
1 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

 

Intra-hour Solar Forecasting for 

Photovoltaic Systems Integration 

in Weak Electric Grids 

 

 

David Cañadillas Ramallo 

 

 

Director Ricardo Guerrero Lemus 
Codirectores Benjamín González Díaz 

 Jan Peter Hartmut Kleissl 
Coordinador Fernando Luis Rosa González 

 

 

 

Doctorado en Ingeniería Industrial, Informática y Medio Ambiente 

Línea 1: Ingeniería industrial, tecnología electrónica y comunicaciones 

 

 

 

 

  



2 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

  
 

 

 



3 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

 

   

Agradecimientos 

Antes de entrar en materia, me permitirán que reserve este pequeño espacio para 

agradecer a todas las personas  que me han apoyado a lo largo de estos años de doctorado 

y durante la redacción de la tesis, y sin las cuales, esta tesis no hubiese sido posible de una 

forma u otra. 

En primer lugar, quiero agradecer a mi director Ricardo Guerrero, por haber confiado 

en mí desde el principio y por haberme apoyado siempre. Gran parte de la culpa de que yo 

acabara haciendo una tesis doctoral fue suya en primer lugar, y si bien es verdad que 

cuando empecé, yo no estaba muy convencido, ahora al final, no me arrepiento de haber 

emprendido este camino. También le agradezco el haberme hecho partícipe de los 

múltiples proyectos que se han surgido durante el desarrollo de la tesis, sin los cuales, ésta 

carecería del carácter práctico que yo tanto valoro, y estos años no hubiesen sido tan 

entretenidos. Por todo eso y mucho más, gracias Ricardo.  

También quiero agradecer a mi codirector Benjamín González, por haber estado 

siempre ahí, y por haberme ayudado incondicionalmente siempre que se lo he pedido. 

Valoro mucho el haber tenido a alguien con quien hablar cuando lo he necesitado, y 

especialmente, el haberme ayudado a que todos estos años se hicieran más llevaderos. 

También le agradezco enormemente el haber sido mi guía en la selva hostil que para mí es 

la burocracia universitaria, pero por la que él sabe transitar como pocos. Y por supuesto, 

no olvido las veces que me has invitado a café del bueno. Muchas gracias Benji.  

Me gustaría también agradecer a mi otro codirector, Jan Kleissl, por haberme acogido 

con tanta calidez en su grupo de investigación en la Universidad de San Diego, durante los 

tres meses de estancia que estuve allí, y por haberse involucrado de una manera activa en 

la investigación una vez estuve de vuelta, así como aceptar mi propuesta de ser mi 

codirector. Thank you, Jan!  

Por supuesto, y más allá de los agradecimientos estrictamente académicos, quiero 

agradecer a mis padres, Mary y Carlos, por haberme educado como lo hicieron, y por 

haberme dado siempre su apoyo y comprensión en todas las etapas de mi vida. Ellos son 

los principales responsables de que hoy esté aquí escribiendo una tesis doctoral, ya que 

siempre que han podido no han dudado en ayudarme con lo que necesitase, ya fuera 

cuidando a mi perra Cuba cuando me iba de viaje para un congreso; o ayudándome con 

alguna herramienta cuando tenía que hacer un prototipo para un proyecto. Así que me 

gustaría que sintieran que parte de esta tesis es suya también. Muchas gracias por todo.  

También quiero agradecer a mi hermano Fernando, que siempre ha sido un ejemplo 

para mí en muchas facetas de la vida y del que admiro su capacidad de seguir mirando la 

vida con la felicidad de un niño, por mucho que los años pasen; y al resto de familia en el 

extranjero (Amanda y Joan), que, aunque debido a las circunstancias no hemos podido 



4 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

 

  
 

compartir mucho tiempo juntos últimamente, siento su apoyo desde el otro lado del 

mundo. 

Por último, me gustaría hacer una pequeña ronda de agradecimientos a todos mis 

amigos y a todas las personas con las que he compartido partes de mi vida durante estos 

años. Quiero agradecer a mi grupo de amigos con los que siempre he podido contar 

cuando los he necesitado, especialmente en los momentos en los que la motivación era 

escasa, ya sea para tener conversaciones acerca de cómo me iba en la tesis, o para todo lo 

contrario, y hablar de cualquier cosa que no fuera el trabajo. Y también han aguantado mis 

múltiples trayectos desde y hacia la locura, y eso es algo que valoro enormemente. Así que 

a todos, y con especial cariño a Meso, Paula, Dani y Miriam; y al resto de la gente de los 

grupos de Telegram, muchas gracias.  

