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SUMMARY 

The evolution toward a higher use of renewable energies in the generation of electricity as a means 
of reducing the air pollutants and greenhouse gasses emitted to the atmosphere is the main 
objective in the current planning of the energy-mix development for most countries. To achieve this 
goal, the European Union has approved different directives and policies for both the short and long-
term future, which aim to limit these emissions. The main objective of this research is to explore 
different alternatives in which the Spanish energy-mix can increase its share of renewable energies in 
the future in order to fulfil these environmental objectives and how it will affect the reliability and 
the costs of the electric system. The different scenarios designed have been analysed using 
PowerPlan, a computer model which simulates the electricity demand and production of a defined 
electric system and calculates different parameters, such as costs, reliability and emissions. This 
allows to compare the different results obtained with different scenarios to know which strategy is 
more convenient. To do so, a represenation of the current electric system has been designed using 
actual data from 2014. Subsequently, this represenation has been simulated with PowerPlan in order 
to calibrate it. After the calibration, the possible future development of the energy-mix have been 
simulated, considering a certain growth of electricity demand based on different forecasted values. 
As a simplification, the demand pattern of electricity has been considered to be constant throughout 
the simulation, which spans until 2050. The results obtained are used not only to ensure that the 
environmental objectives are fulfilled but also to find out which scenario implies a higher reliability 
and lower costs of operation. The research focuses only in the Peninsula, without taking into account 
the other regions of Spain as well as the international exchanges. 

The short-term objectives are set by the European Directives 2009/28/CE and 2010/75/EU, which 
focus mainly on the reduction of air pollutants and greenhouse gas emissions, respectively. The 
results obtained show that coal power must be reduced in order to fulfil the objectives. The plan 
designed limits the operative hours of coal plants until 2020. From then on, most of the coal plants 
are decommissioned, which results in a decrease of capacity down to 35 % of its current value. Plants 
that continue operating are obliged to invest in air pollutant reduction mechanism. 

The long-term objectives are set by two European policies: the 2030 climate & energy framework 
and the 2050 low-carbon economy. The first policy sets a 40 % cut in greenhouse gas emissions 
(compared to 1990 levels) by 2030. The results obtained show that the best strategy is to combine 
wind and solar power. This scenario fulfils the environmental objectives and assures the reliability of 
the supply, while reducing the surpluses produced. As a counterpart, the costs of electricity 
generation are higher. Additionally, it has been found that nuclear power should continue operating 
in order to fulfil the environmental objectives of this period. The second policy sets an 80-95 % cut in 
greenhouse gas emissions (compared to 1990 levels) by 2050. The main problem during this period is 
the high surpluses produced by a higher share of renewable energy in the energy-mix. The results 
obtained show that the best strategy is to combine pumped hydro with power-to-gas storage. The 
rest of non-renewable plants have been decommissioned by 2050, despite combined cycle plants, 
which operate in peak-load power. Some of them are equipped with carbon capture mechanisms 
that supply CO2 to power-to-gas plants, which produce the synthetic natural gas used in these 
combined cycle plants, resulting in a carbon neutral production of electricity. 

The optimal scenarios designed are the better option chosen among a few different scenarios 
designed, but they do not represent the ultimate optimal scenario that should be developed. The 
actual results that can be extracted from this research are the conclusion obtained in the design and 
simulation of scenarios, more than the exact values, given the assumptions and simplifications 
considered. 
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1. INTRODUCTION 

1.1 Background and current situation 

In the last decades, a higher concern for the air pollution caused by the emission of harmful 
substances to the atmosphere has arisen within the society of many nations. In the EU (European 
Union), efforts at mitigating this issue have been made by means of different environmental 
legislations, which aim to limit these emissions. The first European environmental legislation was 
approved in 1979, in Geneva. At the same time, it was proven that thermal power plants had a great 
impact on the total value of contamination emitted to the atmosphere (Montes, 2016). From then 
on, the different countries within the EU have been limiting the emission of air pollutants produced 
by the different thermal power plants, reducing the maximum values allowed with each new 
legislation. At the same time, a higher use of renewable energy (RE) in the EU has been promoted 
since the 1970 oil crises. In 1997, at the Convention on Climate Change in Kyoto, the EU targeted a 
reduction of greenhouse emissions by means of a series of energy actions, which included a higher 
share of RE production (REN21, 2014). This combination of legislation has allowed the EU to move 
toward a less contaminating energy production. 

The most recent European legislation approved regarding RE use is the Directive 2009/28/CE, signed 
on April 2009. This directive sets a 20 % share of RE in the final energy consumption and a 20 % cut in 
greenhouse gas emissions (compared to 1990 levels) to be achieved by 2020. To accomplish these 
values, each European country has designed its own Renewable Energy Plan (REP), taking into 
account its resources and the characteristics of its energy system. One of the aspects covered by the 
plan is the total amount of electricity to be produced by renewable sources. 

As for the air pollutant contamination, the most recent European legislation approved is the Directive 
2010/75/EU, which limits the SO2, NOx and particles emissions produced by thermal power plants 
using fossil. It entered into force in 2016. 

Apart from European legislations, globally, efforts at combating the climate change are being made 
through the Paris Agreement, which has been ratified by 168 parties so far (United Nations, 2017). It 
came into effect on 4 November 2016, and intends, among other measures, to lower the greenhouse 
gas emissions to the atmosphere. 

Spain, as a European country, must fulfil the aforementioned European legislations, as well as the 
Paris Agreement. Regarding Directive 2009/28/CE, the Spanish REP was designed for the period 
2011-2020 (MINETUR, 2010). The electricity generation coming from RE in 2020 is fixed in 33.75 % of 
the total production. In 2016, 40 % of the total electricity production came from RE, already higher 
than the minimum share set by the PER (Red Eléctrica de España, 2016a). Regarding Directive 
2010/75/EU, efforts have been made this last decade to fulfil the objectives. In 2015, thermal power 
plants accounted for 17,7 % of SO2 emissions and for 11% of NOx emissions, which is a huge 
reduction compared to the emissions of 2007, which accounted for 48.9 % of SO2 emissions and for 
15.1 % of NOx emissions (MMA, 2015a). These reductions were accomplished by installing 
desulfurization systems in the plants and taking denitrification measures (Montes, 2016). 
Nonetheless, the values achieved are still above the limiting values, due to the operation of coal 
plants, which cause most of the contamination. Currently, none of them fulfils the limiting values 
imposed by the Directive 2010/75/EU (Montes, 2016). The Spanish Ministry of Energy has turned to 
the article 32 of the Directive, which offers a National Transitional Plan (NTP) (MMA, 2015b) for 
thermal power plants that do not fulfil the limiting values in order to have more time to install the 
necessary improvements to cut the air pollutant emissions without having to shut down in 2016, 
when the Directive came into effect. The NTP sets a ceiling for the air pollutant emissions that each 
plant can emit, which diminishes each year. Each plant must fulfil the limiting values by either 
reducing its operative hours (OH) or by investing in all the improvements needed to cut the air 
pollutant emissions, which have to be installed in 2020 at the latest. Otherwise, it is mandatory that 
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the plant shut down. In Spain, 97 % of the existing coal plants have turned to the NTP, agreeing to 
reduce their OH in order to continue operating. Some of the plants have started carrying out the 
environmental impact study necessary to install the improvements (Montes, 2016). Another 
mechanism for a plant to continue working is the limited life-time derogation (LLD), as explained in 
the article 33 of the Directive. It is applied to thermal power plants when it is definitive that there will 
not be any investments in limiting the contaminating emissions. In this case, the plant can continue 
operating until 2023 but it is limited to a total of 17,500 OH from 2016 until 2023. In Spain, only one 
coal plant has chosen this option (Montes, 2016). 

Regarding nuclear power, there is also a concern from society toward its use. In comparison to 
conventional thermal plants, they do not emit pollutants to the atmosphere, but the inner dangers of 
its operation and the difficulty of managing the nuclear residues, along with the environmental issues 
that this cause, makes this technology appalling to some people. In Spain, the reluctance toward 
nuclear power is rather high (Pérez-Díaz and Rodríguez, 2007). Furthermore, there exist problems 
with the nuclear waste management. The government promoted a temporary centralised storage 
facility (in Spanish Almacén Temporal Centralizado, ATC) to be constructed in Villar de Cañas 
(Cuenca) but the project has been paralysed since 2015 due to geological, environmental and 
political reasons. This delay has forced the nuclear plants to build their own temporary storage 
facility near the plant. This solution is sufficient if all the nuclear plants close at the end of their 
lifespan (40 years), but if the government intends to continue their operation, the ATC must be 
constructed so that the additional radioactive waste can be stored (Vilaseró, 2017). 

1.2 Energy plans and future objectives 

The evolution of the energy mix until 2020 is already planned by the REP. As it has been mentioned 
previously, 33.75 % of the total production must come from RE in 2020 in order to fulfil the 
objectives set by the Directive 2009/28/C. Therefore, the plans designed for this period must reach 
this value of RE production. Regarding the NTP, an average value of limited OH has been calculated 
for all the coal plants, using historical average values of the last ten years. Nonetheless, it is not 
stated which plants should keep operative and which plants should be decommissioned. Therefore, 
an alternative plan can be designed, in which the OH of each plant is calculated, instead of using and 
average value. The plan can also decide which coal plants will continue operating. 

Regarding the evolution of the energy-mix after 2020, there are not any national plans designed yet. 
Therefore, more different alternatives of the energy-mix evolution during this period can be analysed 
and compared. Nonetheless, there are two European policies that set some environmental objectives 
for the long-term future: the 2030 climate & energy framework and the 2050 low-carbon economy. 
The former sets a 40 % cut in greenhouse gas emissions (from 1990 levels), while the latter sets an 
80-95 % cut. In this period, the options for the design of future energy scenarios are wider. The main 
objective is the reduction of the CO2 emissions while the energy mix evolves toward a higher supply 
from renewable sources. Additionally, during this period, Spain must deal with the problem caused 
by the delay of the ATC and the expiring operative licences of the nuclear plants. 

1.3 Research questions 

The main aim that this research pursues is the design of both a short-term energy plan that fulfils the 
current European legislations and a long-term energy plan that results in a higher energy supply 
coming from renewable sources, which ultimately must accomplish the EU future policies regarding 
the reduction of CO2 emissions. The design of the possible future scenarios to be analysed must 
answer the following questions: 
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- What strategies can be adopted to fulfil the European directives which are in accordance 

with the REP and the NTP and how does the fulfilling of the environmental objective for 2030 

and 2050 affect the reliability and the costs of the system? 

- Should the coal plants make investments in order to cut down the air pollutant and 

greenhouse emissions or should they be shut down by 2020? 

- Should the ATC be built to increase the nuclear plants’ lifespan 20 more years or is it more 

optimal to keep the individual storage of nuclear waste and shut the nuclear plants down at 

the end of their operation license? 

- Is it possible for Spain to have an energy-mix without coal and nuclear plants, along with a 

higher RE supply, without having any shortage-related problems? If not, which solutions can 

be applied so as not to be dependent on these plants? 

- Within the RE mix, is it better to focus in one type of RE or is it more optimal to diversify? 

- What is the potential for Pumped Hydro Storage (PHS) and how much should it be increased? 

How can it help in an energy-mix with a higher supply coming from RE? Can Spain focus only 

in PHS or should other storage alternatives be considered? 

1.4 Research methods and boundaries 

A model of the current electric system is designed using the program PowerPlan. The model consists 
of the different power plants that compose the electric system. Each existing plant is defined, with its 
capacity, lifespan and pollutant emissions, among other specifications. The electricity demand and 
production of future years are simulated, allowing for the exploration of ‘what if’ scenario and for 
the modelling of long-term electricity supply planning. Using the merit-order approach, which can be 
based on marginal costs or defined by the user, fuel inputs are calculated for each type of power 
plant, along with the levelized cost of electricity (LCOE), the pollutant emissions and the reliability of 
the electric system, among other outputs (van Meerwijk et al., 2016) (Benders, 1996). 

The data needed to define the model has been obtained from diverse sources. The parameters that 
define the Spanish electric system, such as the electricity demand and the production, have been 
obtained from official reports published by the electricity grid operator. Some of the parameters that 
define the power plants, such as its capacity and electricity generation, have been obtained from the 
electricity grid operator too, while others, such as the air pollutant emissions of fuel-based power 
plants, have been obtained from official reports published by the power plant operator companies. 
Official reports published by the Spanish Ministry of Industry have also been consulted to obtain 
values such as fuel imports. Additionally, different papers, articles and journal reports, which explain 
in detail the diverse characteristics of the Spanish electric system, along with international energy 
reports published by agencies, such as the International Energy Agency, have been used to obtained 
the rest of the data needed. 

The first part of the simulation (2014-2020) is guided by the REP and the NTP. The year 2014 has 
been chosen as the base year, which allows to calibrate the model using actual data. The results 
obtained with the different decisions taken during these years must be in accordance to the already 
projected results given by the REP 2011-2020. It also must fulfil the limiting values for air pollutant 
emission, as stated in the NTP. 

The second part of the simulation (2021-2050) allows to plan different future scenarios to achieve 
the long-term energy objectives of the EU. In this case, these new scenarios will be compared with 
each other and with other existing researches that have analysed future energy plans. The future 
scenarios may consider technological factors, such as the penetration of electric cars in the national 
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car fleet or the development of new electricity generation technologies, but some simplifications are 
done given that its analysis is out of the scope of this research. 

The simulation of the electricity system spans until 2050. As a simplification, the demand pattern of 
the base year will be used throughout the simulation, taking only into account the growth of the 
electricity demand. 

Regarding the variability of RE throughout the years, an average of their historical capacity factor or a 
pattern supply is used. These values remain constant throughout the years. 

The research focuses only in the peninsula electric system. The Canary Islands, Ceuta and Melilla 
have their own power plants. Regarding the Balearic Islands, there exists a connexion with the 
peninsula that allows the supply of power but, in order to simplify the model, the Balearic Island 
electric system is considered to be isolated. The international exchanges have not been considered 
either, since the purpose of this research is to find energy mixes that ensure the stability of the 
electricity generation by its own. Considering international exchanges would make the system even 
more reliable, given that it can import electricity when the demand is too high, and it can also export 
the electricity surpluses when the production is too high. 
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2. ENERGY MIX: PRESENT AND FUTURE

Before discussing the model used for the simulations and the scenarios considered, the historical 
development of the energy mix that has led to the present situation must be studied. Not only is this 
necessary for designing scenarios which correspond to the specific factors of the country, such as 
energy legislation or society’s point of view toward the different energy sources, but also for fully 
understanding the outcome of the simulations. Thus, in the following sections, the current energy 
mix situation is presented, along with the evolution of the different energy resources that take part 
in the energy mix, along with its potential in the long-term future. 

2.1 Current situation 

Spain has a highly diversified energy mix. It relies on 10 different energy resources for electricity 
production: nuclear, wind, coal, hydro, combined heat power (CHP), combined cycle (CC), 
photovoltaic (PV), concentrated solar power (CSP), biomass and municipal solid waste (MSW). Of 
these, 6 are renewable. Table 2-1 shows the power installed and the electricity production of 2014 in 
the peninsular system for each type of plant. The data has been obtained mainly from (Red Eléctrica 
de España, 2014) expect for CHP (IDAE, 2014) and both biomass and MSW (MINETUR, 2014). 

Table 2-1. Balance of power installed and electricity production in 2014 

Power plant Power installed (MW) Production (GWh) Production 

Nuclear 7,399 57,376 21.92 % 
Wind 22,845 50,630 19.34 % 
Coal 10,608 44,064 16.84 % 
Hydro* 19,896 42,927 16.40 % 
CHP 5,929 27,257 10.41 % 
CC 24,184 22,060 8.43 % 
PV 4,871 7,794 2.98 % 
CSP 2,305 4,959 1.89 % 
Biomass 677 3,651 1.39 % 
MSW 242 1,020 0.39 % 
TOTAL 98,956 261,738 

*includes also PHS

The total installed power is 98,954.9 MW but the simultaneous maximum demand (SMD) in 2014 
was 38,948 MW (Red Eléctrica de España, 2014), which equals to a reserve factor (RF) of 2.54. This 
high value is due to a bad energy planning and an excessive promotion of CC cycle plants and RE, 
such as wind and photovoltaic, which has been conducted by the different governments during the 
last decades (González Navarro, 2013). During this period, the electricity demand was forecasted to 
increase but the global crisis caused a reduction of the final value and many plants have been 
inoperative ever since then, especially the CC plants. Therefore, Spain faces a current situation in 
which the excessive installed power, along with the diversification of its energy mix, allows for 
different future strategies to fulfil the European and global objectives, both in the short and long 
term. 

2.2 Power plants 

The different types of power plants are analysed, from its development to its current status. The 
definition of each plant, along with some of its parameters, is presented when its values are required 
to be known. A more detailed definition of all the power plants which compose the model is shown in 
Appendix A.1. 
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2.2.1 Nuclear 

Nuclear is currently the main electricity producer. Its use began during the dictatorship of Franco. 
The economic self-sufficiency pursued by the dictator and the isolationism of the country led to the 
promotion of nuclear energy as a supply of energy (Aliende Urtasun et al., 2017). The construction of 
nuclear plants spanned from 1968, when the first nuclear plant was built, to 1988. During these 20 
years, 10 nuclear plants were built. 

With the arrival of democracy, in the late 1980s, some of the new elected local governments took a 
stance against nuclear energy and several demonstrations against its use took place (Aliende Urtasun 
et al., 2017). On November 1983, a nuclear moratorium was decreed, which halted the activation of 
all the new plants under construction and forbid the design of new ones. The existing plants would 
continue operating until the end of its lifespan. 

Currently, there are 7 nuclear plants working. Their operating period is not fixed. The Nuclear Safety 
Council (Consejo de Seguridad Nuclear), along with the Ministry of Industry, issues the operating 
licenses of each nuclear plant, which have to be renewed when they expired if the plant wants to 
keep operating (Foro Nuclear, 2016). Table 2-2 shows the currently operative nuclear plants and the 
year the operating license of each plant expires. With the nuclear moratorium still active, it is not 
expected to build any new nuclear plants in the short/medium-term. 

Table 2-2. Operative nuclear plants 

Nuclear plant Power (MW) Year in operation Expiration of operating license 

Almaraz I 1,049 1983 2020 
Almaraz II 1,045 1984 2020 
Ascó I 1,033 1984 2021 
Ascó II 1,027 1986 2021 
Cofrentes 1,092 1985 2021 
Trillo 1,066 1988 2024 
Vandellós II 1,087 1988 2020 

 

In case none of the operation license were to be renewed, nuclear power would cease to operate in 
2024. As it has been stated, these renovations depend on the construction of the ATC, which has to 
allow for the storage of the surplus nuclear waste in case the plants continue operating. Should the 
ATC not be built, an alternative to nuclear power must be planned in order to replace the 7,398.7 
MW base-load capacity of the nuclear plants. 

