pdf 

[145] Eurostat, Combined Heat and Power Generation (CHP) data 2005-2018, URL: 

https://ec.europa.eu/eurostat/web/energy/data 



BIBLIOGRAPHY 

 
 

138 

[146] BlaBla Car, Zero Empty Seats, URL: https://drive.google.com/file/d/1exHoqlVa3NROt8B92Rulv-

BtXbcZaebp/view 

[147] Jingjing Tian*, Dongbo Yang, Hongwei Zhang, Li Liu , Classification Method of Energy Efficiency and 

CO2 Emission Intensity of Commercial Trucks in China’s Road Transport , 2016, URL: 

https://core.ac.uk/download/pdf/82119828.pdf 

[148] MITECO, HUELLA DE CARBONO DEL MINISTERIO DE AGRICULTURA, ALIMENTACIÓN Y 

MEDIO AMBIENTE, URL:  https://www.miteco.gob.es/es/cambio-

climatico/publicaciones/documentos-de-interes/huella_carbono_2012_tcm30-178331.pdf 

[149] Combustible turbina de aviación, URL: 

https://es.wikipedia.org/wiki/Combustible_de_turbina_de_aviaci%C3%B3n#Jet_A 

[150] TMA, ¿Qué combustible utilizan los aviones y cuánto gastan?, 2019, URL:  

https://www.tmas.es/blog/curiosidades-de-los-aviones/que-combustible-utilizan-los-aviones-y-cuanto-

gastan/ 

[151] Asociación Nacional de Motoristas, Análisis comparativo de consumos, URL: 

https://www.mutuamotera.org/gn/web/noticia_desarrollada.php?cod=5415&seccion=171 

[152] EASA, European Aviation Environmental Report, Page 26, 2019, URL: 

https://www.easa.europa.eu/eaer/system/files/usr_uploaded/219473_EASA_EAER_2019_WEB_LOW

-RES.pdf 

[153] Budget Direct, Cost of owning a motorcycle, 2018, URL: https://www.budgetdirect.com.au/motorcycle-

insurance/guides/cost-of-owning-a-

motorcycle.html#:~:text=The%20motorcycle&text=Motorcycle%20prices%20will%20vary%2C%20a

nd,at%20a%20much%20lower%20price. 

[154] Jordan Stokes, The True Cost of Motorcycle Ownership: It’s More Than Just the Bike, 2018, URL: 

https://gorollick.com/articles/consumer/the-true-cost-of-motorcycle-ownership-its-more-than-just-the-

bike/ 

[155] Ecomovilidad, ¿Es la moto un medio de transporte sostenible?, 2015, URL: 

https://ecomovilidad.net/madrid/moto-movilidad-

sostenible/#:~:text=Capacidad%3A%20La%20moto%20es%20un,coche%20es%20de%201%2C2. 

[156] Dirección General de Tráfico (DGT), Análisis sobre los kilómetros anotados en las ITV, 2017, URL: 

https://ecomovilidad.net/madrid/moto-movilidad-

sostenible/#:~:text=Capacidad%3A%20La%20moto%20es%20un,coche%20es%20de%201%2C2. 

[157] Josiah Berkeley, Emissions from Driving, URL:  

http://josiah.berkeley.edu/MiniProjects/MotorcyclePollution.html 

[158] The Motley Fool, Here Are the Average Prices for Boeing's 5 Major Commercial Airplanes,  

URL: https://www.fool.com/investing/2017/07/10/here-are-the-average-prices-for-boeings-5-major-

co.aspx 

[159] Actualidad Aerospacial, Cómo mejorar la eficiencia en el mantenimiento de los aviones y reducir su 

coste, 2021, URL: https://actualidadaeroespacial.com/como-mejorar-la-eficiencia-en-el-

mantenimiento-de-los-aviones-y-reducir-su-coste/ 



 

 
 
   

139 

139 

[160] AENA, Informe de gestión consolidado, 2017, URL: 

http://www.aena.es/csee/ccurl/666/408/Definitivo_2017.pdf 

[161] Turismo online, ¿A qué velocidad viajan los aviones de pasajeros?, 2018, URL: 

http://turismoonline.mx/ver-nota.php?id=51 

[162] Frédéric Simon, Academic: Oil and gas boilers should be banned across Europe by 2030, URL: 

https://www.euractiv.com/section/energy-environment/interview/academic-oil-and-gas-boilers-should-

be-banned-across-europe-by-2030/ 

[163] European Environment Agency, Trends and outlooks in transport demand for the different modes of 

transport, EU-25, 1990-2030, 2018, URL:  https://www.eea.europa.eu/data-and-maps/figures/trends-

and-outlooks-in-transport 

[164] ACEA, New trucks in the EU by fuel type, 2021, URL:  https://www.acea.auto/figure/trucks-eu-fuel-

type/ 

[165] Argus, Spain increases 2030 target for H2 vehicles, 2021, URL:  

https://www.argusmedia.com/en/news/2212340-spain-increases-2030-target-for-h2-

vehicles#:~:text=The%20country%20is%20now%20targeting,powered%20by%20hydrogen%20fuel%

20cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



UNIVERSITÉ CATHOLIQUE DE LOUVAIN 
École polytechnique de Louvain
Rue Archimède, 1 bte L6.11.01, 1348 Louvain-la-Neuve, Belgique | www.uclouvain.be/epl

  
  

  
 

 