También quiero agradecer a Adri y Alber, y al resto del grupo de escalada, por 

sacarme del abandono físico al que el doctorado me tenía relegado y hacerme “mover el 

trasero de la silla”. No saben lo importante que ha sido para mí esos momentos donde la 

única preocupación era cómo hacer una vía y llegar hasta el final. 

Me gustaría hacer una mención especial, por la empatía añadida que existe, a mis 

amigos “pioneros del doctorado”, en especial a Diego, por enseñarme los caminos del 

doctorado y por hacerme saber que hay vida después del mismo; y a Silvia, porque nunca 

ha dudado en ofrecer su ayuda y consejo, y por haber luchado incluso más que yo por mis 

derechos.  

También quiero agradecer a mis compañeros en la universidad, en especial a Pablo, 

por esos momentos de pausa y café, necesarios a lo largo de la mañana, donde surgían las  

conversaciones más inesperadas; y especialmente también a Alfredo, con quien he tenido 

el placer de coincidir en el último año, y que me ha aconsejado mucho con respecto a la 

tesis, y con quien he tenido conversaciones fascinantes acerca del mundo de las energías 

renovables, al que ambos pertenecemos.   

Finalmente, quisiera agradecer a las personas que me han acompañado durante este 

largo camino y que me han dado parte de su tiempo, de su cariño y de su amor, y a las que 

tengo muy presentes igualmente en mi mente y corazón. 

 

 

 

 

 

  



5 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

 

   

 

 



6 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08



7 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

Preface  i 
 

   

Preface 

Forecasting the future, as one may expect, is a complicated task. Even more 

complicated, when some of the most complex natural systems on the planet (atmospheric, 

climatic) and human-crafted systems (electric) are involved. Back in 2016, I was an Energy 

Engineer who just got his Master’s degree in Renewable energy, and I had the opportunity 

to start my PhD. “What would the research be about?”, I asked. “Well, the idea is to predict 

the movement of passing clouds over the photovoltaic plants using cameras, in order to 

anticipate the variations that clouds cause to the power output of photovoltaic plants”. 

Predict. Clouds. At that moment, I had a romantic idea of clouds, and remembered how, as 

a kid, I stare at them trying to identify animal or human shapes for brief moments until 

they suddenly change and disappear. It never crossed my mind that their movement 

should be predicted for any purpose. But I have to say that it seemed quite challenging, 

and I liked the idea of starting something new. So the challenge was accepted. 

When I first started this journey, I did not know anything about forecasting or the 

techniques used to do so. In fact, I have little to no knowledge about many of the 

disciplines involved in the task: atmospheric dynamics, cloud formation, photography, 

image processing and computer vision, time-series analysis and prediction, etc. Moreover, 

this was a brand new line of research for the group itself, and the beginning was especially 

difficult, since I did have neither the theoretical background nor support required. 

However, the definition of challenge is “something that needs great mental or physical 

effort in order to be done successfully and therefore tests a person's ability”. And that was 

exactly what this research has meant to me. 

It is safe to say that today, I have completely change the way I see the clouds, and 

after almost five years analyzing cloud images, I will probably never be able to stare at the 

clouds with the joy of a kid ever again. But despite that little sacrifice, throughout the five 

years I have been doing this work, I have learned so many things that I feel like I have a 

completely new skill set in my possession right now. Who would have told me a few years 

ago that I would be able to code scripts, or understand the underlying nature of 

optimization algorithms or deep learning models? During these years, I have also had the 

pleasure to meet a lot of interesting and relevant people, I have had the privilege of 

working with some of the most important utilities in the power sector, I have visited 

amazing places… So I can only be grateful for all the experiences this PhD has brought me, 

and, although the road has been bumpy sometimes, I am very happy to finally reach the 

final stop of my PhD, which for sure will mean the beginning of a new phase in my life. 

Although the three papers presented in this dissertation show part of the research 

made and the results obtained during the PhD, they are not a fair reflection of all the work 

that has been done during the five years. It should be considered that part of the research 

has been done in the framework of private projects (meaning that some processes take 
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more time since more actors are involved), and a big part of the latest research, dealing 

with Deep Learning models for image processing and time-series forecasting, is yet to be 

published. Nevertheless, all the research done during these years, and all the derived 

research to come, will be published in the coming years without doubts. 