2.2.2 Coal 

Coal is the first fossil fuel-based electricity producer and one of the oldest technologies used in the 
generation of electricity. Coal plants have been supplied with both national and exported coal, 
although in the last decades the balance has tipped towards the latter. In 2013, the consumption of 
imported coal accounted for 70 % of the total consumption (OCE, 2016). Coal prices in Europe have 
been falling through the years, making the native coal less competitive, despite the state subsidies 
that receives. 

National hard coal has a low calorific value and its extraction costs are rather high, except for 
anthracite mined in the region of Castilla y León, where the coal has a high calorific value with an 
economical extraction (Eurocoal, n.d.). Subbituminous hard coal in the region of Aragón has a high 
Sulphur content, which obliges the plants that make use of this coal to install desulphurization 
mechanisms. Regarding the imported coal, the main suppliers are Colombia, Indonesia and Russia, 
which in 2015 accounted for 73 % of imported coal (OCE, 2016). 
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The European Council Decision 2010/787/EU states that all uncompetitive coal mines be closed 
before 31st of December 2018 to be eligible for receiving European aid. In 2014, coal plants 
accounted for 70 % of CO2 emissions, even though they only produced 16.5% of the total electricity 
consumption (OCE, 2016). These values show the importance of planning the decommissioning and 
substitution of coal plants if environmental objectives must be fulfilled. 

Currently, there are 24 operative coal plants in the Peninsula, with a total installed power of 10 607.5 
MW. Of these, 23 have turned to the NTP and only one has turned to the LLD. For the fulfilling of the 
NTP, the plants must invest in the installation of mechanism that allow for the reduction of SO2 and 
NOx emissions. Currently, 18 plants have invested in SO2 reduction, which add up to 7,040.5 MW 
(68.7 % of the total installed power of coal plants turned to the NTP). Regarding NOx reduction, none 
of the coal plants has made any investments yet. Of all the plants that have turned to the NTP, only 7 
plants have started completing the environmental declarations required before doing the 
investments for NOx reduction or for both SO2 and NOx reduction (Montes, 2016). These plants add 
up to 3,561 MW, which account for 34.8 % of the total installed power of coal plants turned to the 
NTP. 

Table 2-3 shows the operative coal plants in the Peninsula, indicating if investments in air-pollutant 
emission reduction have been made and if the licensing for new investments has been fulfilled. 

Table 2-3. Operative coal plants 

Coal plant Power (MW) Year in operation SO2 reduction NOx reduction Licensing 

Aboño I 360 1974 No No No 
Aboño II 543 1985 Yes No Yes 
Anllares 365 1982 No No No (LLD) 
Compostilla II-III 148 1966 No No No 
Compostilla III 337 1972 Yes No No 
Compostilla IV 359 1981 Yes No No 
Compostilla V 356 1985 Yes No No 
Elcogas 335 1996 No No No 
Guardo I 155 1964 Yes No No 
Guardo II 361 1984 Yes No No 
La Robla I 270 1971 No No No 
La Robla II 350 1984 Yes No No 
Lada IV 350 1981 Yes No Yes 
Litoral Almería I 577 1981 Yes No Yes 
Litoral Almería II 582 1997 Yes No Yes 
Los Barrios 567.5 1985 Yes No Yes 
Meirama 580.5 1980 No No Yes 
Narcea II 154 1969 No No No 
Narcea III 350 1984 Yes No No 
Puente Nuevo 324 1966 Yes No No 
As Pontes I 369 1976 Yes No No 
As Pontes II 366 1976 Yes No No 
As Pontes III 366 1976 Yes No No 
As Pontes IV 367 1976 Yes No No 
Soto de Ribera II 254 1967 No No No 
Soto de Riebra III 361 1984 Yes No Yes 
Teruel 1,101 1981 No No No 
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2.2.3 Natural gas 

Natural gas is the second most used fossil fuel for electricity generation. It is used in all the CC plants 
and auxiliary systems in coal plants, and it accounted for 84.8 % of the fuel in CHP in 2013 (MINETUR, 
2014). National production of natural gas is practically inexistent, and it must be obtained through 
imports, which are divided into 11 different countries, making the sector very flexible and reliable. 
Algeria is the main supplier, accounting for 55 % of the total imports in 2014, followed by Norway 
(12.24 %), Qatar (9.13 %) and Niger (8.48 %). The 14.97 % left is supplied by the rest of the other 
countries (MINETUR, 2017). 

CC plants were mostly installed between 2002 and 2011, reaching a value of 48 plants installed (their 
parameters are shown in Appendix A.1). This strategy was in accordance with the energy demand of 
that period, which was increasing each year. In 2008, before the crisis period started, its generation 
was 91,000 GWh. In 2013, just amid the worse crisis period in Spain, the generation was just 25,000 
GWh, which represents a 72 % drop (El Periódico de la Energía, 2014). This has caused that the CC 
plants work only at an average 10 % of its installed power. A few of them work as base load, but the 
majority is used as a peak-load plant, working few hours through the year or, in some cases, zero 
hours. This has prompted an increase in its cost of production. Their future is uncertain, and the 
debate poses the questions over shutting down the most unproductive plants or hibernate them and 
wait for an increase in the electricity demand. 

Regarding CHP plants, its operation started in 1986 (Plantas de Cogeneración, 2008). From then on, 
the number of CHP plants quickly increased until 2002, when the number of new plants installed 
each year decreased, reaching a value 696 plants in 2014 (IDAE, 2014). Figure 2-1 shows the 
evolution of the cumulative capacity installed since 1990, divided into two different sectors: industry 
and tertiary/domestic. 

Figure 2-1. Evolution of cumulative CHP capacity installed divided by sectors (IDAE, 2014) 

The heat produced is mainly used in industry processes, such as agricultural, food, tobacco, paper, 
refineries and other industrial branches. These accounted for 89 % of the heat consumption in 2014 
and their production represents a 20 % of the industrial gross domestic product (GDP) (Eseficiencia, 
2016). The main technologies used are CC, internal engine and gas turbine with heat recovery, which 
combined produced 96.3 % of the total electricity production in 2014 (IDAE, 2014).  

The potential calculated that can be installed is about 25 GW (BCG, 2010). Despite this potential, 
Spain has come to a halt in its development, growing below the European average in the last years. 
The Spanish CHP Association (ACOGEN) has stated that, with the current energy legislation, the 
participation in the electricity market is too competitive and it forces the plants to reduce the 
number of OH. It also remarks that the operative costs have increased and that, in order to promote 
investments in the sector, the government must propose a new energy normative to promote the 
competitiveness of both the already operative and the new plants (Eseficiencia, 2016).  



15 

2.2.4 Wind 

Wind power is the first electricity producer that uses renewable resources. The firsts installations of 
wind farms and individual wind mills started in the 1990s. Since the 2000s, wind power saw how its 
capacity quickly increased (Figure 2-2) thanks to a price regulation system promoted by the 
government, which allowed wind power operators to choose between a feed-in tariff or a 
guaranteed production bonus (RES LEGAL Europe, 2017). During 2012 and 2013, this price regulation 
and the different incentives given for the installation and production of electricity using RE were 
modified with the approval of diverse Royal Decree-Laws, in order to balance the deficit in the 
electric sector, which had suffered a huge increase in the last decade (Red Eléctrica de España, 
2016b). This led to a huge retroactive reduction in the feed-in tariffs and the incetives paid to RE and 
it is the main reason why the wind power installed has come to a standstill these last years (Planelles, 
2017). Spain has changed from being one of the top 4 countries in the world in terms of wind power 
installed to being one of the most restricitve in the sector (AEE, 2015). 

Figure 2-2. Evolution of cumulative wind capacity installed in the Peninsula (Red Eléctrica de España, 
2016c) 

The available wind potential estimated in the country, considering an average annual velocity of 6 
m/s and a windmill height of 80 meters, is approximately 332 GW (IDAE, 2011a). This value has been 
calculated keeping in mind different assumptions, such as technical restrictions or environmental 
limitations. Figure 2-3 shows how the available potential changes with a variation of the average 
annual wind velocity. The distribution of wind speed and power density for the Peninsula used in the 
calculation can be found in Appendix A.2. 

With the last energetic auctions conducted during 2016 and 2017, the sector has seen the 
reappearance of RE in the production of electricity, mainly the wind power sector, after being halted 
all these years. Of the 3 auctions conducted these years, the wind sector obtained 700 MW in the 
first one and almost 3,000 MW in the second one and 400 MW in the third one (EFE, 2017; Patiño 
and De Las Heras, 2017). 
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Figure 2-3. Available wind potential for different wind velocities (IDAE, 2011a) 

2.2.5 Solar 

Solar energy has the highest electricity generation potential in Spain, given the huge amount of solar 
irradiance that it receives throughout the year. The average global irradiation on its horizontal 
surface is around 1640 kWh/m2, which can be converted into several terawatts of electricity, putting 
the country at the head of Europe in solar energy production (Girard et al., 2016). A more detailed 
distribution of the solar irradiation in the Peninsula can be consulted in Appendix A.3. Even though 
this high potential, Spain is in the fifth position of solar installed capacity in the EU and in the 
fourteenth position of installed capacity per capita (EurObserv’ER, 2016). 

Plotting the evolution of the PV capacity through the last decades (Figure 2-4), it is revealed how its 
growth has not been continuous, such as the installation of wind power (Figure 2-2). Instead, it 
occurred within a few years. The installed capacity in 2006 was 119 MW and within only two years it 
was increased to 3,205 MW. Such as wind power, this was prompted by the feed-in tariffs that the 
government offered at that time, but it also came to a halt in 2013, with the subsequent paralysation 
of new PV capacity installed. The sector recovered itself in 2017, when PV won almost 4,000 MW of 
power capacity in the last auction after having lost the previous ones (Noceda, 2017). 

PV power is different from other RE sources when it comes to decentralisation of production. 
Approximately, 70 % of its power is connected to the grid at voltages below 1 kV, which are the same 
values most of the consumers are connected to (Álvarez Pelegry and Castro Legarza, 2013). 
Therefore, its generation comes mainly from decentralised solar panels installed on the roofs of 
houses, factories or commercial buildings, with the rest being produced at solar parks. 

Regarding CSP plants, Spain currently is taking the lead in capacity installed, accounting for 99.7 % of 
the total capacity installed in the UE (EurObserv’ER, 2014). The firsts plants were installed in 2009 
and up to 50 plants were built in the next years. The last ones were commissioned in 2013. The 
modification of the electric sector has also had a negative impact on the construction of new CSP 
plants, making the investment not profitable. Currently, there is no prevision of building new plants 
in the middle-term future (Pascual, 2014). 

Some of the CSP plants count on storage systems that allows them to keep producing electricity even 
after the sundown. 22 of the 50 plants have storage systems with time capacities between 0.5 and 9 
hours (Protermosolar, 2015). 
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Figure 2-4. Evolution of cumulative PV capacity installed in the Peninsula (Red Eléctrica de España, 
2016c) 

2.2.6 Hydroelectricity 

Along with coal plants, hydroelectrical plants are one of the oldest technologies used in the 
generation of electricity. The Spanish topography, characterised by having an uneven terrain, makes 
its development optimal and allows for the construction of many hydroelectrical plants scattered all 
over the country. In most cases, rivers are canalised from heights above 2,000 m all the way down to 
the coastal plains (Espejo Marín and García Marín, 2010). 

The annual hydroelectric production is very variable. If it has been a rainy year, the production can 
exceed the 40,000 GWh but, in years of drought, the production falls below 25,000 GWh (Espejo 
Marín and García Marín, 2010). 

The different plants can be divided into three groups: large hydro, small hydro and PHS. The firsts 
two refer to all the reservoir systems which have one or several turbines, being the main difference 
that the latter englobes small hydropower plants with a capacity less than 50 MW and its 
management is performed by and independent agent (Red Eléctrica de España, 2014). PHS refers to 
those plants which also have a pump installed, which allows them for pumping water to the upper 
reservoir as a means of energy storage. 

The use of PHS plants reduces costs in the electricity network (Mendívil Ruas, 2013). On the one 
hand, they use the energy produced by must-run plants at night, when the cost and demand of 
electricity are lower, pumping up water and releasing it later when the demand and price of 
electricity are higher, thus reducing the overall cost of electricity production. On the other hand, they 
are useful to help obtaining a high integration of renewable sources such as wind and solar power. 
Given that their production is very intermittent and hard to predict, it is necessary to have an energy-
storage facility to absorb the surplus of energy when the production is too high and to release it 
when the production is too low. There are two types of PHS plants: pure, when there is no inflow 
going into the upper reservoir, and mixed, when there is water from rivers or other reservoirs 
flowing into the upper reservoir. The total capacity is roughly equally divided into both categories, 
with a total of 19 plants (Mendívil Ruas, 2013). Table 2-4 shows the power and the storage capacity 
of each plant. 

The high potential of hydropower has already been developed throughout the 20th century. The last 
evaluation of the hydraulic resources was made in 1980, but its results have become outdated, given 
that new factors, such as more restrictive environmental policies or the effects of the climate change, 
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have reduced the realizable potential (IDAE, 2011b). Optimal scenarios estimate the remaining 
potential in some more than 1 GW, without considering the pumped storage potential. Therefore, 
the future development of hydroelectrical power is focused on the potential of PHS plants, adding 
pumping capacities to the existing plants or building new ones (Wilhelmi Ayza, 2013). Currently, the 
storage capacity of all the plants adds up to approximately 839.2 GWh. Spain has the largest PHS 
potential in the EU, with a maximum theoretical potential of 17,596 GWh and a maximum realisable 
potential of 9,363 GWh. These potentials have been calculated considering that an existing lake or 
reservoir is transformed to PHS by detecting a suitable site for a second reservoir. The second 
reservoir could be on a flat or non-sloping area, by digging or building shallow dams, on a depression 
or in a valley, and with a maximum distance of 20 km. The realisable potential is calculated applying 
constraints to the theoretical potential, such as discounting potential sites close to a centre of 
population, protected natural areas or transport infrastructure (Gimeno-Gutiérrez and Lacal-
Arántegui, 2013). New PHS plants are being built or under planning, which account for 3,300 MW of 
new PHS capacity. Its operation is expected to start in 2020 (Mendívil Ruas, 2013). 

Table 2-4. PHS power installed and maximum capacity 

PHS plant Type Power (MW) Max. capacity (GWh) 

La Muela Pure 628 31 
Sallente Pure 446 6.3 
Tajo de la Encantada Pure 360 3.3 
Aguayo Pure 338 8.9 
Moralets Pure 210 37 
Guillena Pure 210 23.2 
Bolarque Pure 208 22.7 
IP Pure 84 13.5 
Villarino Mixed 810 127.6 
Aldeadávila II Mixed 422 42.9 
Conso Mixed 228 9.3 
Soutelo Mixed 206 9.3 
Tanes Mixed 133 9.1 
Torrejón Mixed 130 28 
Gabriel y Galán Mixed 110 181 
Montamara Mixed 88 1 
Puente Bibey Mixed 71 1 
Guijo Mixed 53 234 
Pintado Mixed 14 50.1 
TOTAL  4,749 839.2 

2.2.7 Thermal renewable 

Thermal renewable power refers to all the thermal plants which use biofuels. In Spain, these plants 
are fed with two types of biofuel: biomass and MSW. 

The technologies used with biomass as a fuel are two: conventional thermal power and CHP, with an 
electricity generation of 52 % and 48 %, respectively (Acogen, 2017). The capacity installed has grown 
during the last decade, although the production achieved is less than what was forecasted, given the 
low exploitation of the biomass resources (IDAE, 2007a). Future development is more focused on the 
CHP sector using biomass. 

In Spain, biomass comes mainly from four resources: forest waste, agriculture waste, industrial waste 
and energetic crops (Espejo Marín, 2005). Forest waste management is rather complex and currently 
it does not have a regular supply, being crop residues and industrial waste the main biomass 
suppliers. Therefore, the supply of biomass is closely linked to the harvesting of the corps and, thus, 
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there is a high variability in its prices and in its supply throughout the year. Regarding energy corps, 
there is no much development nowadays, but it is expected to develop them in the future to 
guarantee a more regular biomass supply (IDAE, 2007a). Figure 2-5 shows the share of electricity 
production of the different types of biomass fuel. 

Given the high amount of biomass available in Spain, there is a great potential for the production of 
electricity in this sector. The potential annual production of non-industrial biomass is valued in 
88,677 tonnes (t) (IDAE, 2011b). Making use of this huge potential and assuring a constant supply of 
biomass a total capacity of 8,000 MW could be installed (Europa Press, 2017). In 2016, the biomass 
sector won 200 MW of the new capacity auctioned (EFE, 2017). 

Regarding the MSW sector, the fuel used in this case is all the municipal solid waste that cannot be 
reused or recycled. The UE has been promoting a reduction in the amount of residues that are 
deposited in the landfills, which make the conversion of MSW to energy an appealing option 
(Fenercom, 2010). Currently, there are 8 MSW incinerator plants in the Peninsula. The share of 
residues being thrown at landfills is still high (58 %) compared to the share of residues incinerated 
(9 %) and recycled (15 %) (AEVERSU, 2015). The annual generation available depends on the amount 
and type of residues recollected, which makes that the total generation of electricity varies through 
the years. The potential capacity available calculated is about 1,600 MW (IDAE, 2011b). 

 

Figure 2-5. Types of biomass used in electricity generation in 2010 (Acogen, 2017) 
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3. MODEL DEFINITION

3.1 Data values 

In order to simulate the future electric power system with PowerPlan, it is necessary to define a 
reference year. This year will be the starting point of all the scenarios and, thus, a good calibration is 
of high importance if one wants to obtain reliable results. For this research, the year 2014 has been 
selected as a reference year, given that there is plenty of information about the electric system 
published. 

The data needed by PowerPlan can be divided into three categories (Benders, 1996): 

- Strong data: CO2 emission factors, technical specifications of the existing power plants, and 
the annual electricity demand defined on an hourly basis. This data is based on facts which 
cannot be altered. 

- Weak data: future developments such as fuel prices, growth of electricity demand and 
specifications of future power plants. This data is based on assumptions made by the user 
and, therefore, there is room for variations. 