As of today, I can safely say that our research group now possesses a very specialized 

knowledge in several areas such as solar forecasting, photovoltaic and renewable energies 

in general, integration of variable renewable sources in electric grids, image processing 

techniques, machine and deep learning models, and optimization algorithms applied to 

complex energy problems, etc. that were not available before, at least in the Canary Islands 

and in the energy context. 
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Abstract 

Environmental concerns and decreases in costs are shooting up the deployment of 

solar photovoltaics (PV) all over the world. As more photovoltaic capacity is added to the 

global electric mix, the intrinsic variable nature of solar resource, particularly variability in 

the short-term due to the clouds, is posing several challenges on the operation of electric 

grids. A series of multipurpose measures can be adopted to deal with these challenges.  

First, solar resource and photovoltaic potential should be assessed in order to 

foreseen the possible future scenarios when photovoltaic energy will dominate the 

electricity mix. It is more likely that regions with good solar resource will experience a 

higher deployment, and therefore, they will be more vulnerable to the effects of solar 

variability. National and regional policies also play an important role on the installation 

rates of renewable energies, and even on the performance of the PV plants, where lack of 

incentives could lead to bad management of operation and maintenance. Policies should 

be carefully planned according to national or regional targets and to the overall 

technological and cost situation.  

Second, the impacts derived from the variability of solar resource should be 

addressed. As these impacts of variability on electric grids depend on several factors, such 

as the voltage level the PV plants are connected or the relative size and robustness of the 

electric system, different approaches are considered for different situations. For instance, 

in the case of small and islanded electric systems (also called weak systems), with small 

numbers of high inertia generators and no interconnections, short-term variability of a 

large share of PV on the electric mix may lead to frequency deviations. In order to prevent 

these frequency deviations, intra-hour solar forecasting is an interesting approach, where 

the variations of solar PV in the near future are predicted, and the rest of the elements and 

devices in the electric system may be accommodated to deal with the ramps caused by the 

solar variability. The production of good intra-hour solar forecasts seems to be tied to the 

use of sky-imagers, since traditional time-series analysis does not capture the stochastic 

nature of clouds. However, costs of commercial sky-imagers compared to the quality of the 

produced forecasts are too high to be considered as an attractive solution for most system 

operators. Therefore, there is a necessity of reducing the costs of the technology, while 

improving its overall prediction quality, to enable a massive use of these types or 

forecasting systems. 

On the other side, PV systems installed at the distribution level have a larger impact 

on the voltage of the feeders. Smart global controls for the PV inverters, taking advantage 

of new features such as reactive power compensation or active power curtailment, can be 

enabled to address these voltage fluctuations. With the improvement of the 

communication infrastructures, global control strategies can take into consideration all 

the PV systems in a distribution feeder, and they could solve an optimization problem to 
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select the best set of parameters for each PV inverter in the grid at any time. However, 

with high numbers of PV systems deployed in the distribution feeders, the complexity of 

the optimization problem increases dramatically, and thus, fast optimization algorithms or 

metaheuristics are required to find good solutions in acceptable times. Thus, the study and 

implementation of fast metaheuristics capable of solving these high complexity control 

problems should be on the agenda of distribution system operators for the next years.  

In this thesis, the problems presented above have been tackled from different 

perspectives, and as a result, the three papers conforming this compendium present 

several solutions to deal with the variability of solar PV on weak electric systems. First, an 

extensive PV potential assessment using big-data techniques on the Canary Islands was 

performed, where the importance and effects of national and regional policies on the PV 

installation rates and overall performance was highlighted. Second, the early prototypes of 

the low-cost sky-imagers designed and built on the framework of this thesis to make intra-

hour solar forecasts were deployed in three different locations, and the results from each 

experience and the overall forecasting ability (and extra functionalities of sky-imagers) are 

presented. Finally, an optimized global control for voltage regulation in distribution grids 

is proposed, using a fast metaheuristic to find the best sets of parameters for PV inverters 

in a distribution grid with a high PV penetration.  
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Chapter 1. Introduction 

1.1 Global Energy Outlook and Energy Transition 

During the last decades, the world has been undergoing an important energy 

transition. We are witnessing how energy systems, which have relied on the use of fossil 

fuels as main sources of energy for centuries, are today transforming to more sustainable, 

renewable and electrified ones. Obviously, this transition is not casual, and at least two 

reasons can be identified as main drivers of this transformation: environmental concerns 

due to climate change and global warming, and cost reductions in renewable energy.  