- Decisions variables: these are made during the simulation and englobe all the decision that 
the user can make, such as new capacity installed, reduction of pollutant emissions from a 
certain plant, etc. 

In the following sections, the main data necessary to define the model is discussed and the results 
obtained with the model are compared to the actual values. 

3.1.1 Electricity demand 

The annual total electricity demand is simulated using an average hourly basis pattern. This pattern is 
built using the hourly demand pattern of three different days of a week: an average workday, a 
Saturday and a Sunday. To take into account seasonal effects, the base and the peak load of 4 
different days are defined, each of one corresponding to one of the four different seasons. These 
values are input in PowerPlan as a percentage of the SMD. In total, 8 different hourly demand 
patterns are defined. The electricity demand pattern for each hour of the year is built using the 
corresponding hourly demand pattern along with the SMD determined for the year simulated. This 
way, the 8,760 hours of the year are defined, and the total annual electricity demand can be 
calculated. Appendix A.4 shows an average daily production of electricity for each type of power 
plant. The order displayed does not represent the merit order. 

Accordingly, the hourly basis pattern has been built using the values of the 3rd week of January 
(Figure 3-1), which have been extracted from the real-time demand tracking of the Spanish electric 
system (Red Eléctrica de España, n.d.). The days chosen to introduce a seasonal effect are the 3rd of 
April, the 26th of June, the 3rd of October and the 16th of January. 
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Figure 3-1. Electricity power demand on different days 

To determine the increase of electricity demand through the years, the percent growth of the SMD 
must be defined for each year. In the year 2014, the SMD was 38,948 MW (Red Eléctrica de España, 
2014). For future scenarios, there are different forecasted values for the SMD growth in Spain. 
(Store, n.d.) considers an annual increase of 2.4 % until 2020 and 1.7 % for the 2020-2030 period, 
(Rodríguez de Lucio et al., 2010) expects an average annual growth of 2.3-2.8 % until 2030 and 
(Deloitte, 2016) a 1-2.4 % growth. Taking these forecasted values into account, the annual growth 
consider has been divided into two periods: 

- 2014-2020: the SMD values for the years 2014, 2015 and 2016 are known (Red Eléctrica de 
España, 2016a, 2015, 2014). For the rest of the years, an increase of 0.5 % in the SMD growth 
has been defined up until 2020, when then the SMD growth equals 2.5 %. 

- 2020-2050: The annual growth considered is 2.5 %, constant through the whole period. 

The annual growth takes into account the increase of population and GDP but also the augmenting 
penetration of electric cars in the car fleet and the higher utilisation of the electric transport for 
heavy goods. At the same time, the reduction of electricity demand due to a better implementation 
of energy efficiency measures and electricity demand management is considered as well. 

The penetration of the electric car and a better electricity demand management should have an 
impact in the electricity demand pattern, but given that the definition of a new pattern demand is 
complex and the data available is scarce, the simulations are simplified, and the electricity demand 
pattern remains the same throughout the future scenarios. 

3.1.2 Merit order and generation patterns 

The merit order can be based on marginal costs or manually defined. For this simulation, the latter 
option has been chosen. The order has been defined according to the operation of the Spanish 
electricity system (Table 3-1). 
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Table 3-1. Current merit order followed by the different types of power plants 

Power plant merit order 

PHS 
Hydro small 
Hydro large 
Wind 
PV centralised 
PV decentralised 
CSP 
Nuclear 
CHP 
Biomass 
MSW 
Coal 
CC 

Apart from the merit order, the must-run fraction of each type of power plant must also be defined. 
Its value defines the percentage of capacity under which a plant cannot be shut down or, in other 
words, the minimum amount of electricity that the plant will always produce. This fraction of 
electricity is generated despite the merit order and it can lead to surpluses in the electricity system. 
On the other hand, RE production depends on the available source, which is not constant through 
the year and sometimes not even through the day. Therefore, its merit order is dependent on its 
availability, which must be defined for every hour of the year. The values considered for each of the 
technologies are the following: 

- Coal: some of the plants work at almost full capacity throughout the year, while the rest can 
work at 50 % or even at 30 % of their capacity (Red Eléctrica de España, 2014). 

- Combine cycle: few plants operate at almost full capacity, while the majority are idle through 
the year (must-run fraction equals zero), serving as peak-load plants (El Periódico de la 
Energía, 2014). 

- Nuclear: all the plants operate at full capacity as base-load plants throughout the year (Red 
Eléctrica de España, 2014). 

- Wind: its production depends on the available wind. An hourly basis pattern has been 
defined using an estimated average annual capacity factor based on current installed 
capacities for the reference year (Staffell and Pfenninger, 2016). 

- PV: its production depends on the available total sun radiation. The total PV installed 
capacity has been divided equally into three regions: northern, central and southern region. 
Thus, the difference in the incident radiation values between the northern regions (less 
radiation) and the southern radiation (more radiation) is considered. To determine the 
different patterns, an average radiation of diverse locations within each region has been 
calculated on a fixed plane tilted 30º, which has been calculated to be an optimal angle for 
southern oriented PV modules (Girard et al., 2016). The values used are from 2006, which is 
last data available (SoDa, n.d.). 

- CSP: its production depends on the available direct sun radiation. The pattern has been 
defined using the same source as the PV pattern (SoDa, n.d.), but with the direct radiation 
incident on a two-dimensional sun tracking, instead. Regarding the locations used, an 
average of the direct radiation has been calculated choosing regions near the CSP plants 
(Appendix A.5). 
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- Hydropower: its production is very flexible (must-run fraction equals zero). However, it 
depends on the amount of water flowing into the reservoir, coming from rain or melting. 
Therefore, its availability is highly dependent on the annual precipitations and, thus, it has a 
high variability from year to year. For the calibration, the monthly producible energy of the 
reference year has been used (Red Eléctrica de España, 2014), with which the Pardee 
coefficients have been calculated . For the rest of the simulations, an average monthly 
production has been calculated using the historical average production. Regarding PHS 
plants, they are located first in the merit order. That means that its main use is storing power 
during the night and releasing it the next morning when the demand increases. In order to 
simplify the model, the inflow of the mixed PHS has been set to zero, given that the total 
inflow has been taken into account in the hydropower production. This means that the 
capacity of the mixed PHS will be higher, since the only inflow received by the upper 
reservoir will be the water pumped from the lower reservoir, and thus, this aspect must be 
taken into account when analysing the results. 

- CHP: its production of electricity depends on the demand of heat. In this case, the heat is 
mainly use for the industry, which requires a constant supply. Therefore, the must-run factor 
equals 1. However, they do not always operate at full capacity. The quantity of heat required 
will fluctuate through the year, given the high number of factories which use heat supplied 
by CHP plants, each with its own heat demand pattern. Given the complexity of acquiring the 
heat demand pattern for each factory, the fraction of capacity at which the CHP plants 
operate has been considered to remain constant throughout the year for the sake of 
simplification. The values have been set at 75, 40 and 75 % for CC, engine and turbine CHP 
plants, respectively, according to the total electricity generated by each technology in 2014 
(IDAE, 2014). 

- Thermal renewable: its production is set to must-run operation, but they depend on the 
availability of fuel. For the biomass plants, the seasonality of the corps and the pruning has 
been considered when adjusting the capacity available. The agricultural waste supply has 
been set following the harvesting season of some of the main corps used as biomass (Table 
3-2). The forest waste supply is set in accordance to the pruning season, which occurs in the 
summer and in the winter. Regarding the energy corps and the industry waste, its supply has 
been considered throughout the year, along with the biomass imported from abroad. Taking 
all these data into account, the capacity has been set to a 50 % for spring, a 70 % for 
summer, a 70 % for autumn and an 80 % for winter. Regarding the MSW, its supply depends 
on the quantity of residues generated during the year and the proportion that are 
incinerated, which varies from year to year. A constant capacity of 60 % has been considered 
for the whole year. 

Table 3-2. Harvesting season of some of the corps used as biomass fuel 

Corp Harvesting 

Olive October-February 
Almond September-October 
Nut September-November 
Grape September-October 
Wheat July-August 
Corn September-December 

3.1.3 Fuel values 

The correct input of the different fuels used by the thermal power plants is of high importance, given 
that its proprieties not only determine the amount of power that the power plant can produce, but 
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also has a direct impact on the environmental and economic aspect. The main properties to be 
defined are: composition, price and CO2 emissions. 

The composition of the fuel used determines its heating value and the emission of SO2 that will be 
produced during the combustion. Table 3-3 shows, for each fuel used, its origin, the share of 
consumption that represents and its properties. 

Table 3-3. Properties of the different fuels used in the generation of electricity 

Fuel Origin Fraction Heat rate Sulphur 

Coal 
Colombia 40 % 27 MJ/kg 0.58 % 
Indonesia 40 % 23 MJ/kg 0.56 % 
Spain 20 % 18 MJ/kg 2.5 % 

Natural gas 
Algeria 33 % 42 MJ/m3 0 % 
Other countries 67 % 38 MJ/m3 0 % 

Enriched Uranium - 100 % 1350 MJ/kg 0 % 
Biomass - 100 % 10.94 MJ/kg 0.06 % 
MSW Spain 100 % 11.2 MJ/kg 0.1 % 

 

The different fuel prices have been adjusted following diverse studies in which the long-term 
evolution of the fuel prices is calculated. For the period 2014-2017, actual data has been used. 

Coal price from the period 2014-2017 has been calculated as an annual average value of the monthly 
prices, using the Colombian coal as reference (IndexMundi, n.d.). Future prices have been set using 
the long-term forecasted prices of Australian coal, which span up to 2030 (World Bank, 2017). The 
exchange rate used for the conversion from dollars to euros is 0.75 (IEA, 2015). From then on, a 1 % 
annual increased has been considered for the following years. 

Natural gas prices from 2014 until 2030 have been obtained from the base scenario calculated by 
(IDAE, 2011c) which has been constructed following the oil price growth. The prices are shown in 
2010 nominal euros. An inflation of 8 % between 2010 and 2014 has been considered to represent 
the values in 2014 nominal euros (Triami Media, 2017). From 2030 to 2050, a 1.5 % annual increased 
has been considered for the following years. 

Fuel cost for nuclear plants is split into two parts according to its life-cycle: a first part comprised by 
all the different processes carried out to obtain the fuel (mining, conversion, enrichment and fuel 
fabrication) and a second part englobing the different options to perform once the used fuel is 
unloaded, which can be either direct disposal or recycling (IEA, 2015). The cost due to the 
manufacturing of the fuel can be calculated from the total fuel costs per energy produced, which in 
2014 was 4.68 €/MWhe for the nuclear plants owned by Endesa (Rico, 2014), and the annual average 
burn-up of definitively discharged irradiated fuel elements, which in 2014 was 49.9 GWd/tHM 
(Eurostat, 2017). The value obtained is calculated using the following equation: 

49.9
𝐺𝑊𝑑

𝑡𝐻𝑀
·

24 ℎ

1 𝑑
·

1,000 𝑀𝑊ℎ

1 𝐺𝑊ℎ
·

0.36 𝑀𝑊ℎ𝑒

1 𝑀𝑊ℎ
·

𝑡𝐻𝑀

1,000 𝑘𝑔𝐻𝑀
·

4.68 €

𝑀𝑊ℎ𝑒
= 2,017.72

€

𝑘𝑔𝐻𝑀
 

The annual growth of fuel costs has been set according to the forecasted evolution of uranium prices 
(Kryzia and Gawlik, 2016), which states that its value will be stable until the year 2030. In the 
following years, the annual price increases as follows: 1,32 % between 2030 and 2035, 2.27 % 
between 2035 and 2040, 1,85 % between 2040 and 2045 and 2.03 % between 2045 and 2050. On the 
other hand, the cost due to the second part of the fuel life-cycle in 2014 was 7.04 €/MWh, for the 
nuclear plants owned by Endesa (Rico, 2014). This cost has been computed along with the cost of the 
fuel in PowerPlan. 

Biomass prices are very variable. Its final value depends on factors such as the quantity supplied, the 
transport distance and the enhancement treatments. A standard 20 MW biomass plant using olive 
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waste as a fuel has been chosen as a representative model (Vides-Prado, 2017). The price of the olive 
waste considered is 60 €/t. Comparing with other sources of biomass, forest waste coming from 
pruning season has a price ranging from 25 to 102 €/t, depending on the treatments applied 
(Cañadas Molina, 2014), while industrial waste is estimated to have an average price of 40 €/t 
without any treatment (Martínez Núñez, 2012). Therefore, an average fuel price of 60 €/t is a reliable 
value to represent the costs of obtaining the biomass fuel. The annual growth of the biomass price 
forecasted is 4 % until 2020 and 1 % for the period 2020-2030 (PricewaterhouseCoopers, 2017). For 
the period 2030-2050, it has been considered that the price increase remains at an annual 1 %. 

Regarding the emissions of CO2 coming from the combustion of the fuels, the emission factors have 
been calculated dividing the total CO2 emissions associated to the burning of each fuel (Red Eléctrica 
de España, 2017) by the total electricity generated using that fuel (Red Eléctrica de España, 2014). 
Table 3-4 shows the different CO2 emission factors. Biomass is considered to have a zero-emission 
factor, given that the CO2 stored in the biomass and released with its combustion comes from the 
CO2 captured from the atmosphere and, therefore, it forms a closed loop in which no additional CO2 
is emitted to the atmosphere. 

Table 3-4. CO2 emission factors of the different fuels used 

Fuel CO2 emissions 
(kt) 

Electricity 
(GWh) 

Efficiency CO2 emission factor 
(kg/GJ) 

Coal 39,076 44,064 37 % 91.1 
Natural gas (CC) 7,894.6 22,060 52 % 51.7 
Natural gas (CHP) 9,470.3 27,257 67 % 64.7 
MSW 802.1 1,020 17 % 37.1 

 

The CO2 emission factor of natural gas must be input in PowerPlan as a single value. The value 
obtained using the CO2 emission, electricity generation and efficiency of both CC and CHP is 58.04 
kg/GJ. 

3.1.4 Power plant operations 

For each type of technology, it is necessary to define some parameters in order to define the 
operation of the power plant through its lifespan (Table 3-5). 

One of the parameters needed is the life-time of each power plant, which is necessary to determine 
both economic and technical aspects. For the former, the economic life-time is defined, which, along 
with the interest rate, determines the annuity factor. For the latter, the technical life-time is defined, 
which determines when a plant is decommissioned. The values stated by the Spanish Industry 
Ministry have been used as economic life-time values (Pimec, 2014). Regarding the technical life-time 
for non-renewable and hydro plants, the values have been determined according to the expected 
lifespan, according to the already decommissioned plants. For renewable plants, its actual technical 
life-time is still uncertain. Their economic life-time values have been used as technical life-time 
values, making the future simulation more conservative. 

Another important parameter are the capital costs, which determine the investment needed for the 
construction of a power plant in relation with its capacity, and the operation and maintenance 
(O&M) costs. The values have been calculated using the projected cost for European power plants 
(IEA, 2015). For coal, nuclear, CC and PHS, their values have been calculated as an average of the 
other European countries, given that the value for Spain has not been calculated in the report. For 
CHP using CC, the value used is the same as the CC plants. Regarding biomass, the costs for an 
engine-based plant has been calculated according to (Vides-Prado, 2017), while the costs for a CHP-
based plant are the same values used in CHP with a turbine. The heat credit takes into account the 
economic benefits of selling the heat produced. 
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The efficiency of the thermal plants is necessary to determine the quantity of fuel needed to produce 
the electricity that the plant will produce each year. The decision of the values used has been taken 
considering the average operating heat rate for each conventional thermal plant (EIA, 2015). For the 
biomass and MSW plants, the values used are based on the efficiency calculated for actual plants 
(Bueno, 2011; Martínez Núñez, 2012; Vides-Prado, 2017). The efficiency of the different technologies 
used in CHP plants has been calculated according to the electricity produced and the consumption of 
fuel imputed to electricity generation (IDAE, 2014). 

Lastly, the availability of each power plant englobes both the planned and the unplanned outage. The 
values have been obtained from (Red Eléctrica de España, 2014), except for wind (Martín 
Mayordomo, 2015), PV (Recarte Allué, 2012) CSP (Guillamón Lopez, 2012), MSW (Tersa, 2016) and 
biomass (IDAE, 2007b). CC+CCM and P2G values have been extracted from (Belderbos et al., 2015) . 
Its operation is explained in section 4.3.2. 

Table 3-5. Operational parameters of the different power plants 

Power Plant EL 
(years) 

TL 
(years) 

Capital 
costs 
(€/kW) 

O&M 
costs 
(€/kWh) 

Heat credit 
(€/kWh) 

Efficiency Availability 

Hydro large 50 80 923.25 0 -  99.67 % 
Hydro small 25 50 1,283.25 0.0288 -  99.67 % 
PHS 50 80 1,000 0.0091 -  99.67 % 
Wind 20 20 1,248 0.0209 -  97 % 
PV 
centralized 

30 30 945.75 0.0343 -  92.5 % 

PV 
decentralized 

30 30 1,479 0.0267 -  92.5 % 

CSP 25 25 6,222.75 0.0656 -  95 % 
MSW 25 25 6,697.50 0.0933 - 17 % 90 % 
Biomass 
conventional 

25 25 2,389 0.0170 - 25 % 95 % 

Biomass CHP 25 25 1,156.50 0.0236 0.0619 30 % 95 % 
Nuclear 40 60 4,000 0.0199 - 36 % 88.30 % 
CHP CC 25 25 790.39 0.0450 0.0309 68 % 92 % 
CHP engine 25 25 6,774.75 0.0272 0.0383 61 % 92 % 
CHP turbine 25 25 1,156.50 0.0236 0.0619 72 % 92 % 
Coal 30 50 1,884.96 0.0068 - 37 % 89 % 
CC 30 35 790.90 0.0045 - 52 % 92 % 
CC+CCM 20 20 1,900.0 0.00759 - 50 % 92 % 
P2G 20 20 1,500.0 0.00342 - 30 % 99 % 

3.2 Model calibration 

The results obtained simulating the model with PowerPlan in the year 2014 have been compared to 
the actual data from the reference year in order to check and calibrate the data input. Given the 
complexity and variability of energy production in the future years, the calibration must be seen as a 
tool to obtain a representative model and, therefore, the pursue of an exact simulation has no 
practical interest. For this reason, a maximum error up to 10 % has been considered as acceptable 
value for the validation. 
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3.2.1 Electricity production 

Table 3-6 shows the electricity output simulated and the real production (Red Eléctrica de España, 
2014). All the absolute percent errors are below 10 %. Therefore, the electricity production of the 
model is validated. The total energy produced by the model only differs a 0.31 % of the actual value, 
but the SMD has had to be reduced from 38,948 MW to 38,400 MW. Otherwise, the electricity 
production obtained was too high. This difference is caused due to the average demand pattern 
calculated, which is not exactly as the actual demand pattern for 2014. 