 On the one hand, the effects derived from climate change are becoming more 

evident every year, and the threats related to them are starting to equally concern the 

population in general, and the governments in particular. Numerous reports and data have 

been published showing the changes in measured variables (evidencing increases in 

annual surface temperature, sea level, or ocean heat content for example) and analyzing 

the possible impacts (health related, economics, agricultural…) of climate change and 

global warming [1], [2]. Irrefutable proofs in data are starting to convince every country of 

the importance of the problem, but the approaches selected to solve the problem ranges in 

a wide spectrum of decisions. 

 Although the political focus tends to have a limited temporal sight based on electoral 

periods, the scientific community have been warning about the hazardous effects of 

climate change for a long time [3]. The majority of the developed countries are taking the 

problem as seriously as it deserves (at least at a political level), with the European Union 

(EU) being the leader in this transition. As of 2019, 28 countries had issued “climate 

emergency” declarations, in many cases, accompanied by national plans and strategies for 

transitioning to more renewable and sustainable energy systems [4]. There are other 

countries that refuse to embrace the recommended measures to improve the situation, for 

a variety of reasons, sometimes due to ideological reasons (for instance the United States 

of America (USA) withdrawing from the Paris Agreement during Trump’s election [5]), 

others due to economic issues (some developing countries do not have the economic 

means to achieve the transition).  
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There is also an ongoing argument for the “historical guilt” of the emissions. In this 

sense, developing countries, such as India, claim that more developed countries are 

responsible for the majority of the historic greenhouse gases (GHG) emissions, and the 

adoption of climate change politics in terms of emission reductions, may affect their 

developing capabilities. China, which is the current major GHG emitter, has historically 

emitted half of the cumulative emissions of the USA [6]. However, other countries and 

regions see this transition as an opportunity to achieve a green and sustainable 

development, and get things done the right way. In any case, the “historical guilt” debate 

has been approached since the first international climate treaty, back in 1992, where a 

Common but Differentiated Responsibilities and Respective Capabilities (CBDR-RC) 

principle was included, but enforcing the pledges of each country has been proved to be an 

impossible task. Probably this was the reason for the new modality of the Paris Agreement 

in 2015, in which each signing country committed to certain self-assigned objectives, in a 

framework of common and overarching climate goals to limit global temperature rise to 

1.5 ºC [7]. 

Despite that not all the countries are on the same boat regarding the way to approach 

the issue, it is true that large efforts have been made to reach an agreement for the year 

2050. In the same Paris Agreement, signing countries commit to make efforts in the 

reduction of GHG emissions through their Nationally Determined Contributions (NDC). 

Although, in many cases, the NDC goals are less ambitious than they supposed to be to 

achieve the 1.5 ºC limit goal. In terms of renewable electricity, current NDC targets will 

only cover 40% of the renewable energy needed to meet the climate goals.  

On the bright side of things, the European Commission presented at the end of 2019 

its European Green Deal, which is a set of policies to achieve carbon neutrality in Europe 

by the end of 2050, which aligns with the objectives of the Paris Agreement. The objective 

is to mobilize at least EUR 1 trillion to support sustainable investments over the next 

decade, as well as EUR 100 billion over the period 2021-2027, in what is called the “Just 

Transition Mechanism”, to support the regions more vulnerable to the profound effects of 

the transition [8], [9]. However greater efforts should be made by the international 

community to address the problem, since the projection of the effect of current measures 

are showing to be clearly insufficient. 

The second major reason provoking the energy transition is the decrease in costs of 

all renewable energy technologies, mainly in the power sector. During the decade 2010-

2020, electricity costs from renewable have fallen sharply, principally driven by 

improvements in technology, an increase in the competitiveness of supply chains, 

economies of scale and acquired manufacturer experience [10]. These changes are 

different depending on the technology analyzed, but the decrease in costs is common to all 

technologies (with the exception maybe of hydropower).  



19 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

Chapter 1: Introduction 

  3 

In the energy sector, two indicators are commonly used to measure the costs related 

to electricity projects: the Levelized Cost of Electricity (LCOE) and the Total Installed Costs 

(TIC). The LCOE measures the cost required to produce a kWh of electricity accounting for 

all the costs of the installation through its entire useful life, and it is expressed in 

EUR/kWh, EUR/MWh, USD/kWh or USD/MWh (currency per unit of energy). The TIC, also 

known as Capital Costs, includes all the fixed, one-time payments required for producing 

electricity with a determined installation (including land, equipment, installation, etc.). In 

the electric sector, it is usually expressed as a ratio between the cost and the capacity of 

the installation. Thus, its unit is EUR/kW or USD/kW (currency per unit of capacity).  

Costs related data along with average capacity factor for the wind and solar power 

technologies can be seen at a glance in Figure 1 [10]. The technology experiencing the 

largest cost reductions is solar photovoltaics (PV) by far. Although the global weighted 

average TIC for all the major renewable technologies have been falling continuously 

during the last decade, solar PV is the technology with the largest decrease in costs, with a 

fall from USD 4,702/kW in 2010 to USD 995/kW in 2019 (79%). Solar PV has become in 

the last few years the technology with the lowest TIC. Regarding wind power, onshore 

wind power maintains a steady decrease of installation costs from USD 1949/kW to USD 

1473/kW (24%); and offshore wind follows the trend with a decrease from USD 4650/kW 

to USD 3800/kW (18%). Concentrated Solar Power (CSP), although with much higher 

costs in absolute terms, has also experienced a decline in costs in the last ten years from 

USD 8967/kW to USD 5774/kW (36%). 

 

Figure 1. Evolution of capital costs, capacity factors and LCOEs for solar and wind technologies over 
the last decade. 

Along with the decrease in TIC for all the technologies, a steady increase of the 

Capacity Factor is also observed, which of course, explained the generalized fall of LCOE 

for all technologies. According to [10], between 2010 and 2019, in terms of global 

weighted-average LCOE for utility scale plants, the costs of solar PV fell 82% (from USD 

0.378/kWh to USD 0.068/kWh). The ranking is completed by the CSP, which also 

experienced an important fall in costs of 47% (from USD 0.35/kWh to USD 0.07/kWh), 
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onshore wind power with a 39% (from USD 0.086/kWh to USD 0.053/kWh) and offshore 

wind with 29% (from USD 0.161/kWh to USD 0.115/kWh).  

With this context of generalized cost decreases, some renewable technologies are 

starting to out-compete the cheapest fossil fuel-based alternatives in many global regions. 

The value in solar PV is particularly significant, since in 2010, the LCOE of solar PV 

electricity was about 8 times higher than the cheapest coal-fired power generation.  And 

the trends in PV and wind power show no sign of change in the next few years. Even 

during 2019, year-to-year costs continued decreasing. Some PV plants concurrent in 

Power Purchase Agreement (PPA) and auctions could have an average LCOE of USD 

0.039/kWh, which represents a 42% reduction over the weighted average. According to 

[11], there are unsubsidized utility scale PV plants achieving LCOEs as low as USD 

0.031/kWh. Some studies analyzing the costs of over 2000 GW of coal-fired power 

generation suggest that, taking into account these costs for PV, 1200 GW of coal-fired 

power plants could have higher marginal operating costs than the average price of new 

utility-scale solar PV [12].  

On a regional scale, there are two main factors affecting the cost of renewable energy: 

the availability of renewable resources and its climatic conditions, and the state of the 

markets in the region. On the one hand, the cost of electricity by any renewable technology 

is subject to the weather and climatic conditions of the location (where higher renewable 

resources will have a huge impact on the overall costs of the installation). Regarding this 

issue, it could be argued that the best locations for renewable energy installations are 

already in use in some regions, and probably it is true. However, there are still large areas 

with excellent renewable resources not being used, and also, repowering of old plants with 

advanced technology is also on the roadmaps for the next few years, once the older plants 

fulfill their life cycle.  

On the other hand, the markets for each technology are different depending on the 

region of the world. There are countries with well-established markets (EU, USA, China…) 

that are more competitive than others (developing countries for example). However, there 

are multiple factors influencing the final cost of the electricity beyond the competitiveness 

of the market or the quality of supply chains, and for example, India became in 2019 the 

country with the lowest TIC for solar PV with an extraordinary cost of USD 618/kW [10]. It 

is possible that proximity to China (the main global supplier in the PV sector) and low 

salaries are the reasons behind this number.  

On a side note, the year 2020 has been a difficult year for the whole world. The 

COVID-19 pandemic has shaken the foundations of the contemporary, completely 

interconnected and globalized society, triggering a disruptive situation worldwide that has 

put a lot of pressure on the economy of the majority of countries. While the economic 

effects of the pandemic are still to be determined, it is foreseen a big economic shock 
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comparable to that of the Influenza pandemic in 1918 or the financial crisis of 2008. 

Despite that, preliminary reports indicate that investments in renewable energy have not 

suffered that much in comparison with other sectors. In fact, some entities are considering 

this awful situation as an opportunity to build new social and economic dynamics, 

centering the efforts in a sustainable development that spread widely through all sectors, 

including economic, social, politic and environmental. In this context, renewable and 

sustainable energies may play an essential role in the recovery of the pandemic and 

building the foundations of a new future [13].  