Table 3-6. Values obtained with the model and the actual data of the reference year 

Power Plant Capacity 
(MW) 

Model 
(GWh) 

Real (GWh) Error 

PHS 4,749 4,556 
35,860 -2.51 % 

Hydro large 13,042 30,425 
Hydro small 2,105 7,053 7,067 -0.20 % 
Wind 22,845 50,899 50,630 0.53 % 
PV centralized 1,328 2,178 

7,794 2.48 % 
PV decentralized 3,542 5,809 
CSP 2,305 5,142 4,959 3.56 % 
Nuclear 7,398 57,334 57,376 -0.07 % 
CHP 5,703 27,690 27,257 1.56 % 
Biomass 677 3,888 3,651 6.10 % 
MSW 241 997 1,020 -2.31 % 
Coal 10,543 44,393 44,064 0.74 % 
CC 24,184 20,578 22,060 -7.20 % 
TOTAL 98,662 260,942 261,738 -0.31 % 

3.2.2 Fuel consumption 

Another aspect to calibrate is the total fuel consumed by each of the thermal power plants (Table 
3-7). The total energy consumption of coal has been obtained from (MINETUR, 2014). Regarding 
natural gas, the total consumption in 2014 has also been obtained from (MINETUR, 2014), but the 
division into CC and CHP has been calculated differently. The actual natural gas consumption for CHP 
has been obtained from (IDAE, 2014), using the total fuel consumption imputable to electricity 
production. The natural gas consumption for CC, then, has been calculated subtracting the CHP 
natural gas consumption from the total consumption. For the biomass consumption, its value has 
been calculated as follows: the total consumption of primary energy in 2014 was 118,413 ktoe, from 
which a 4.2 % corresponds to biomass (MINETUR, 2014). To determine the quantity of primary 
energy used in the generation of electricity, the percentages of 2016 have been used (IDAE, 2017). 
That year, the total primary energy consumption was 5,185 ktoe, of which 1,174 ktoe were used for 
producing electricity (22.64 %). This results in 1,126.08 ktoe (47.2 PJ) of biomass consumption used in 
the generation of electricity. 

Table 3-7 Fuel consumed obtained with the model and comparison with the actual values 

Fuel Calculated (PJ) Real (PJ) Error 

Coal 429.3  426.8 0.54 % 
Natural gas (CC) 142.5 150.8 -5.89 % 
Natural gas (CHP) 149.2 149.7 -0.34 % 
Biomass 51.5 47.2 8.15 % 

 

Regarding nuclear and MSW, the total amount of fuel used has been used instead of the 
corresponding energy consumption (Table 3-8). 
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The total amount of uranium extracted from the mines is much higher than the final fuel used. The 
annual average consumption is 1,800 t of U3O8, of which 1500 tU are converted into UF6 and then 
900,000 SWU are needed for the enrichment. Finally, 150 tU with an enrichment of 4.4 % are used as 
a fuel for the nuclear plants (Foro Nuclear, n.d.).  

The quantity of MSW collected in 2014 was 21.3 Mt (Europa Press, 2016), of which an average of 9 % 
are incinerated (Fenercom, 2010), which results in 1917 kt of MSW used as fuel. 

Table 3-8. Amount of fuel consumed calculated and comparison with the actual values 

Fuel Calculated (kt) Real (kt) Error 

Nuclear 0.153 0.150 1.96 % 
MSW 1,870 1,917 -2.51 % 

3.2.3 Generation costs 

The economic aspect has to be calibrated as well to determine the evolution of the electricity cost in 
future scenarios. PowerPlan calculates the kWhe cost-price using the capital costs, the O&M costs 
and the amount of fuel used and its price, dividing the cost obtained by the electricity produced 
during the year. Additionally, the annuity factor is also used, which is calculated using the interest 
rated fixed (3 % in this case) and the economic life-time of each power plant. The total cost is 
calculated multiplying the LCOE of each power plant by its electricity generation and dividing the 
result by the total electricity produced. 

The values obtained from the simulation of the model have been compared to the LCOE values 
calculated for the Spanish electric system (Table 3-9), extracted from the projected costs of 
generating electricity for European countries (IEA, 2015). For coal, nuclear and CC, their values have 
been calculated as an average of the other European countries, given that the value for Spain has not 
been calculated in the report. The LCOE of CHP has been obtained from (IDAE, 2010). PHS generating 
costs cannot be determine so easily, given that its operation is very flexible and, thus, its LCOE varies 
depending on the yearly hours of operation. Neither has biomass a simple way of costs calculations. 
The diverse technologies operated using biomass and the highly variability costs of its acquisition 
makes the calculation complex. A range of LCOE has been set using the values from different 
European countries (IEA, 2015). 

The price of CC highly differs from the European average LCOE, since many plants are underused, 
with capacity factors below 10 % (section 2.2.3). 

Table 3-9. LCOE calculated with the model and comparison with the real costs 

Power Plant LCOE calculated (€/MWh) LCOE real (€/MWH) Error 

PHS 50.50 - - 
Hydro small 51.60 50.03 3.05 % 
Hydro large 15.40 15.26 0.89 % 
Wind 59.10 61.13 -3.43 % 
PV centralized 64.20 65.50 -2.02 % 
PV decentralized 73.10 75.45 -3.21 % 
CSP 207.00 197.54 4.57 % 
Nuclear 56.80 56.44 0.63 % 
CHP 82.20 87.00 -5.84 % 
Biomass 80.90 59.36 - 151.88 - 
MSW 176.40 172.35 2.30 % 
Coal 54.20 57.16 -5.45 % 
CC 132.70 73.00 44.99 % 
TOTAL 64.61   
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3.2.4 Air pollutant and greenhouse gas emissions 

One of the main aspects that determines the future scenarios is the air pollutant (NOx and SO2) and 
greenhouse gas (CO2) emissions. A good calibration is very important if one wants to plan future 
scenarios in which the emissions are reduced in order to fulfil with the environmental objectives. 

Table 3-10 shows the values obtained with the simulation of the model. SO2 and NOx emissions have 
been obtain from (EEA, 2017), while CO2 emissions have been obtained from (Red Eléctrica de 
España, 2017). 

Table 3-10. Air pollutant and greenhouse emissions calculated and comparison with actual values 

Pollutant Calculated (kt) Real (kt) Error 

SO2 160.3 158 1.43 % 
NOx 160.3 168 -4.80 % 
CO2 57,400 57,243 0.27 % 
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4. EVOLUTION OF THE ENERGY MIX 

Once the model has been validated, the design and simulation of future scenarios can be conducted. 
In this stage, decisions variables, which englobe all the choices that can be taken during the design of 
the scenarios, prevail. This englobes from the annual capacity increase of each technology to the 
earlier decommissioning of a power plant. The specifications of the new power plants, such as 
efficiency or costs, have been considered to remain the same as the original plants defined in the 
calibration model, unless told otherwise. 

During the evolution of the energy-mix, the oldest plants will begin reaching their technologic life-
time. In order to simplify the presentation of the strategies designed, only the annual net increase of 
capacity is stated in the planning. It is considered that all the decommissioned plants are replaced by 
new plants with the same capacity and the same characteristics within the same year of the 
decommissioning, unless told otherwise. 

To simplify the analysis of the energy-mix evolution, some technologies have been discarded. 
Regarding RE, only those present in the reference year have been considered. This means that 
technologies such as wind offshore, geothermal or tidal energy have not been considered. Nuclear 
fusion has also been discarded, given that its commercial viability has not been proved yet (Galeon, 
2017). Only new technology regarding Electricity Energy Storage has been considered. 

Another technology discarded has been CO2 underground storage capacity. Even though there are 
studies which assure the feasibility of injecting and storing CO2 underground in the Spanish territory 
(Alcalde et al., 2014; Nita et al., 2017), it is an expensive solution and also risky, given the possible 
leakages of CO2 that would lead to serious damages in the surroundings (Climate Vision, 2015). 

4.1 2014-2020: Directive 2010/75/EU and 2009/28/CE 

The first part of the simulation spans from 2014 to 2020. This period is characterised by two main 
objectives, each determined by two already approved European Directives: the fulfilling of the air 
pollutant contamination limits (Directive 2010/75/EU) and the minimum share of electricity 
production and cut in greenhouse emissions coming from renewable sources (Directive 2009/28/CE). 

The Directive 2010/75/EU limits the air pollutant contamination values emitted to the atmosphere by 
the combustion of the fossil fuels used in the different thermal power plants. The emission elements 
controlled are SO2, NOx and solid particles. The present research doesn’t consider the emission of 
solid particles, given that PowerPlan only calculates SO2 and NOx emissions. The existing NTP 
designed by the government sets a ceiling value for the total SO2 and NOx emissions for each year 
between 2016 and 2020 for those plants that do not fulfil the limiting values of the Directive. Each 
plant can decide either invest in mechanisms that reduce the air pollutant emissions and continue 
working after 2020 or limit its annual OH without doing any investment and shut down in 2020. 

On the other hand, the Directive 2009/28/CE sets a 20 % share of RE in the final energy consumption 
as the main objective and a 20 % cut in greenhouse gas emissions compared to 1990 levels, which 
are composed mainly by CO2, given that is the main by-product of the combustion of fossil fuels. A 
REP has been designed according to the Directive, which sets a renewable electricity generation 
share of, at least, 33.75 % for 2020. 

The planning has focused first on fulfilling the air pollutant limiting values emitted to the atmosphere 
set by Directive 2010/75/EU. Given that coal plants do not fulfil them, they have to follow the NTP. 
The scenario designed considers that the coal plants which have started licensing the air pollutant 
reduction mechanisms will continue operating after 2020, while the rest will shut down (section 
2.2.2). The coal plants considered to continue operating are: Aboño II, Lada IV, Litoral de Almería I 
and II, Los Barrios, Meirama and Soto de Ribera III. Aboño II and Soto de Ribera III have already 
planned the installation of NOx reducers for 2016 and 2017, respectively. (Montes, 2016). For the rest 



32 
 

of the coal plants, it has been considered that the contaminating reduction mechanisms will not be 
installed until 2020. The new capacity that has already been auctioned has been considered to be 
installed in 2020 so that the capacity remains the same during the NTP period. 

4.1.1 2014-2020 scenario 

The strategy pursued in the design of the scenario is the following: each year, the more 
contaminating coal plants have been set first to have their OH reduced. The number of coal plants 
which cut their OH increases annually until the limiting emission values are fulfilled. Aboño II and 
Soto de Ribera III operate at full capacity once the installation of the contaminating reduction 
mechanisms is completed, except for the year 2019. Table 4-1 shows the OH calculated for each coal 
plant turned to the NTP. The model has been calibrated in order to obtain the values for the OH of 
the reference year similar enough to the real values (Red Eléctrica de España, 2014). For each plant 
and each year, the maximum OH permitted is shown. Additionally, the average OH that the plants 
work through this period is also present. The total average hours of operation for all the plants, 
except Aboño II and Soto de Ribera III, is 1,735 hours, value close to the 1,500 hours calculated in the 
NTP as an average of OH for all the plants that operate at limited capacity (MMA, 2015c). 

Table 4-1. OH of the coal plants turned to the NTP 

Coal plant OH model 2014 LH real 2014 2016 2017 2018 2019 Average  

Aboño I 3,916 6,116 1,716 1,752 2,193 1,402 1,743.7 

Aboño II 7,823 8,071 4,648 4,837 4,957 1,520 3,607.7 

Compostilla II-III 3,916 3,316 1,351 1,383 1,040 1,052 1,195.7 

Compostilla IV-V 3,444 4,510 4,008 2,004 2,400 1,093 2,142.5 

Elcogas* 2,357 4,498 1,811 
   

1,811 

Guardo I (Velilla) 2,038 620 1,012 1,019 1,035 1,048 1,028.4 

Guardo II (Velilla) 3,918 3,486 1,712 1,889 1,052 1,086 1,386.4 

La Robla I 2,353 3,076 1,307 1,342 1,038 1,050 1,175.9 

La Robla II 2,354 2,746 1,649 1,810 1,050 1,078 1,355.7 

Lada IV 3,916 4,616 1,355 1,366 1,388 1,418 1,381.5 

Litoral de Almería I 7,823 7,996 4,510 2,518 2,920 1,498 2,654.8 

Litoral de Almería II 3,921 5,559 4,768 2,629 3,049 1,546 2,772.5 

Los Barrios 7,823 7,647 4,381 2,418 2,810 1,478 2,575.5 

Meirama 3,916 5,522 3,914 1,803 2,544 1,415 2,245 

Narcea II 2,041 1,082 1,016 1,024 1,037 1,050 1,031.7 

Narcea III 2,099 2,361 1,591 1,740 1,049 1,075 1,329.2 

Puente Nuevo 3,470 3,754 1,350 1,361 1,380 1,397 1,371.8 

Puentes (As Pontes) 7,823 6,175.5 3,729 4,449 2,364 1,407 2,725.5 

Soto de Ribera II* 2,353 2,975 1,422 
   

1,422 

Soto de Ribera III 2,092 2,772 3,873 4,553 4,689 1,107 3,093.1 

Teruel 3,916 5,101 1,796 1,927 1,392 1,422 1,617.8 

*Soto de Ribera II and Elcogas stop their operation in 2017 

Regarding the LLD, only Anllares has turned to its application. The plant keeps operating at full 
capacity. Table 4-2 shows the OH calculated for each year and the final total amount. The value 
reaches 17,449 hours by 2019. This means that the plant must be shut down in 2020. 

  



33 
 

Table 4-2. OH of the coal plants turned to the LLD 

Coal plant OH model 2014 OH real 2014 2016 2017 2018 2019 Total 

Anllares 3,414 3,532 3,786 4,461 4,608 4,594 17,449 

 

Figure 4-1 and Figure 4-2 show both the SO2 and the NOx emissions calculated compared to the 
limiting values set by the NTP, respectively. The emission values remain below the threshold imposed 
by the NTP and, thus, they fulfil the environmental objectives set by the Directive 2010/75/EU. 

Regarding CO2 emissions, its value has decreased to 43.5 Mt. The emission in 1990 were 54.82 Mt 
(Red Eléctrica de España, 2017). This results in a 20.6 % cut in greenhouse gas emissions compared, 
which is slightly higher than the 20 % cut set by the Directive 2009/28/CE. 

 

Figure 4-1. SO2 emissions calculated with the simulation and the limit values for each year 

 

80092

70276

60494

41134

93179

76967

60754

44542

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

2016 2017 2018 2019

to
n

n
es

SO2 emissions SO2 limit



34 
 

 

Figure 4-2. NOx emissions calculated with the simulation and the limit values for each year 

The energy mix in 2020 is shown in Table 4-3. 4,100 MW of wind (section 2.2.4), 4,000 MW of PV 
(section 2.2.5), 200 MW of biomass (section 2.2.7) and 3,300 MW of PHS (section 2.2.6) have been 
installed as new capacity. The coal plants still operative have made the investments in NOx and SO2 
reduction and work with a 50 % must-run factor. They no longer use autochthonous coal, since it has 
been considered that all the coal mines have been closed (Eurocoal, n.d.). The import is divided into 
half Colombian and half Indonesian coal. 

Although the capacity of PHS has been increased, its generation is lower in 2020, given that the 
reduction in the OH of the coal plants causes a reduction in the surplus of energy. The reduction of 
the hydro production is due to the use of the average production of hydropower instead of the 
reference year values, which are higher. The CC generation has increase given that now it has to 
compensate the reduction of electricity generation supplied by the coal plants. 

Table 4-3. Capacity and electricity generation in 2020 compared to the reference year 

Power Plant Capacity 2014 
(MW) 

Capacity 2020 
(MW) 

Generation 2014 
(GWh) 

Generation 2020 
(GWh) 

PHS 4,749 8,049 4,556 2,854 
Hydro small 2,105 2,105 7,053 6,040 
Hydro large 13,042 13,042 30,425 27,797 
Wind 22,845 26,945 50,899 60,034 
PV centralized 1,328 3,328 2,178 5,910 
PV decentralized 3,542 5,542 5,809 9,158 
CSP 2,305 2,305 5,142 5,134 
Nuclear 7,398 7,398 57,334 57,342 
CHP 5,703 5,703 27,690 27,679 
Biomass 677 877 3,888 5,035 
MSW 241 236 977 978 
Coal 10,543 3,561 44,393 19,299 
CC 24,184 24,184 20,578 40,971 
TOTAL 98,662 103,276 260,942 268,231 
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The electricity generation values obtained with the 2020 energy mix  cannot be directly compared to 
the values calculated by the REP, given that the production of electricity was forecasted to be much 
higher. Therefore, the comparison has been done using the generation percentages (Table 4-4). The 
generation of electricity using RE is much higher than the value set by the REP, which assures that 
the Directive 2009/28/CE will be fulfilled. The share of production using natural gas is much lower in 
the model, given the higher share of RE. Coal and PHS have a similar production share to the REP 
values.  

Table 4-4. Production of electricity by each type of plant compared to the values set by the PER  

Power Plant Model (GWh)  REP (GWh)  

Coal 19,299 7.19 % 31,579 7.30 % 
Nuclear 57,342 21.38 % 55,600 12.84 % 
Natural gas 68,650 25.59 % 191,156 44.16 % 
RE 120,086 44.77 % 146,080 33.75 % 
PHS 2,854 1.06 % 8,457 1.95 % 
TOTAL 268,231  432,872  

 

Lastly, the economic aspects of the 2020 energy-mix are analysed (Table 4-5). The LCOE of PHS 
increases more than twice its 2014 value, given that new capacity has been installed despite the 
reduction in the surpluses due to the decommissioning of coal plant, which results in less OH. This 
reveals that the construction of the new PHS plants could be delayed, given that they will not be fully 
needed in 2020 yet. CHP and biomass also increase the LCOE, mainly due to more expensive fuel 
prices. The LCOE of coal and CC plants decreases despite the higher fuel costs, given that their annual 
OH have increased enough to compensate it. The higher LCOE in hydro production is caused due to 
the reduction in the production of electricity. All in all, the overall LCOE increases 7.86 % compared 
to the reference year. 