In any case, the transition to more sustainable energy systems is tied to the use of 

renewable energy, modern clean energy vectors (such as hydrogen) and other carbon 

neutral technologies. There are several reasons guiding the world to an energy change: 

environmental concerns, security of energy supply, resilience of energy and electric 

systems, economic benefits, etc. Although the energy transition has begun, we are still far 

from the objectives required even for the most conservative scenarios to prevent global 

warming. There is still a long way to travel before we achieve sustainable energy 

production on a global scale, but the expectations are positive, and this is a travel that the 

whole world must do together.  

1.2 State of the Energy Transition 

Once the principal causes of the energy transition have been presented and reviewed 

in the previous section, the current state of the transition at different levels and from 

different points of view is analyzed in this section. 

1.2.1 Global situation 

As of the beginning of 2021, there is still a large path ahead to reach the goals for a 

more sustainable world and to achieve the transition of energy systems, described in the 

previous section. As of 2019 (last data available [14]), global primary energy consumption 

by source looked as shown in Figure 2. A quick glance evidences that global primary 

energy consumption is still heavily dominated by fossil fuels, with oil being the most 

consumed energy source (which is mainly explained by the use of oil products as 

combustible for transportation) followed by coal and natural gas. Besides hydropower, it 

is extremely difficult to distinguish other renewable sources in the graph. Wind and solar 

energy combined only add up to 3.29% of the total primary energy consumed. Percentage-

wise (bottom of the figure), fossil-fuels have a share of 84.32% of all the primary energy 
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consumed in the world. Nuclear1 and renewables complete the picture with 4.27% and 

11.41% shares respectively.  

 

Figure 2. Global primary energy consumption by source. Percentages in the legends refer to the last 
year in the graph (2019) [14]. 

Regarding the final energy consumption by sectors (Figure 3), the transportation 

sector has the largest share of final energy consumption with 29.09%. Other industries 

and residential consumptions follow in the ranking with 28.57% and 21.22% respectively. 

This lines up with the fact that the two largest shares of final consumption by source are 

oil products (40.64 %) and electricity (19.31%). The renewable share in Figure 3 does not 

include renewable energy contributions to electricity generation. 

 

Figure 3. Global total final energy consumption by sector (left) and by source (right). Percentages in 
the legends refer to the last year in the graph (2019) [14]. 

                                                             

1 Nuclear is listed separately since it is a near zero-carbon energy source. 
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Regarding electricity generation (Figure 4), the picture is quite similar, with fossil 

fuels almost completely dominating the scene with 63.31% of the share. In this case, coal 

and not oil, is the predominant energy source for electricity generation. The share of 

renewable energy is considerably higher (26.24%), but this is not a surprise considering 

that the main use of renewable sources is electricity production. Nuclear energy completes 

the picture with a 10.44% of the total electricity generated. 

 

Figure 4. Global electricity generation by source. Percentages in the legends refer to the last year in 
the graph (2019) [15]. 

 
In Figure 5, global CO2 and GHG emissions are depicted, along with the annual CO2 

percentage change. It can be observed that global emissions consistently increase, and the 

growth rate remains almost unchanged. Slight reductions observed are linked to global 

crisis events such as the oil crisis in 1979 or the financial crisis of the early 90’s and 2007. 

It is expected that after the COVID-19 crisis, a slight reduction in the GHG emissions will be 

experienced, but it could be mostly circumstantial, and the recovery period that will 

follow, will probably bring GHG emissions increases if production and energy systems 

remain unchanged. 
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Figure 5. Global GHG and CO2 emissions (top) and annual CO2 percentage change (bottom) [16]. 

1.2.2 Spain 

In Spain, the tale is almost the same. We are still far from the objectives agreed in the 

Paris Agreement in terms of reduction of GHG emissions and energy transition. These 

objectives will only be achieved if our energy systems are completely transformed. 

However, the current state and rate of change of our energy systems is not high enough to 

reach the targets set from that agreement. Figure 6 shows the primary energy 

consumption in Spain by source, in which a picture heavily dominated by fossil fuels can 

be observed. In the last years, Spain has been transitioning away from coal uses, which can 

be evidenced by the 3.67% of the total primary energy accounting for that fossil fuel, the 

lowest in the whole historical series.  