Table 4-5. LCOE of the 2020 energy mix compared to the reference year 

Power Plant LCOE 2014 (€/MWh) LCOE 2020 (€/MWh) 

PHS 50.50 115.40 
Hydro small 51.60 55.60 
Hydro large 15.40 16.80 
Wind 59.10 59.30 
PV centralized 64.20 61.70 
PV decentralized 73.10 72.70 
CSP 207.00 208.00 
Nuclear 56.80 57.00 
CHP 82.20 86.90 
Biomass 80.90 109.40 
MSW 176.40 174.10 
Coal 54.20 40.01 
CC 132.70 115.60 
TOTAL 64.61 69.69 

4.1.2 Conclusion 

The planning designed in this section shows that different decisions and strategies can be taken 
when it comes to fulfilling the environmental objectives set at reducing the air pollutant and 
greenhouse gas emissions. Regarding the former, in this case, unlike the NTP, which fixes and 
average 1500 hours as a limiting value for all the plants, the planning designed distinguishes between 
the most and the least contaminating coal plants, setting a lower limiting value for the former. The 
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outcome is the same, given that the limiting air pollutant emission values are fulfilled and the total 
average limiting hours (1735 hours) is closed to the value set by the NTP, but the planning designed 
has the rewards those plants which have made efforts to be less pernicious to the environment. As 
for the reduction of CO2 emissions, the target value is also fulfilled and, thus, no more coal plants 
have to be decommissioned. 

On the other hand, focusing only on fulfilling environmental objectives can have negative effects on 
other issues. In this case, the early decommissioning of most coal plants has led to a reduction in the 
surpluses generated. Thus, with the increase in PHS plants already planned, the total capacity is 
underused and, therefore, the LCOE increases. 

Also, the differences arisen between the model and the PER reveal the limitation of energy planning 
for the mid/long-term. The total electricity production forecasted by the PER is over a 60 % of the 
production calculated by the model, which uses more updated data. Therefore, energy planning 
must be used as a guide to decide in which way should the electric system evolve and not as a list of 
objectives that must be exactly fulfilled. The revision and the update of the results with new data is 
always necessary. 

4.2 2020-2030: European climate & energy framework policy 

This second part of the simulation spans from 2020 to 2030. No energy plans have been designed 
yet. Thus, the flexibility to choose among different decisions and strategies is higher. The objectives 
set for this period are in accordance with the 2030 European climate and energy framework policy, 
which sets a 40 % cut in the greenhouse gas emission compared to the 1990 levels, with an increase 
in the electricity production using RE (European Commission, 2013). Therefore, the main strategy will 
be increasing the renewable-energy share in the energy-mix in order to reduce the CO2 emissions, at 
the same time that the stability of the supply remains reliable. 

Unlike the previous period, the higher electricity production coming from renewable sources, causes 
a reduction in the supply reliability. Therefore, each year this reliability must be ensured to assure 
that the electric system operates correctly. To do so, the evolution of the energy mix is simulated for 
each year and the reliability is analysed, using two values provided by PowerPlan: the Loss of Load 
Probability (LOLP) and the Expected Unserved Electricity (EUE). The former measures the number of 
days per year in which the demand is higher than the production, while the latter measures the 
amount of energy that could not be delivered because of loss-of-load incidents. Typical values for 
LOLP in Western Europe countries are between 0.1 and 0.5 days per year, while the typical values for 
EUE are a 0.1 % of the total electricity production (Benders, 1996; van Meerwijk et al., 2016). 

Another aspect that must be considered is the total amount of electricity production surplus. Given 
the higher share of renewable electricity production planned for this period, the mismatch between 
the electricity production and the electricity demand curve will increase and, thus, a higher energy 
storage capacity will be needed. Currently, this problem can be managed exporting the surpluses to 
other countries demanding electricity, but Spain cannot adopt this solution, given its limited 
interconnection with its neighbours. Therefore, grid stability in Spain must be managed domestically 
(Szarka, 2007). 

Different scenarios have been designed and compared with each other. For each scenario, the CO2 
emissions in 2030 have been calculated and compared with the emissions in 1990. The LOLP and the 
EUE have been checked to be at acceptable values for each year, but the comparison between 
scenarios has only been made using the results of 2030. 

It has been considered that, for all the scenarios, the ATC has been built and, thus, the storage 
problem of the nuclear residues has been solved. This allows to renew the operation licenses for the 
nuclear plants to continue operating during their whole lifespan. The results of these scenarios will 
allow to determine whether is feasible not to build the ATC and shut all the nuclear plants down at 
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the end of their operating licenses or, on the contrary, if its construction is necessary to fulfil the 
environmental objectives. 

4.2.1 Scenario 1: Wind 

This scenario focuses on the installation of wind power as new RE production. In addition, CSP power 
has also been installed. Although there is currently a halt in the installation of new capacity, it has 
been considered that the sector will recover during this period, given that its high potential in Spain 
due to the high amount of solar radiation and its inner capacity to storage electricity, which helps to 
reduce the surpluses and gives stability to the grid, makes this option appealing. A maximum storage 
value of 9 hours has been considered for the new CSP plants, with a solar multiple of 5, which is the 
maximum expected for plants with large storage capacities (HeliScsp, n.d.). 

To compensate the reduction in base-load power coming from the decommissioning of the coal 
plants, new capacity in thermal renewable base-load plants (biomass and MSW) has been planned 
for this period. 

This scenario considers a total new capacity installation of 25 GW of wind power, 5 GW of CSP 
power, 2.2 GW of biomass power and 1.3 GW of MSW power, which added to the new renewable 
capacity already auctioned (section 4.1) totals an amount of 41.8 GW of renewable power installed. 

Despite of the new renewable power installed, the value of CO2 emissions in 2030 is 38.8 Mt, which is 
higher than the objective set. This evidences the necessity to shut down some of the remaining coal 
plants in order to decrease the CO2 emissions, given that their must-run operation obliges them to 
keep producing energy despite the increase in the renewable capacity. 

It has been considered that all the coal plants are decommissioned during this period and that none 
of them will continue operating by 2030. Additionally, all the CC plants have been set to zero must-
run factor in order to make them more flexible. Although this strategy causes an increase in the LCOE 
of CC plants due to a decrease in their annual load hours, it helps reduce the CO2 emissions, given 
that now the plants will be used only when the production of electricity cannot cover the demand. 
With this planning, the value of CO2 emissions drops down to 30.7 Mt, which now fulfils the 
objectives. Nonetheless, the decommissioning of the coal plants has prompted an increase in the 
LOLP, which now equals 5.58 days, making the system unreliable. 

To obtain both a reliable and a low-emissions system, it is necessary to install peak-load power which 
operates covering only the shortages. With the installation of 6 GW of CC plants operating as peak-
load, the LOLP equals 0.13, while the CO2 emissions have only increased up to 30.9 Mt. This planning 
allows to fulfil the CO2 emission objectives while the reliability of the electricity generation is assured. 
Regarding economic aspects, this strategy causes an increase in the LCOE, from 77.86 €/MWh 
obtained with the first strategy, in which only wind power is installed, to 81.99 €/MWh. 

4.2.2 Scenario 2: PV 

This scenario is the equivalent of the final scenario 1, but installing PV power instead of wind. 

In this case, the LOLP obtained is 1.92 days and the annual CO2 emission value is 35,100 kt. Neither 
the reliability nor the environmental objectives are fulfilled. Despite the high potential of PV, its load 
factor is lower than that of wind, given that there is no PV production during the night. The load 
factor of PV is 1,819 and 1,620 hours for centralised and decentralised power, respectively, 
compared to the 2,224 hours of wind power. 

The system could be made more reliable installing more peak-load power (and thus increasing the 
RF) but, even though that the CO2 emission does not increase in excess, the total LCOE, which equals 
83.87 €/MWh (higher than scenario 1)  would be even more expensive, due to the higher CC capacity 
installed. 
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The only benefit which can be obtained from scenario 2 is the reduction of the surpluses, from 3,058 
GWh in scenario 1 to 1,288.9 GWh, which allows for a lower storage capacity to be installed. 

4.2.3 Scenario 3: Wind and PV mix 

This scenario combines the installation of both wind and PV as new renewable capacity. The planning 
designed is not intended to be the most optimal mix, but a representation of the benefits obtained 
when using both technologies. The capacity has been divided 80-20% for wind and PV, respectively. 

The total installed capacity is 20 GW of wind power and 5 GW of PV power. The higher share of wind 
power assures a low LOLP and, thus, a reliable system. At the same time, the installation of PV power 
reduces the surpluses generated. As a counterpart, the LCOE obtained (83.08 €/MWh) increases 
compared to scenario 1. 

Table 4-6 shows the values obtained with each scenario. It can be observed that scenario 1 offers the 
more inexpensive system but the surplus of electricity production is higher, given the wind pattern 
generation. To reduce the surplus, the investments in storage capacity would need to be higher. 
Scenario 2 is discarded, given that the reliability of the system cannot be assured. Scenario 3 offers a 
good combination of both scenarios, offering a good reliability and a not-too-expensive electricity 
generation, while reducing the surpluses compared to scenario 1. 

Table 4-6. Summary and comparison of the different values obtained with each scenario 

 Scenario 1 Scenario 2 Scenario 3 

Capacity (MW) 139,231 139,231 139,231 
Renewable capacity installed (MW) 33,500 33,500 33,500 
RF 2.74 2.74 2.74 
EUE (GWh) 2.2 49.9 3.5 
LOLP (days/year) 0.13 1.92 0.25 
Surplus (GWh) 3,058 1,289 2,192 
CO2 emissions (kt) 30,900 35,100 32,100 
LCOE (€/MWh) 81.99 83.87 83.08 

4.2.4 Optimal 2020-2030 scenario 

The planning selected for the period 2020-2030 is based on scenario 3, due to the benefits already 
mentioned. Centralised power is focused only in wind, while decentralised power is increased from 
PV. Despite the surplus reduction achieved, the value is still too high (2,192 GWh). Therefore, new 
storage capacity must be installed. For the time being, the only technology that will be considered is 
PHS, given its high potential in Spain (section 2.2.6). The average PHS storage capacity considered for 
Spain is 9 GWh (Gimeno-Gutiérrez and Lacal-Arántegui, 2013). It has been considered a capacity of 
90 MW for each plant, which results in an energy-to-power ratio of 100 hours, along with a round-
trip efficiency of 90 %. 

To analyse the behaviour of the system when installing new PHS capacity, the percentage reduction 
of the surpluses versus the PHS capacity installed has been plotted (Figure 4-3). It can be observed 
that the growth of surplus reduction decreases when the total PHS capacity installed is higher. From 
95 % reduction on, the growth is extremely low. It would not be advisable installing a 100 % surplus 
reduction, given that a large amount of plants would be inoperative throughout the year. 
Additionally, electricity production coming from wind, solar, CSP and hydro will differ over the years. 
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Figure 4-3. Percentage reduction of the surpluses in 2030 versus the PHS capacity installed 

11 GW of new PHS capacity have been considered, which correspond to a 95.5 % reduction. Figure 
4-4 shows the evolution of the energy-mix. 50.5 GW of new capacity have been installed between 
2021 and 2030, of which 33.5 GW are renewable (66.4 %), 6 GW are non-renewable (11.9 %) and the 
remaining 11 GW is storage (21.7 %). The LOLP equals zero practically until the last year, when it 
increases up to 0.25. Despite this rise, the value remains below 0.5 days, which assures a good 
reliability in the system. The surpluses remain at an acceptable value, reaching its minimum value in 
2030. Appendix A.6 shows the installation of new capacity for each year, along with the LOLP and the 
surpluses produced for the optimal scenario. 

 

Figure 4-4. Evolution of the energy mix during the period 2021-2030 

Table 4-7 shows the capacity and generation for both 2020 and 2030. The total capacity increases 
45.4 %. The RF has increased 13.8 % from 2020, mainly due to the increase in renewable capacity. 
The most remarkable aspects are the high growth of renewable generation, which in 2030 accounts 
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for 60.9 % of the total production. Hydro production remains constant, while the decommissioning of 
coal plants causes the production halt of 19,299 GWh, which now must be supplied by the rest of 
technologies. Another remarkable aspect is the CC production. Even though the capacity has 
increase, the production is not much higher than in 2030, given that now a larger amount of CC 
plants operates as peak-load. 

Table 4-7. Capacity and generation in 2020 and 2030 for the optimal 2020-2030 scenario 

Power Plant Capacity 2020 
(MW) 

Capacity 2030 
(MW) 

Generation 2020 
(GWh) 

Generation 2030 
(GWh) 

PHS 8,049 19,049 2,854 6,852 
Hydro small 2,105 2,105 6,040 6,040 
Hydro large 13,042 13,042 27,797 27,709 
Wind 26,945 46,945 60,034 104,595 
PV centralized 3,328 3,328 5,910 5,297 
PV decentralized 5,542 10,542 9,158 17,115 
CSP 2,305 7,305 5,134 26,503 
Nuclear 7,398 7,398 57,342 57,340 
CHP 5,703 5,703 27,679 27,700 
Biomass 877 3,077 5,035 17,712 
MSW 236 1,536 978 6,506 
Coal 3,561 0 19,299 0 
CC 24,184 30,184 40,971 44,182 
TOTAL 103,276 150,215 268,231 347,550 
RF 2.6 2.96   

 

The CO2 emissions have been reduced to 31.5 Mt (Figure 4-5), which represent a 42.54 % cut 
compared to the emissions in 1990 (54.82 Mt), higher than the 40 % cut set by the 2030 European 
policy. This reduction is achieved thanks to the higher share of RE production, the decommissioning 
of the coal plants and the increase in storage capacity, which reduces the amount of electricity 
produced using CC plants. 

 

Figure 4-5. Evolution of the CO2 emissions for the optimal 2020-2030 scenario. The red line 
represents the goal of 40 % reduction 

Although the total LCOE is more inexpensive than scenarios 1, 2 and 3 (due to the use of the 
surpluses) it has increased 16.17 % compared to the LCOE in 2020 (Table 4-8). Comparing the LCOE 
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increase by the types of power plant, it can be observed how each type of technology varies 
depending on the decisions taken. PHS has decreased its price, given that its annual OH have 
increased due to a higher percentage of IRES. The fuel-based technologies (biomass, MSW and CC) 
have risen their price due to the increase in fuel prices (section 3.1.3). CSP has decreased its LCOE 
due to the new more-efficient plants with higher storage capacity. Nuclear LCOE has been reduced, 
given that the economic life-time of all the plants has been overpassed and the capital costs are now 
zero. No retrofitting or extra maintenance costs have been considered. In total, the LCOE has 
increased 16.17 %. 

Table 4-8. LCOE in 2020 and 2030 for the optimal 2020-2030 scenario  

Power plant LCOE 2020 (€/MWh) LCOE 2030 (€/MWh) 

PHS 115.40 103.2 
Hydro small 55.60 55.40 
Hydro large 16.80 16.90 
Wind 59.30 59.00 
PV centralized 61.80 65.7 
PV decentralized 72.70 73.8 
CSP 208.00 161.4 
Nuclear 57.00 35.1 
CHP 86.90 100.40 
Biomass 109.40 142.2 
MSW 174.10 184.6 
Coal 40.01 - 
CC 115.70 137.00 
TOTAL 69.69 80.96 

4.2.5 Conclusion 

The results obtained in this section show the importance of the design and comparison of different 
future scenarios to find a more optimal strategy. Three different scenarios have been designed, along 
with two objectives that had to be fulfil: reducing 40 % the CO2 emissions compared to the value in 
1990 and assuring the reliability of the system. As comparative variables, the surpluses and the LCOE 
have been used in order to find the more appropriate design. Having rejected scenario 2, due to not 
fulfilling the objectives, the choice has been made between scenario 1 and 3. The latter has been 
selected as a more optimal design. Even though the LCOE is higher, the benefits obtained 
compensate this increase. Firstly, it is always better to have a diversified electricity production, which 
is more important in IRES, given that their generation cannot be controlled and, thus, their 
availability cannot be assured. It also allows for a more decentralised generation, given that PV is less 
complex to be operated by individuals compared to wind power. Finally, the reduction in the 
surpluses may not be substantial now (28.3 %), but it will increase in the long-term future, given that 
the surpluses problem will accentuate, and much more storage capacity would have to be installed if 
the strategy used in scenario 1 is followed. 

Regarding the decision whether to build the ATC, the results obtained in the scenarios designed 
reveal the necessity of finishing its construction in order to maintain the nuclear production. Nuclear 
power can be seen as carbon neutral, given that its life-cycle greenhouse gas emissions is very low, 
similar to RE values (Meier, 2002). With nuclear plants still operative by 2030, the environmental 
objectives are fulfilled, and the reliability is assured. If the nuclear plants had to be decommissioned 
before 2030, other types of power plants would have to be installed to compensate the loss of 
nuclear generation. Coal and CC plants are discarded, given that the CO2 emissions would increase 
too much, and the objectives would not be fulfilled. Biomass could be an alternative, but it cannot be 
guaranteed that the supply problems will be solved during this period and, moreover, its potential 
capacity is limited to 8 GW. The only possible alternative would be installing even more wind, PV and 
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CSP power, but this would make the planning less feasible. On the one hand, the number of plants to 
be built each year would increase, making the yearly pace of installation too fast to keep up. On the 
other hand, the surpluses would increase and more PHS capacity would have to be installed. 

As for the LCOE, part of its increase is caused due to a collateral effect of prioritizing the 
environmental aspects. First, the decommissioning of all the coal plants, which in 2020 had the 
second most inexpensive LCOE, must be compensated by the other power plants, which have a 
higher LCOE. Second, setting the must-run factor of CC to zero has a positive effect in the 
environmental aspects, given that less natural gas is burnt, but it causes a decrease in the OH and, 
thus, an increase in the LCOE. 

4.3 2030-2050: European low-carbon economy policy 

The final part of the simulation spans from 2030 to 2050. Still, no energy plans have been designed 
yet. The objectives set for this period are in accordance with the 2050 European low carbon economy 
policy, which sets an 80-95 % cut in the greenhouse gas emission compared to the 1990 levels. The 
electricity generation must come from renewable sources or other low-emission sources like nuclear 
power plants or fossil fuel power stations equipped with carbon capture mechanisms (CCM) 
(European Commission, 2015). 

The even higher electricity production coming from renewable sources will arise more serious 
reliability problems, along with a higher increase in the electricity surplus. The international export of 
electricity between European countries is not an option in global scenarios with high renewable 
share, since near countries will have surpluses at the same periods (Bailera and Lisbona, 2017). 
Therefore, energy storage will be one of the main issues to be addressed. 