 

Figure 6. Spain primary energy consumption by source. Percentages in the legends refer to the last 
year in the graph (2019) [14]. 
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During the year 2020, the Spanish government presented two national plans which 

come to address the measures needed to be adopted in the next decade to accomplish the 

objectives and pledges of the Paris Agreement. These plans were the Integrated National 

Plan of Energy and Climate (Plan Nacional Integrado de Energía y Clima, PNIEC [17]) and 

the National Plan of Adaptation to Climate Change (Plan Nacional de Adaptación al Cambio 

Climático, PNACC [18]). The PNIEC fixed a set of goals to be achieved during the next 

decade (2021-2030), from which, the most relevant are the following: 

 a 23% GHG emissions reduction from the levels of 1990 (commitment of the Paris 

Agreement) 

 42% of final energy use coming from renewable sources 

 39.5% of energy efficiency increase 

 74% of renewable sources in electricity generation 

With these objectives in mind, the following question can be asked: how is the current 

situation in Spain, and how big is the effort Spain has to make in order to fulfill these 

objectives? As of 2018, the share of final energy coming from renewable energy sources is 

anecdotal (0.4%, without including electricity generation), although the main 

contributions are made in the electricity sector. Figure 7 shows the final energy 

consumption by sector and source in Spain. Figure 8 shows the electricity generation by 

source in Spain in the last decades. Electricity generation coming from renewables in 2019 

was 37.54%. This means that the share of final energy consumption coming from 

renewables adds up to about 9.3%, quite far from the 42% objective for the year 2031.  

 

Figure 7. Spain total final energy consumption by sector (left) and by source (right). Percentages in 
the legends refer to the last year in the graph (2019) [15]. 
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Figure 8. Spain electricity generation by source. Percentages in the legends refer to the last year in the 
graph (2019) [15]. 

Regarding GHG emissions, the effects of the 2007 financial crisis are evident in Figure 

9, after which, deceleration of the economy led to several consecutive years of emission 

reductions. There is a compound effect of this event with the growth of renewable energy 

in the electricity sector, but it is difficult to distinguish the effective influence of each 

situation. Nevertheless, the trend is positive if compared with global emissions. 

Introduction of new renewable energy, electrification of transport sector, carbon capture 

technologies and introduction of new green fuels will be determinant in the next years to 

reach the pledges of the Paris Agreement, which are indicated by the green area in the 

figure. 

 

Figure 9. Global GHG and CO2 emissions (top) and annual CO2 percentage change (bottom) [16]. 
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Considering the current situation, these objectives are still far from accomplishment. 

In order to fulfill all the objectives, Spain faces a series of important challenges in the next 

decade:  

 Renewable energy electricity generation must increase 97.1% in the next decade, 

from the levels of 2019 (37.54%) in order to achieve the objective of the PNIEC 

(74%).  

 Total final energy from renewable sources should increase by a factor of 4.5 (from 

9.3 to 42%) 

 GHG emissions should decrease 37% to reach the 23% reduction from 1990 

emission levels. 

Spain confronts huge challenges in the next few years, in which national strategies to 

advance in the energy transition and recovery actions from the COVID crisis must be 

balanced and intertwined. The latent economic crisis expected after the pandemic will not 

contribute to reach the objectives either, but the government should link the measures 

adopted for the recovery of the health crisis to the sustainable development and climate 

emergency situation.  

1.2.3 Canary Islands 

In the Canary Islands, there are specific concerns on the population, moved by the 

particularities of the archipelago (with a large number of protected natural areas and 

biosphere reserves) and it could be argued that the population is more aware of the 

necessity of an energy transition than in other territories of the country. Proof of these are 

the massive popular mobilizations that took place against the oil explorations on the 

archipelago in 2014 [19]. Despite that, final energy consumption is clearly dominated by 

fossil-fuels, and the share of renewable energy is insignificant, accounting only for a 2.1%, 

which mostly comes from electric generation, as it can be seen in Figure 10. The main 

reason for this low contribution of renewable energy to the final energy mix is that most of 

the energy consumed is done in the transport sector, which supposes a 75.14% of the final 

energy consumption in the Canary Islands (including air, maritime and land 

transportation). Almost all of the energy demanded by this sector is supplied by fossil 

fuels.  
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Figure 10. Share of final energy consumption by island and source (2018) [20]. 

It is expected that during the next decades, the electrification of vehicles and the 

introduction of new green fuels (such as hydrogen) will lead to a decrease in the fossil fuel 

consumption associated to transportation, but the challenge for the energy transition in 

this sector is huge, and will remain dominated by hydrocarbons for the next decades if 

current trends in electric vehicle adoption do not change abruptly.  