One single plan has been designed for the period, focusing on a low-emission energy-mix that fulfils 
the CO2 emissions objective. At the same time, the reliability of the system must remain assured. 
Therefore, the installation of new capacity has been focused on RE, while the rest of the non-
renewable plants (CC and nuclear) are managed in a way that the transition toward a higher 
renewable energy-mix can be achieved without any major problem. On the basis of this planning, 
different scenarios will be designed with different storage technologies. The technical, environmental 
and economic aspects of each one will be analysed and discussed in order to discern which 
alternative is better. 

4.3.1 Scenario PHS: Energy-mix planning 

Firstly, the installation of new capacity must be planned in order to fulfil the environmental 
objectives and to assure the reliability of the system. As for the surpluses, the first scenario designed 
keeps focusing only in the development of PHS as the only new storage capacity. Later on, the 
convenience of this strategy will be discussed. 

For the period 2031-2040, the renewable capacity installed has increased to fulfil the environmental 
objectives. MSW reached its potential in 2030 and, thus, no new capacity has been installed. It has 
been considered that the biomass supply problems have been solved by now and that a constant 
supply of biomass can be assured throughout the year. During this period, some power plants start 
being decommissioned. Firstly, the oldest CC plants reach their technical life-time and are 
subsequently shut down. Therefore, the installation of new capacity must also consider the 
substitution of these old plants. Secondly, one of the strategies taken for this period is the 
progressive decommissioning of all the CHP plants. Their dependence on industry production makes 
their electricity generation very inflexible, which causes high surpluses. Moreover, the use of natural 
gas as fuel is detrimental for the achievement of the environmental objectives. The CHP heat 
production used by the industries should be substituted by biomass boilers or solar thermal 
collectors to help reducing the CO2 emissions. In order to simplify the decommissioning process, it 
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has been considered that all the CHP plants are shut down in 2031 and replaced by 6 GW of CC 
plants, giving flexibility to the electric system. 

99.7 GW of new capacity have been installed between 2031 and 2040, corresponding to the 
following: 35 GW of wind, 10 GW of PV, 7.7 GW of CSP, 2.5 GW of biomass, 6 GW CC and 38.5 GW of 
PHS. In total, 55.4 % of the new capacity is renewable, 6 % is non-renewable and the remaining 
38.6 % is storage. The LOLP equals zero practically until the last year, when it increases up to 0.42 in 
2040. Despite this rise, the value remains below 0.5 days, which assures a good reliability in the 
system. The surpluses also remain at a low and acceptable level, always below 200 GWh. 

Period 2041-2050 is rather critical, given that the nuclear plants must be finally decommissioned, 
given that they reach their technical life-time between 2043 and 2048. Therefore, a higher increase 
of capacity must be installed in order to substitute the nuclear production. Wind power keeps 
installing 3.5 GW of new capacity until 2043, when the new capacity installed increases up to 6.5. CSP 
and CC increases its capacity installation 1.25 and 1.5 GW per year, respectively. Biomass still has 2.5 
GW of potential capacity to be installed during this period. Its year of installation has been chosen 
near the decommissioning of the nuclear plants and not earlier, given that its base-load operation 
would generate too much surpluses. 

MSW plants reach their technical life-time during this period. It has been decided not to substitute 
the decommissioned plants with new plants, given that burning MSW produces CO2 and its 
operations is set as base-load power, with a must-run factor of 1, meaning that the plants are always 
operating and, consequently, emitting CO2. The decommissioned plants are substituted with CC 
plants. Even though natural gas has a higher CO2 emissions factor, the total emissions should be 
lower, given that they only operate when the electricity demand requires. An additional motivation 
to shut down MSW plants could be a more-oriented Cradle to Cradle society. New techniques of 
waste management must be developed in order to avoid the emission of CO2 produced in the 
incineration of MSW. 

Finally, the PHS new capacity installed must be increased at a higher pace, given that now the 
surpluses will be more significant. 

189.5 GW of new capacity have been installed between 2041 and 2050, corresponding to the 
following: 59 GW of wind, 10 GW of PV, 12.5 GW of CSP, 2.5 GW of biomass, 10.5 GW CC and 95 GW 
of PHS. In total, 44.3 % of the new capacity is renewable, 5.5 % is non-renewable and the remaining 
50.2 % is storage. The LOLP drops down to zero during the first part of the period. With the 
decommissioning of the nuclear plants, the LOLP increases, stabilising between 0.08 and 0.13. The 
surpluses remain at zero almost every year, except for the years 2047 and 2050, when they equal 
478 and 325 GWh, respectively. Figure 4-6 shows the evolution of the energy-mix during this period. 
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Figure 4-6. Evolution of the energy mix during the period 2031-2050 for scenario PHS 

Table 4-9 shows the capacity and generation evolution from 2030 until 2050. 

From 2030 to 2040, the total capacity increases 62.5 %. The generation of electricity using RE reaches 
now 78.76 % of the total production, whereas generation using natural gas has dropped from 
20.68 % in 2030 to 3.28 % in 2040, mainly due to the decommissioning of the CHP plants and the 
reduction in the annual OH of the CC plants, which, despite the increase of capacity, have reduce its 
generation 66.5 %. Given that the supply of biomass has been considered to remain stable during 
each year, the increase of capacity has had a higher impact on the increase of electricity generation. 
Its OH have augmented from 5,756 hours in 2030 to 8,306 hours in 2040. 

From 2040 to 2050, the total capacity increases 73.5 %. By 2050, the energy-mix is composed only by 
RE, CC and PHS, with a total production share of 89.35 %, 2.57 % and 8.07 %, respectively. The PHS 
generation has doubled during this period, replacing part of the conventional hydro production, 
hence its generation reduction for both small and large hydro. Biomass reaches its maximum 
potential capacity of 8 GW, with a total electricity generation of 66,991 GWh. The CC production 
remains almost the same as in 2040, even though the capacity has increase, which demonstrates that 
the new plants are being used as peak-load power. 

The RF has increased 71.62 % due to the high storage capacity that must be installed in order to 
reduce the surpluses, along with the low capacity factor of wind and solar power, which requires a 
higher capacity to be able to supply the demand needed. 
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Table 4-9. Capacity and generation in 2030, 2040 and 2050 for PHS scenario 

Power Plant Capacity 
2030 
(MW) 

Capacity 
2040 
(MW) 

Capacity 
2050 
(MW) 

Generation 
2030 
(GWh) 

Generation 
2040 
(GWh) 

Generation 
2050 
(GWh) 

PHS 19,049 57,549 152,549 6,852 26,347 49,246 
Hydro small 2,105 2,105 2,105 6,040 6,040 3,891 
Hydro large 13,042 13,042 13,042 27,709 27,698 19,215 
Wind 46,945 81,945 140,945 104,595 182,565 314,006 
PV centralized 3,328 3,328 3,328 5,297 5,393 4,762 
PV decentralized 10,542 20,542 30,542 17,115 34,992 48,951 
CSP 7,305 15,000 27,500 26,503 57,607 87,166 
Nuclear 7,399 7,399 0 57,340 57,235 0 
CHP 5,703 0 0 27,700 0 0 
Biomass 3,077 5,577 8,077 17,712 46,320 66,991 
MSW 1,567 1,567 0 6,506 5,809 0 
CC 30,184 36,184 46,684 44,182 15,259 15,697 
TOTAL 150,247 244,239 423,772 347,550 465,265 609,925 
RF 2.96 3.76 5.08    

 

The CO2 emissions have been reduced to 5.99 Mt (Figure 4-7), which represent an 89.07 % cut 
compared to the emissions in 1990 (54.82 Mt), higher than the minimum 80 % cut set by the 2050 
European policy. This reduction is achieved thanks to the higher share of RE production, the 
decommissioning of the CHP and MSW plants and the higher storage capacity. 

 

Figure 4-7. Evolution of the CO2 emissions for the PHS scenario. The red line shows the goal of 80 % 
reduction 

Table 4-10 shows the evolution of the LCOE from 2030 to 2050. 

From 2030 to 2040 the total LCOE has increased 4.89 %. Biomass and nuclear power have a higher 
LCOE value due to more expensive fuel cost. CC increase is the result of higher fuel costs and less OH. 
The only power plant which significantly decreases is PHS, given the increase in its OH. 

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

C
O

2
em

is
si

o
n

s 
(M

t)



46 
 

From 2040 to 2050 the total LCOE has increased 17.72 %. PHS, CSP, hydro and CC have a higher LCOE 
due to less OH, and more expensive fuel cost for CC. Biomass maintains its OH but the cost of 
biomass keeps augmenting during the period, resulting in a higher LCOE. 

Table 4-10. LCOE in 2030, 2040 and 2050 for PHS scenario 

Power plant LCOE 2030 (€/MWh) LCOE 2040 (€/MWh) LCOE 2050 (€/MWh) 

PHS 103.2 85.3 124.9 
Hydro small 55.4 53.8 68.2 
Hydro large 16.9 16.9 24.4 
Wind 59.0 60.7 59.5 
PV centralized 65.7 65.1 69.7 
PV decentralized 73.8 71.4 74.5 
CSP 161.4 159.6 181.6 
Nuclear 35.1 38.0 - 
CHP 100.4 - - 
Biomass 142.2 152.0 166.9 
MSW 184.6 189.2 - 
CC 137.0 198.5 258.1 
TOTAL 80.96 84.92 99.37 

4.3.2 Scenario P2G: Storage alternatives 

Between 2021 and 2050, 144.5 GW of PHS capacity have been installed, with a total storage capacity 
of 14,450 GWh. This surpasses the 9363 GWh of maximum PHS realisable potential in Spain, but it 
does not reach the 17,596 GWh of maximum theoretical potential. Even though the installation of 
this new PHS capacity is theoretically possible, its accomplishment would imply many difficulties. 
Firstly, the pace at which the PHS plants must be build is too high. The 9 GWh average storage 
capacity results in an annual construction of 12 PHS plants during the period 2020-2030 (11 GW), 43 
during the period 2030-2040 (38.7 GW) and 106 during the period 2040-2050 (95.4 GW). In total, 
1,610 PHS plants must be constructed over a span of 30 years, with a total investment of 161 M€. 
These would require a huge amount of labour force and materials, given the high complexity and 
duration of the constructions. Thus, other storage alternatives should be studied in order to find a 
more feasible solution for the electricity surplus. 

Figure 4-8 shows the different types of electrical energy storage (EES) that can be installed to handle 
the surpluses of the electric system, classified according to the form of energy used. 
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Figure 4-8. Classification of EES according to energy form (IEC, 2011) 

Each EES technology offers its own features, which makes each more suitable for a specific 
application. Figure 4-9 shows a comparison of the rated power, the energy content and the discharge 
time of the different EES technologies. The systems present on the lower-left side of the graph have 
a lower energy capacity and a fast time of discharge, which makes them more suitable as auxiliary 
systems for the IRES, operating as peak-load plants and, thus, helping increase the reliability of the 
system. On the other hand, the systems present on the upper-right side have a higher energy 
capacity, which makes them more suitable for the storage of large amount of energy. Since the main 
problem of the scenarios designed is the high surplus of electricity, whereas the reliability of the 
system remains always assured thanks to the CC plants operating in peak-load, the low-energy 
capacity technologies are discarded as a solution. Thus, only those technologies with a high-energy 
capacity are considered as an alternative, which are: Compressed Air Energy Storage (CAES), 
hydrogen storage and Synthetic Natural Gas (SNG). 

 

Figure 4-9. Comparison of rated power, energy content and discharge time of EES (IEC, 2011) 

CAES uses the electricity surplus to compress and store air, in either an underground structure or an 
above-ground system of vessels or pipes (IEC, 2011). To produce electricity, the compressed air is 
mixed with natural gas, burned and expanded in a modified gas turbine. It can provide above 100 
MW of power output via a single unit as well as having bulk energy storage capacity (Luo et al., 
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2014). CAES provides a large capacity to storage energy, but it has a low round-trip efficiency and it 
has geographic limitations. The subsurface exploration needed to find suitable sites to store the 
compressed air entails a high risk (Llamas et al., 2017). Given that Spain has much PHS potential, 
which offers similar power output and capacity, but using a more mature and feasible technology 
with a higher round-trip efficiency, the installation of PHS has been prioritised, discarding the 
installation of CAES plants. 

Hydrogen storage uses the electricity surplus to electrolyze water and obtain hydrogen, which can be 
stored under pressure in gas bottles or tanks for later use. To generate electricity, a mixture of the 
stored hydrogen and oxygen flow into the fuel cell where an electromechanical reaction, which is the 
reverse of water spitting, takes place: water is produced, generating electricity and heat (IEC, 2011). 
Gas motors, gas turbines and CC can be used too, as CHP or as peaking power plants, with up to 
several hundreds of MW, with an overall efficiency of 40 %. 

SNG takes the electrolysation of water using electricity surplus one step beyond by adding CO2 to the 
hydrogen obtained to produce methane, also called SNG. The process is referred to as Power to Gas 
(P2G). Like hydrogen, SNG can be stored in pressure tanks, underground, or fed directly into the gas 
grid (IEC, 2011). CO2 can be obtained from fossil-fuelled power plants, industrial installation or biogas 
plants. The main advantage is the use of an already existing gas grid infrastructure. In 2012, the total 
world storage capacity of natural gas was higher than 3,600 TWh, while the total world power 
production from wind and solar was 639 TWh (Götz et al., 2016). These values show that there can 
be enough capacity to store all the surpluses in the form of SNG injected in the gas grid. Hydrogen, 
on the other hand, can also be fed into the grid but only up to a certain concentration of 0 to 12 %, 
due to country specific standards and regulations (Götz et al., 2016). Moreover, methane has a 
higher energy density, and transport in pipelines request less energy. Nonetheless, the total 
efficiency is lower than hydrogen, below 35 %, given the additional step performed in the process to 
obtain the methane from the hydrogen. 

SNG has the advantage of being able to be used as fuel in conventional CC plants. However, this 
would cause an increase in the total CO2 emissions which would be detrimental for the achievement 
of the environmental objectives. To assure that P2G operates as a carbon neutral technology, two 
conditions must be met (Belderbos et al., 2015).  

First, the electricity surplus used to produce SNG must come from carbon neutral sources. In this 
case, the surpluses coming from CHP, MSW, coal and CC cannot be used. All the coal, CHP and MSW 
plants are decommissioned before 2050. CC plants operate with a must-run factor of zero, so they do 
not produce surpluses. 

Second, the CO2 produced when using SNG should be either recycled to produce new methane or 
captured and stored.  Figure 4-10 shows two cases of different processes in which P2G can operate. 
In the closed loop, the SNG is used in a gas-fired power plant (GFPP) with CCM, which stores the CO2 
produced in the combustion of the SNG and feeds it to the P2G plant to produce more SNG. In this 
case, no CO2 is emitted to the atmosphere. In the open loop, the CO2 produced is emitted to the 
atmosphere and, thus, the process is not carbon neutral. 

Given that the energy-mix designed in the final scenario features CC plants, a good alternative to PHS 
could be P2G transforming the surpluses in SNG, which could be used in the new CC plants, installed 
with the corresponding CCM. 
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Figure 4-10. P2G  process in a renewable (closed) and non-renewable (open) cycle (Belderbos et al., 
2015) 

A P2G plant consists of two main components: the electrolyser and the methanation reactor. 
Additionally, the auxiliary systems (buffers, compressors or heat exchangers, etc.) must be 
considered in the design of the P2G plant. Table 4-11 shows the values assumed for the P2G plants 
(Belderbos et al., 2015). 

Table 4-11. Characteristic of a P2G plant 

Characteristic Value 

Efficiency (electricity to methane higher heating value) 60 % 
Capital costs (€/kW) 1,500 
O&M costs (€/kWh) 0.00342 
Economic life-time (years) 20 
Technological life-time (years) 20 

 

No energy-to-power ratio is imposed for SNG storage. Given that the SNG is stored using existing 
infrastructure, no additional storage costs are considered. Table 4-12 shows the values assumed for 
the CC+CCM plants (Belderbos et al., 2015). The efficiency includes the loss due to carbon capture. 

Table 4-12. Characteristic of a CC+CCM plant 

Characteristic Value 

Efficiency 50 % 
Capital costs (€/kW) 1,900 
O&M costs (€/kWh) 0.00759 
Economic life-time (years) 20 
Technological life-time (years) 20 

 

A new scenario is designed using the same planning as the PHS scenario, but installing only P2G 
instead of PHS. The behaviour of the system when installing only P2G storage capacity is analysed 
simulating the year 2030. The percentage reduction of the surpluses versus the P2G storage capacity 
installed has been plotted (Figure 4-11). In this case, 7 GW of capacity would be needed in order to 
obtain a 100 % reduction of the surpluses, but with half the capacity a 90 % reduction can be 
obtained. Therefore, it is advisable to only process a 90 % of the surpluses, given that otherwise the 
capacity installed would be underused. 
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Figure 4-11. Percentage reduction of the surpluses in 2030 versus the P2G capacity installed 

For the design of the scenario, the following steps have been followed: CC plants with CCM are 
installed first. The quantity is determined by the available SNG fuel generated with the surpluses of 
each year. A static simulation has been performed for the years 2030, 2040 and 2050. First, the 
surpluses for each year are calculated. Then, P2G capacity is installed to obtain a 90 % surplus 
reduction. The SNG that can be produced is calculated with the amount of surplus reduction. Finally, 
the CC capacity that requires a fuel consumption equal to the SNG obtained is calculated. The 
CC+CCM are set earlier than conventional CC in the merit order. This means that CC+CCM plants will 
operate as base/middle-load, while the conventional CC plants will supply the peak-load needed to 
assure the reliability of the grid. Table 4-13 shows the values of surplus reduction, SNG produced and 
CC+CCM capacity installed for each year. 

Table 4-13. Surplus reduction, SNG produced and CC+CCM capacity installed for the P2G scenario 

 2030 2040 2050 

Surplus without P2G (GWh) 2,191.5 3,487 12,573.8 
P2G capacity installed (MW) 3,250 5,750 6,500 
P2G accumulated capacity (MW) 3,250 9,000 15,500 
Surplus with P2G (GWh) 207.74 332.35 1,243.86 
Surplus reduction 90.52 % 90.47 % 90.11 % 
Accumulated SNG production (PJ) 4.28 11.10 35.57 
CC+CCM capacity installed (MW) - 620 1,500 
CC+CCM accumulated capacity (MW) - 620 2,120 
Conventional CC capacity installed (MW) 30,184 40,184 59,184 
SNG consumption (PJ) 0 11.04 35.49 
LOLP (days/year) 0.25 0.38 0.17 
CO2 emissions (Mt) 31.8 15.2 14.2 

 

The available CC+CCM capacity is not enough, and a higher conventional CC capacity must be 
installed in order to compensate the lack of PHS capacity and assure a good reliability. The CC 
capacity installed in the PHS scenario for the years 2030, 2040 and 2050 is 30,184, 36,184 and 46,684 
MW, respectively (Table 4-9). 

Even though the LOLP is low enough to assure the reliability of the system and the surpluses are 
reduced to values similar to the PHS scenarios, the environmental objectives are not fulfilled, given 
that in 2050 the total CO2 emissions are 14.2 Mt, which represent a 74.10 % cut compared to the 
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emission in 1990 (54.82 Mt), lower than the minimum 80 % cut set by the 2050 European policy. 
Thus, a new scenario must be designed, in which both storage technologies are used (PHS and P2G) 
in a way that the LOLP and the surpluses are kept at acceptable levels, while the CO2 emissions are 
sufficiently cut. 

4.3.3 Optimal scenario 2030-2050 

The main problem of PHS scenario is the high amount of PHS plants that must be built. Substituting 
all these plant by P2G does not solve the problem, as proved in the previous section. Therefore, the 
strategy followed in the design of this optimal scenario is combining the installation of P2G with 
enough PHS so that the CO2 emission are reduced below the target value. A first simulation has been 
performed placing P2G first in the merit order, before PHS. Later on, it will be discussed the 
convenience of this decision. 

Given that P2G and CCM are technologies that are not mature enough compared to PHS, the first 
period from 2020 to 2030 followed is the same as in the PHS scenarios. The firsts P2G and CC+CCM 
plants are installed from 2030 on. This strategy gives time for these technologies to develop toward a 
more mature stage. 

During the period 2031-2040, more CC capacity is installed, compared with the PHS scenario, in order 
to compensate the reduction of PHS capacity installed during this period, given that CC+CCM alone is 
not enough. 70.90 GW of new capacity have been installed (P2G is not accounted, given that it does 
not produce electricity itself, it only reduces the surpluses). In total, 78.9 % of the new capacity is 
renewable, 14.1 % is non-renewable and the remaining 7 % is PHS. The LOLP equals zero practically 
until the last year, when it increases up to 0.13 in 2040. Despite this rise, the value remains below 0.5 
days, which assures a good reliability in the system. The surpluses increase during the period, 
reaching a maximum 455 GWh in 2040. 

During the period 2041-2050. Less CC capacity is installed, compared with the PHS scenario, given 
that the CC+CCM capacity is increased. 99.35 GW of new capacity have been installed. In total, 
85.88 % of the new capacity is renewable, 4.03 % is non-renewable and the remaining 10.09 % is 
PHS. The LOLP remains at a high value during the first half of the period, but always below the 
maximum allowed value of 0.5 days. During the second half of the period, the LOLP is reduced and 
stabilised between 0.08 and 0.13 days. There are surpluses during the whole period, reaching a 
maximum surplus value of 604 GWh. Appendix A.6 shows the installation of new capacity for each 
year, along with the LOLP and the surpluses produced for the optimal scenario. Figure 4-12 shows 
the evolution of the energy-mix during this period. 
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Figure 4-12. Evolution of the energy mix during the period 2031-2050 

Table 4-14 shows the capacity and generation evolution from 2030 until 2050. 

From 2030 to 2040, the total capacity increase 43.4 %, less than the 62.5 % increase in PHS scenario. 
RE reaches a share of production of 79.09 %, with natural gas representing a 3.96 %, nuclear a 
12.13 % and PHS a 4.82 %, similar to the values obtained with the PHS scenario. 

From 2040 to 2050, the total capacity increases 41.3 %, less than the 73.5 % increase in PHS scenario. 
The final energy-mix is now composed only by RE (including CC+CCM), CC and PHS, with a total 
production share of 91.15 %, 3.01 % and 5.85 %, respectively. PHS has now a lower share, compared 
to the 8.07 % obtained in the PHS scenario, due to the lower capacity installed. The capacity of CC 
and CC+CCM amounts to a total of 46,050 MW, close to the 46,684 MW of conventional CC installed 
in PHS scenario. Given that the PHS production is not as high as in PHS scenario, conventional 
hydropower maintains its maximum production. 

The RF has increased 23.31 % from 2030 to 2050. Compared to the 71.62 % increase in PHS scenario, 
the optimal scenario has a more optimal planning from an economic point of view. 
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Table 4-14. Capacity and generation in 2030, 2040 and 2050 for the optimal 2030-2050 scenario 

Power Plant Capacity 
2030 
(MW) 

Capacity 
2040 
(MW) 

Capacity 
2050 
(MW) 

Generation 
2030 
(GWh) 

Generation 
2040 
(GWh) 

Generation 
2050 
(GWh) 

PHS 19,049 24,049 34,049 6,852 22,220 34,764 
Hydro small 2,105 2,105 2,105 6,040 6,037 5,829 
Hydro large 13,042 13,042 13,042 27,709 27,690 26,847 
Wind 46,945 81,945 140,945 104,595 181,807 305,632 
PV centralized 3,328 3,328 3,328 5,297 5,326 4,563 
PV decentralized 10,542 20,542 30,542 17,115 34,321 46,165 
CSP 7,305 15,000 27,500 26,503 57,607 87,166 
Nuclear 7,399 7,399 0 57,340 55,877 0 
CHP 5,703 0 0 27,700 0 0 
Biomass 3,077 5,577 8,077 17,712 44,803 62,813 
MSW 1,567 1,567 0 6,506 5,581 0 
CC 30,184 40,184 44,184 44,182 18,230 17,868 
CC+CCM 0 700 2,050 0 1,181 2,736 
TOTAL 150,247 215,488 305,822 347,550 460,679 594,387 
RF 2.96 3.31 3.66    

 

Table 4-15 shows the values of surplus reduction, SNG produced and CC+CCM capacity installed for 
the years 2030, 2040 and 2050. Due to the installation of PHS capacity, less surpluses are left for P2G, 
compared to the P2G scenario. In total, they equal 10,465.4 GWh, approximately half the total 
surpluses obtain in P2G scenario (18,252.3 GWh). This translates into less SNG production (20.3 PJ 
compared to the 38.4 PJ obtained in P2G scenario). The current storage capacity of natural gas in 
Spain is 217.8 PJ (Energia y Sociedad, n.d.) so it is possible to store all the SNG in the existing gas grid. 

Table 4-15. Surplus reduction, SNG produced and CC+CCM capacity installed for the optimal 2030-
2050 scenario 

 2030 2040 2050 

Surplus without P2G (GWh) 92.9 4,530 5,935.4 
P2G capacity installed (MW) 0 6,750 9,500 
P2G accumulated capacity (MW) 0 6,750 16,250 
Surplus with P2G (GWh) 92.9 455 602.7 
Surplus reduction - 89.96 % 89.85 % 
Accumulated SNG production (PJ) - 8.79 20.3 
SNG consumption (PJ) - 8.45 19.7 

 

The CO2 emissions have been reduced to 6.61 Mt (Figure 4-13), which represent an 87.9 % cut 
compared to the emissions in 1990 (54.82 Mt), higher than the minimum 80 % cut set by the 2050 
European policy. If no CC+CCM capacity were installed, the CC plants would have to generate an 
additional amount of 2,736 GWh. In this case, CO2 would equal 7.88 Mt, revealing that the 
installation of CC+CCM allows to reduce 1.27 Mt of the total CO2 emitted to the atmosphere. 
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Figure 4-13. Evolution of the CO2 emissions for the optimal 2030-2050 scenario 

Table 4-16. LCOE in 2030, 2040 and 2050 for optimal scenario 2030-2050 scenario shows the 
evolution of the LCOE from 2030 to 2050. 

From 2030 to 2040 the total LCOE has increased 3.74 %, less than the 4.89 % in PHS scenario, while 
from 2040 to 2050 the increase has been 11.39 %, less than the 17.72 % in PHS scenario. Therefore, 
this planning is more optimal than PHS scenario from an economic point of view. 

LCOE of PHS is lower than in PHS scenario, given the less capacity installed and the higher OH. In 
2050, its value has decreased from 124.9 €/MWh in PHS scenario to 40.8 €/MWh. Conventional 
hydro has reduced its LCOE in 2050 compared to PHS scenario, given that now it has to supply more 
electricity to compensate the reduction in PHS generation Regarding P2G, given that it does not 
produce electricity by itself, its costs have been computed manually using the formula used by 
PowerPlan to calculate the LCOE (Benders, 1996). The value has been added to the LCOE of CC+CCM 
as fuel costs, since its operation produces the SNG used in these plants. CC+CCM itself is cheaper 
than conventional CC, but adding up the P2G to the final cost makes its LCOE more expensive. If a 
single LCOE is calculated for CC and CC+CCM, the value obtained is 245.8 €/MWh, which is lower 
than the 251.8 €/MWh obtained in PHS scenario. 

The values obtained if PHS is placed first in the merit order are the same, which reveal that giving 
priority to a storage technology over another does not have an impact in the final generation of 
electricity. 
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Table 4-16. LCOE in 2030, 2040 and 2050 for optimal scenario 2030-2050 scenario 

Power plant LCOE 2030 (€/MWh) LCOE 2040 (€/MWh) LCOE 2050 (€/MWh) 

PHS 103.2 41.0 40.8 
Hydro small 55.4 53.8 55.3 
Hydro large 16.9 16.9 17.4 
Wind 59.0 60.9 59.9 
PV centralized 65.7 65.4 71.2 
PV decentralized 73.8 72.3 77.3 
CSP 161.4 159.6 179.5 
Nuclear 35.1 38 - 
CHP 100.4 - - 
Biomass 142.2 152.6 167.0 
MSW 184.6 192.9 - 
CC 137.0 194.5 238.2 
CC+CCM - 92.3 112.5 
P2G - 170.4 183.0 
TOTAL 80.96 83.99 93.56 

 

4.3.4 Conclusion 

In this section, it has been proved how the surpluses will be a serious issue to be solved during this 
period. PHS alone, although its theoretically feasibility, is not a good option, given the high capacity 
that must be installed. P2G has been proven to be a good alternative in the reduction of surpluses, 
but it is less effective generating electricity. It has a 60 % efficiency in the conversion of electricity 
surplus to SNG, and its combustion in CC+CCM plants has a 50 % efficiency in the obtaining of 
electricity. This results in a total round-trip efficiency of 30 %, whereas PHS has a round-trip 
efficiency between 70 % and 90 %. Thus, the installation of CC+CCM alone is not enough to fulfil the 
environmental objectives. A combination of both technologies has been found to be a good solution. 
The storage of the surpluses is divide roughly equally into PHS and P2G. This allows for the PHS to 
produce enough electricity to assure the reliability of the system while P2G helps reducing the rest of 
the surpluses, decreasing the number of PHS that have to be installed and increasing their total OH. 
Furthermore, the generation of electricity using SNG in CC+CCM plants helps reducing 1.2 Mt of CO2 
emissions. 

With the optimal scenario, the PHS installed between 2021 and 2050 is only 26 GW of PHS capacity, 
with a total storage capacity of 2,600 GWh, now below the 9,363 GWh of maximum realisable 
potential in Spain. The average PHS plants to be built are 12 PHS plants during the period 2020-2030, 
6 during the period 2030-2040 and 11 during the period 2040-2050. In total, 290 PHS plants must be 
constructed over a span of 30 years, with a total investment of 29 M€. These values are more 
feasible and reveal the limitations of using only PHS to reduce the surpluses. 

The total LCOE continues increasing during this period. From 2030 to 2040, the increase can be 
attributed to the increase in fuel costs, the decrease in OH for CC, given its increase in peak-load 
power, and the decommissioning of CHP plants, which are substituted by a more expensive 
technology as is CC. From 2040 to 2050, the increase is much higher, mainly due to the 
decommissioning of nuclear plants, which by then have the more inexpensive LCOE. Comparing 
scenarios, the LCOE obtained in the optimal scenario is lower than the value obtained in PHS 
scenario, mainly because of the reduction in cost for PHS, which operate more OH in the optimal 
scenario, and also because of the reduction in the total LCOE obtained combining conventional CC 
and CC+CCM. 
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4.4 2014-2050: overall energy-mix evolution 

Once an optimal scenario has been designed for each one of the different periods considered, a final 
simulation has been performed, spanning the whole period studied. This allows to unite the results in 
order to get a clearer vision of how the energy-mix has been planned to evolve. 

Figure 4-14 shows the evolution of the share of capacity for each type of energy source. RE increases 
continuously its share of capacity, reaching three-quarters of the total capacity installed in 2050. PHS 
capacity grows especially from 2020 to 2030, given that it is the only type of storage installed in this 
period. From then on, its share of capacity is reduced, given that P2G begins being installed as an 
additional energy storage. Nuclear reduces its capacity during the whole period, given that no new 
plants are built, until reaching zero in 2050, when all the plants have been decommissioned. Coal 
capacity reduces its capacity rapidly from 2014 to 2020, due to the NTP, and it is left out of the 
energy-mix by 2030, in order to fulfil the environmental objectives. 

 

Figure 4-14. Evolution of the capacity from 2014 to 2050 for the final scenario 

Figure 4-15 shows the evolution of the share of electricity generation for each type of energy source. 
RE increases its value until 2050, when it reaches more than a 90 % of the total generation. PHS 
suffers a little decrease in 2020, due to the too-early installation of new capacity, but the value 
increases from then until 2050. Natural gas has to increase its generation in 2020, given that not 
enough RE has been installed to replace the decommissioned coal plants. From then on, its 
generation decreases, given that its switch toward peak-load operation. In 2050, they only represent 
a 3 % of the total generation, even though its capacity has increased. Coal and nuclear cut their share 
of generation until they are completely decommissioned. 
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Figure 4-15. Evolution of the generation of electricity from 2014 to 2050 for the final scenario 

Figure 4-16 shows the evolution of the LCOE from 2014 to 2050. Its value grows from 64.61 €/MWh 
in 2014 to 93.56 €/MWh in 2050, which represents a total 44.8 % increase. Figure 4-17 shows the 
breakdown of the LCOE for each type of power plant from 2014 to 2050. A higher share means a 
higher electricity generation, a higher LCOE or both. One remarkable aspect is the decrease in the CC 
share. Even though its LCOE grows, the decrease on its generation is more important and, thus, the 
final cost lowers. In the final period, the highest share corresponds to biomass, CSP and wind. 
Therefore, enhancement in these technologies, such as more inexpensive biomass fuel, less capacity 
cost for CSP plants or a higher technical life-time for windmills would led to an important reduction 
of the LCOE. 

 

Figure 4-16. Evolution of the LCOE from 2014 to 2050 for the final scenario 
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Figure 4-17. Evolution from 2014 to 2050 of the influence in the total LCOE of each type of power 
plant for the final scenario 

Figure 4-18 shows the electricity production of each type of power plant during the week 27 for the 
year 2014 and 2050. This comparison allows to see how the performance and operation of the 
electricity system has evolved and the impact of a higher RE share. In 2014, more than half of the 
energy-mix is composed by conventional thermal power plants, which are more controllable and 
foreseeable. This results in a more precise production pattern, in which there are no significant 
variabilities. On the other hand, more than a 90 % share of capacity is reached in 2050, which results 
in a more variable and changeable pattern production. PHS has a higher participation, whereas CC 
has been relegated to an auxiliary system, supplying energy only when the electricity generation is 
too low. 

 

 

Figure 4-18. Electricity production of each type of power plant during week 27 in 2014 (above) and in 
2050 (below) 
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5. DISCUSSION 

5.1 Limitations of the results 

The simulation of electricity demand and production is used to analyse future feasibly scenarios in 
which the environmental policies were fulfilled, while the reliability of the system remained assure. 
Even though this research always refers to the design of these scenarios as ‘planning’, it has to be 
kept in mind that these are ‘what-if’ scenarios and the results obtained cannot be seen as an exact 
picture of how the energy mix will evolve, but rather as how decisions affect the development of the 
energy mix. Using average patterns, keeping the parameters of power plants such as costs of 
operation or efficiency the same throughout the simulation or defining future fuel prices as 
forecasted values are some of the simplifications that have been considered, and they have to be 
kept in mind when analysing the results so as not to draw mistaken conclusions. Additionally, some 
of the considerations taken when designing the scenarios are rather optimistic. For instance, the 
effect of the climate change in the water cycle, which can be detrimental for hydro power, has been 
neglected. 

The optimal scenarios are the better option chosen among the different scenarios designed, but they 
do not represent the ultimate optimal scenario that should be developed. The values obtained are 
useful to take decisions when comparing the different scenarios designed with each other or with 
similar scenarios designed by other researches, but they have less utility when analysed alone. The 
actual results that can be extracted from this research are the conclusion obtained in the design and 
simulation of scenarios. That, for instance, is better to install more wind power rather than PV, that 
focusing only in PHS is not a good option or that focusing on environmental objectives has a negative 
impact on the economic aspects. Not only that, the rejection of scenarios also contributes to the 
obtaining of conclusions, given that they can prove how certain strategies are not suitable and should 
be avoided. 

5.2 Comparison with other researches 

In total, from 2014 to 2050, the following capacities are installed: 118.1 GW of wind, 29 GW of PV, 
25.2 GW of CSP, 7.4 GW of biomass, 1.3 GW of MSW (which are decommissioned by 2050), 20 GW of 
CC, 2.05 GW of CC+CCM and 29.3 GW PHS. These values add up to a total capacity of 231.05 GW 
(plus a P2G storage capacity of 16.25 GW). The total RE installed is 181.75 GW. This value falls into 
the 145-201 GW range of new RE capacity calculated by (Deloitte, 2016). The RE share of production 
in 2050 is 91.16 %, which also coincide with the range calculated by (Deloitte, 2016), which sets the 
share of production between 90 % and 100 %. 

(Gimeno-Gutiérrez and Lacal-Arántegui, 2013) develops some scenarios with an 80 % share of RE, 
considering an electricity generation of 420 TWh. These scenarios are similar to the year 2040 of the 
scenario designed, in which the share of RE reaches 79.11 % with an electricity generation of 460.7 
TWh. The energy-mix is a bit different, given that other RE energies, such as geothermal energy, are 
considered, but, even though the differences, the values obtained are close. The wind-focused 
scenario considers the the following capacities: 30-40 GW of CC, 100 GW of wind, 35 GW of PV and 
15.5 GW of hydro. On the other hand, the scenario designed considers the following capacities in 
2040: 40.5 GW of CC, 81.9 GW of wind, 23.8 GW of PV and 15.1 GW of hydro. Wind and solar have 
less capacity because of the 15 GW of CSP installed in the scenario designed. Regarding storage 
capacity, the wind-focused scenario considers 12.75 GW of PHS and 45 GW of another storage 
technology with an unlimited storage capacity, which would correspond to P2G. The total storage 
capacity equals 57.75 GW. This value is higher than the 24 GW of PHS and the 6.75 GW of P2G in the 
scenario designed, which equal a total of 30.75 GW. This difference arises mainly because the surplus 
reduction in focused-wind scenario equals 100 %, but also because this scenario has discarded 
installing CSP with storage and, thus, the surpluses are higher. It can be observed that the capacity is 
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roughly double than in the scenario designed, in which the surplus reduction equals 90 %. This is in 
accordance with the results obtained when studying the operation of PHS and P2G in the system, 
which revealed that reaching a 100 % surplus reduction requires roughly double the capacity 
compared to a 90-95 % surplus reduction. 

Given that all the scenarios have been designed focusing on environmental and reliability aspects, 
the costs increase as a counterpart. This can be observed in the LCOE obtained in the scenarios 
simulated by (Rodríguez de Lucio et al., 2010). The scenario that obtains the lower CO2 emissions 
considers a 50 % share of RE in 2030 and the extension of the nuclear plants operation until the end 
of their lifespan. The LCOE in this case is 67 €/MWh, lower than the 80.69 €/MWh obtained in the 
simulations, but the CO2 emissions produced are 66 Mt, higher than the 1990 value. Therefore, it 
would not fulfil the environmental objectives set. The scenario designed in the simulations considers 
a RE share of 60.9 % which, along with the decommissioning of all coal plants, achieves a CO2 
emission value of 31.5 Mt, allowing to fulfil the environmental objectives but, as a counterpart, 
increasing the LCOE. Regarding the total investment needed to install all the capacity planned, its 
value equals 446 867 M€, which is higher than the 385 000 M€ of maximum total investment 
calculated by (Deloitte, 2016). 

Regarding the surpluses, P2G scenario obtains 2191.5 GWh, 3487 GWh and 12 573.8 GWh of 
surpluses for the years 2030, 2040 and 2050, respectively. To process a 90 % of the total value, the 
accumulated capacity installed is 3250 MW for 2030, 9000 MW for 2040 and 15 000 MW for 2050. 
Considering a demand growth rate of 1.73 %, (Bailera and Lisbona, 2017) calculates a range of 
surpluses between 0.51-4.90 GWh for 2030, 2.46-8.6 GWh for 2040 and 6.1-13.54 GWh for 2050. The 
processing of 90 % of the total surpluses requires in this case 8-15 GW for 2040 and 14.5-19.5 GW for 
2050, which is consistent with the values calculated. 
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6. CONCLUSIONS 

For the first period (2014-2020), it has been proved that it is not mandatory to shut down all the coal 
plants in order to fulfil the limitation of both the air pollutant and the greenhouse gas emissions. 
Maintaining the operation of the indicated coal plants, with their correspondent investments in air 
pollutant reduction mechanisms, and limiting the OH of the rest allows for the fulfilling of the 
environmental objectives. Despite the high reserve factor, the installation of new renewable capacity 
has a positive contribution, given that it reduces the generation of electricity using fuel-based power 
plants. On the other hand, the installation of new PHS capacity can be delayed to a later stage, given 
that it will be underused during this period. 

For the second period (2020-2030), the best scenario obtained considers the combination of both 
wind and PV power. The former has more supply reliability and lower operation costs, whereas the 
latter generates less surpluses. In order to fulfil the environmental objectives of this period, all the 
remaining coal plants must be decommissioned by 2030. Regarding the nuclear plants, it is of high 
importance to build the ATC in order to fulfil the environmental objectives of 2030. Nuclear plants 
could be replaced by coal or CC plants in order to assure the supply of electricity, but CO2 emissions 
would increase. On the other hand, substituting the nuclear plants by RE would arise difficulties in 
the execution of the energy plan. Firstly, the additional capacity of RE necessary to substitute the 
nuclear plans, added to the capacity already planned to be installed during this period (33.5 GW) to 
reduce CO2 emissions, would result in a pace of construction too high to accomplish. Secondly, the 
surpluses generated due to the extra RE capacity would be higher, and by this period the storage 
capacity is still not completely developed. Therefore, the best alternative is to build the ATC so that 
nuclear plants can continue operating while RE and storage continue developing in order to be able 
to completely substitute the nuclear plants at the end of their lifespan without causing any reliability 
problems in the electric system. 

During the last part of the simulation (2030-2050), the main problem is the surpluses generated, 
given the higher RE production. Despite the high potential in Spain for PHS, it has been proved that 
focusing only in this technology is not a good option, because of the large amount of capacity that 
must be installed to reduce the surpluses. The alternative considered is P2G, which allows to store 
more surpluses with less capacity. The SNG production calculated represents less than 10 % of the 
total gas grid capacity in Spain, so it can be considered that P2G does not have a limit value for 
storage capacity. Nonetheless, its low round-trip efficiency (approximately 30 %), results in a lower 
electricity generation, which is compensated by installing more CC plants. This results in an increase 
of CO2 emissions. An alternative could be considering installing more RE and P2G in this scenario, but 
this would imply a higher total investment.The solution adopted considers a combination of both 
technologies. The higher round-trip efficiency of PHS allows to generate more electricity with the 
surpluses stored, which reduces the use of CC plants, while P2G helps reduced the rest of the 
surpluses. 

The reliability of the system remains assured throughout the simulation, even in the last period, 
when all coal, CHP and MSW plants, which operated as base-load, have been decommissioned. This 
is achieved with the installation of CC plants operating in peak-load. The CO2 emitted by these plants 
is low enough to fulfil the environmental objectives, given that they only work occasionally. An 
alternative to this solution could have been the installation of electric batteries, which would use the 
surpluses stored to supply energy at certain moments, when the production does not meet the 
demand. Although this strategy would imply zero CO2 emissions, it is not as reliable as installing CC 
plants. The latter allows to produce electricity whenever is necessary and, given that the capacity 
installed is high enough, it can operate in substitution of other technologies that decrease 
unexpectedly its capacity, such as hydro, if there is a drought, or biomass, if the supply cannot be 
assured. In this case, the reliability of the system has prevailed over the environment. Regarding 
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costs, focusing on the reliability and the environmental impact of energy-mix designed leaves little 
room for costs optimisation. This results in a continuous increase of the LCOE during the simulation. 
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APPENDIX 

A.1 List of power plants operative in the reference year 

Table A.1. Power plants operating in the reference year 

Power plant Type Commissioning year Capacity (MW) Efficiency NOx emissions (g/GJ) SO2 emissions reduction 

Aboño I Coal 1974 360 0.37 183.6 0 
Aboño II Coal 1985 543 0.37 139.1 0.8 
Anllares Coal 1982 365.2 0.37 1572.2 0 
Compostilla II-III Coal 1972 485.1 0.37 619 0.4 
Compostilla IV-V Coal 1984 714.5 0.37 265.3 0.8 
Elcogas Coal 1996 335 0.55 74.3 0 
Guardo I (Velilla) Coal 1964 155 0.37 630.6 0.9 
Guardo II (Velilla) Coal 1984 360.7 0.37 950.0 0.9 
La Robla I Coal 1971 270 0.37 913.0 0 
La Robla II Coal 1984 350 0.37 931.5 0.8 
Lada IV Coal 1981 350 0.37 161.3 0.8 
Litoral de Almería I Coal 1985 576.9 0.37 235.9 0.8 
Litoral de Almería II Coal 1997 582 0.37 101.1 0.8 
Los Barrios Coal 1985 567.5 0.37 156.2 0.8 
Meirama Coal 1980 580.5 0.37 402.8 0 
Narcea II Coal 1969 154 0.37 558.3 0 
Narcea III Coal 1984 350 0.37 1155.6 0.8 
Puente Nuevo Coal 1966 324 0.37 99.9 0.8 
Puentes (As Pontes) Coal 1976 1403.3 0.37 41.9 0.6 
Soto de Ribera II Coal 1967 254 0.37 145.1 0 
Soto de Ribera III Coal 1984 361 0.37 155.7 0.8 
Teruel Coal 1981 1101.4 0.37 525.8 0 
Aceca III Combined Cycle 2005 392 0.52 29.3 0 
Aceca IV Combined Cycle 2006 379 0.52 34.6 0 
Algeciras Combined Cycle 2011 831 0.52 37.7 0 
Amorebieta (Boroa) Combined Cycle 2005 755 0.52 40.5 0 



ii 
 

Arcos I Combined Cycle 2005 396 0.52 30.6 0 

Power plant Type Commissioning year Capacity (MW) Efficiency NOx emissions (g/GJ) SO2 emissions reduction 

Arcos II Combined Cycle 2005 379 0.52 27.4 0 
Arcos III Combined Cycle 2005 844 0.52 34.6 0 
Arrúbal I-II Combined Cycle 2005 800 0.52 70.0 0 
Besós III Combined Cycle 2002 400 0.52 50.8 0 
Besós IV Combined Cycle 2002 400 0.52 54.6 0 
Besós V Combined Cycle 2011 860 0.52 41.4 0 
Bizkaia Electricidad Combined Cycle 2003 800 0.52 42.4 0 
Campo de Gibraltar Combined Cycle 2004 800 0.52 19.7 0 
Cartagena I-II-III Combined Cycle 2006 1200 0.52 46.1 0 
Castejón I Combined Cycle 2002 429 0.52 56.4 0 
Castejón III Combined Cycle 2008 418 0.52 13.0 0 
Castellón III-IV Combined Cycle 2000 1650 0.52 40.1 0 
Castelnou Energía Combined Cycle 2006 790 0.52 91.6 0 
Cristóbal Colón IV Combined Cycle 2006 397.8 0.52 65.5 0 
El Fangal I-II-III-IV Combined Cycle 2011 1100 0.52 55.9 0 
Escombreras VI Combined Cycle 2005 831 0.52 36.8 0 
GDF Suez Cartagena Combined Cycle 2006 1200 0.52 68.1 0 
Málaga (Campanillas) Combined Cycle 2011 400 0.52 25.8 0 
Palos de la Frontera I Combined Cycle 2004 400 0.52 49.7 0 
Palos de la Frontera II Combined Cycle 2005 400 0.52 33.5 0 
Palos de la Frontera III Combined Cycle 2005 400 0.52 22.9 0 
Plana del Vent I-II Combined Cycle 2007 800 0.52 51.4 0 
Puentes V Combined Cycle 2008 800 0.52 23.1 0 
Puerto de Barcelona I-II Combined Cycle 2011 850 0.52 28.3 0 
Sabón III Combined Cycle 2008 400 0.52 36.7 0 
Sagunto I-II-III Combined Cycle 2007 1200 0.52 35.6 0 
San Roque I Combined Cycle 2002 400 0.52 47.7 0 
San Roque II Combined Cycle 2002 400 0.52 37.9 0 
Soto de Ribera IV Combined Cycle 2008 431.86 0.52 17.6 0 
Soto de Ribera V Combined Cycle 2010 433.63 0.52 26.2 0 
Tarragona Combined Cycle 2003 400 0.52 35.3 0 
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Tarragona Power Combined Cycle 2003 417 0.52 46.8 0 

Power plant Type Commissioning year Capacity (MW) Efficiency Solar multiple Storage capacity (GWh) 

PS10 CSP 2007 11  3 0.011 
Andasol 1 CSP 2008 50  3 0.375 
Puerto Errado I CSP 2009 1.4  3 0.0007 
PS20 CSP 2009 20  3 0.02 
Ibersol Puertollano CSP 2009 50  1 0 
Andasol 2 CSP 2009 50  3 0.375 
La Risca CSP 2009 50  1 0 
Extresol-1 CSP 2009 50  3 0.375 
Extresol-2 CSP 2009 50  3 0.375 
Solnova 1 CSP 2010 50  1 0 
Solnova 3 CSP 2010 50  1 0 
La Florida CSP 2010 50  3 0.375 
Solnova 4 CSP 2010 50  1 0 
Majadas CSP 2010 50  1 0 
La Dehesa CSP 2011 50  3 0.375 
Palma del Río II CSP 2010 50  1 0 
Manchasol-1 CSP 2010 50  3 0.375 
Gemasolar CSP 2011 20  3 0.3 
Manchasol-2 CSP 2011 50  3 0.375 
Palma del Río I CSP 2011 50  1 0 
Lebrija 1 CSP 2011 50  1 0 
Andasol 3 CSP 2011 50  3 0.375 
Helioenergy 1 CSP 2011 50  1 0 
Arcosol 50 CSP 2011 50  3 0.375 
Astexol II CSP 2012 50  1 0 
Termesol-50 CSP 2011 50  3 0.375 
Puerto Errado II CSP 2012 30  3 0.015 
Helioenergy 2 CSP 2012 50  1 0 
Aste 1A CSP 2012 50  1 0 
Aste 1B CSP 2012 50  1 0 
Solacor 1 CSP 2012 50  1 0 
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Solarcor 2 CSP 2012 50  1 0 

Power plant Type Commissioning year Capacity (MW) Efficiency Solar multiple Storage capacity (GWh) 

Morón CSP 2012 50  1 0 
Helios 1 CSP 2012 50  1 0 
Solaben 3 CSP 2012 50  1 0 
Guzmán CSP 2012 50  1 0 
Olivenza 1 CSP 2012 50  1 0 
La Africana CSP 2012 50  3 0.375 
Orellana CSP 2012 50  1 0 
Helios 2 CSP 2012 50  1 0 
Extresol-3 CSP 2012 50  3 0.375 
Solaben 2 CSP 2012 50  1 0 
Termosolar Borges CSP 2012 22.5  1 0 
Solaben 1 CSP 2013 50  1 0 
Termosol 1 CSP 2013 50  3 0.45 
Enerstar CSP 2013 50  1 0 
Casablanca CSP 2013 50  3 0.375 
Termosol 2 CSP 2013 50  1 0.45 
Solaben 6 CSP 2013 50  1 0 
Arenales CSP 2013 50  3 0.35 

Power plant Type Commissioning year Capacity (MW) Efficiency Load capacity (MW) Storage capacity (GWh) 

 Hydro large  13042   14812 
 Hydro small  2105   4000 
La Muela PHS 1985 628  555 31 
Sallente PHS 1985 446  356.8 6.3 
Tajo de la encantada PHS 1978 360  288 3.3 
Aguayo PHS 1982 338  270.4 8.9 
Moralets PHS 1983 210  168 37 
Guillena PHS 1973 210  168 23 
Bolarque PHS 1976 208  166.4 22.7 
IP PHS 1969 84  67.2 13.5 
Villarino PHS 1970 810  648 3120 
Aldeadávila II PHS 1986 422  337.6 42.9 
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Conso PHS 1978 228  182.4 9.3 

Power plant Type Commissioning year Capacity (MW) Efficiency Load capacity (MW) Storage capacity (GWh) 

Soutelo PHS 1983 206    
Tanes PHS 1978 133    
Torrejón PHS 1967 130    
Gabriel y Galán PHS 1970 110    
Montamara PHS 1971 88    
Puente Bibey PHS 1964 71    
Guijo PHS 1972 53    
Pintado PHS 1970 14    
 Wind  22845    
Northen regions PV centralised  442.8    
Central regions PV centralised  442.8    
Southern regions PV centralised  442.8    
Northen regions PV decentralised  1180.8    
Central regions PV decentralised  1180.8    
Southern regions PV decentralised  1180.8    
Almaraz I Nuclear 1981 1049 0.36   
Almaraz II Nuclear 1983 1044 0.36   
Ascó I Nuclear 1984 1033 0.36   
Ascó II Nuclear 1986 1027 0.36   
Cofrentes Nuclear 1984 1092 0.36   
Trillo I Nuclear 1988 1066 0.36   
Vandellós II Nuclear 1987 1087 0.36   
Tersa MSW 1983 31.5 0.17   
Zabalgarbi MSW 2005 99.5 0.17   
Trargisa MSW 1984 1.1 0.17   
TRM MSW 2010 13.15 0.17   
Sirusa MSW 1991 7.4 0.17   
Tircantabria MSW 2006 10 0.17   
Las Lomas MSW 1997 29 0.17   
Sogama MSW 2002 50 0.17   
Conventional Biomass 2005 352.04 0.25   
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CHP Biomass 2005 324.96 0.3   

Power plant Type Commissioning year Capacity (MW) Efficiency Load capacity (MW) Storage capacity (GWh) 

Combine cycle CHP  1684.4 0.68   
Engine internal 
combustion 

CHP  2603.5 0.61   

Turbine with heat 
recovery 

CHP  1450.8 0.72   

  

  

https://www.eseficiencia.es/2012/01/16/cogeneracion-con-biomasa
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A.2 Average wind velocity and power density 

 

 

Figure A.1. Average wind speed (left) and power density (right) at a height of 80 m (IDAE, 2011a) 
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A.3 Solar irradiation distribution 

 

Figure A.2. Global solar irradiation and solar electricity from PV potential on optimally-inclined south-oriented surface in Spain (Girard et al., 2016) 
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A.4 Electricity pattern production 

 

Figure A.3. Electricity pattern production of each type of power plant on an average day. 
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A.5 CSP locations 

 

Figure A.4. Locations used for the calculation of the average annual direct radiation 
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A.6 Optimal scenario planning for the period 2020-2050 

Table A.2. New capacity (MW) to be installed for the optimal 2020-2030 scenario 

Power plant 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 

Wind 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 
PV 500 500 500 500 500 500 500 500 500 500 
CSP 500 500 500 500 500 500 500 500 500 500 
Biomass 500  500  500  500  200  
MSW 500  500  300      
PHS 1100 1100 1100 1100 1100 1100 1100 1100 1100 1100 
CC      2000 2000 2000   
LOLP (days/year) 0 0 0 0 0.04 0 0 0 0 0.25 
Surplus (GWh) 169 152 231 225 242 206 198 137 107 93.1 

 

Table A.3. New capacity (MW) to be installed for the optimal 2030-2050 scenario 

Power Plant 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 

Wind 3500 3500 3500 3500 3500 3500 3500 3500 3500 3500 
PV 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 
CSP 770 770 770 770 770 770 770 770 770 770 
Biomass 250 250 250 250 250 250 250 250 250 250 
CC 7500 1250 1250        
PHS 500 500 500 500 500 500 500 500 500 500 
P2G 675 675 675 675 675 675 675 675 675 675 
CC+CCM 70 70 70 70 70 70 70 70 70 70 
LOLP (days/year) 0 0 0 0 0 0 0 0 0 0.13 
Surplus (GWh) 27.1 26.2 27.8 91.7 163 202 349 379 442 455 

 