 

Figure 11. Share of electricity production by island [21] 

Considering the renewable shares in the final energy mix, the only island achieving 

significant figures in the use of renewable energy is the island of El Hierro, which is mainly 

due to the wind-hydro plant for electricity production. However, there is a demographic 

explanation for this large difference. In the Canary Islands, there is a huge imbalance 

among the populations and therefore, energy consumptions, of each island. In the 

Archipelago, there are two islands (Tenerife and Gran Canaria) considerably larger and 
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more populated than the rest of them. Tenerife and Gran Canaria combined accounts for 

82% of the total population and 78% of the electricity consumption, which can be 

observed in Figure 11. El Hierro only has 11,147 inhabitants (0.5% of the total), and the 

recent installation of the 11 MW wind-hydro plant has put the island leading the 

renewable transition in the islands. 

 

 

Figure 12. Canary Islands electricity generation by source. Percentages in the legends refer to the last 
year in the graph (2019) [21]. 

As it can be seen in Figure 12, electricity generation in the Canary Islands is mainly 

dominated by fossil fuel-fired thermal generators, using mainly fuel-oil and diesel as fuels 

due to the lack of natural gas and coal supplies in the Archipelago. During the last decade, 

the idea of including natural gas in the energy mix has been hovering over the head of 

politicians, with the projection of a regasification station on Tenerife Island, which would 

bring a less polluting fuel for producing electricity. But the idea seemed to fade out for 

several reasons. A relative rejection of the population, the decrease in costs of other 

renewable energy alternatives and the future projections of cleaner energy vectors such as 

hydrogen that could be included in the future energy mixes have highlighted the necessity 

of thinking a different strategy of transitioning away from fossil fuels. Nonetheless, natural 

gas may still play an important role during the first stages of the energy transition in the 

Canary Islands, either by displacing the consumption of more pollutant fuels (such as fuel 

oil or diesel oil) or by mixing it with renewable hydrogen to fuel the thermal generators.   

Renewable energy share has grown steadily during the last years, adding up to 

15.86% of the total electricity generated in the year 2019. The renewable capacity in the 

Archipelago has also grown during the last decade, following global trends, with some 

discontinuities due to regional and national regulations preventing the deployment of 
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more renewable installations2. Figure 13 shows the share of the different technologies 

involved in electricity generation by island. The island of El Hierro, with its wind-hydro 

power plant, is the only one capable of achieving substantial figures in renewable energy, 

with a 66.7% of the total annual electricity produced coming from renewable sources in 

the year 2019 [21]. The largest shares of renewable electricity are coming from wind 

power, which lines up with the fact that wind capacity is more than double the solar PV 

capacity in the archipelago. Renewable energy generation in Tenerife adds up to 18.4% 

and Gran Canaria is 15.4%.  

 

Figure 13. Canary Islands electricity generation by island and by source (2019) [21]. 

 

1.3 Technical Considerations of Electric Systems 

From all forms of energy consumption, electricity is the most convenient for its ease 

and safety of use, quick availability and relative low cost. However, electric systems are 

among the most complex engineering systems, and therefore, transitioning from a fossil 

fuel-based electricity production to a renewable energy-based one is not a task exempt of 

difficulties and barriers. There is a very important difference between both approaches: 

contrary to the “on demand” availability of fossil fuels, renewable energy production is 

only possible when there is renewable resource available if no energy storage is 

considered. This is particularly true for the two major technologies dominating the scene 

in the last years: wind and solar power. This fact increases the variability of these energy 

sources, and that is why they are called Variable Renewable Energy (VRE). VRE sources 

(also called Non-Manageable Renewable Energy), such as solar and wind power, pose new 

                                                             

2 A more detailed analysis of the impacts of policies is given in Section 2.1.5 
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difficulties in an already complex system, as the electric is, and operating the electric grid 

becomes a more challenging task.  

As a simple graphic analogy, one could think of the electric systems as an old 

weighing scale, with the generation on one side and the demand on the other. In order to 

achieve static equilibrium, both plates should have equal “masses”. Electric systems 

behave similarly. They must maintain a real-time and delicate equilibrium between 

demand and generation at all times in order to control the frequency of the system, and 

therefore ensure safety, quality and security of supply. 

Continuing with the analogy, load would be the unknown “mass” we are trying to 

measure with generation units, of which we know their properties, and we use as 

reference. Traditionally, the main sources of uncertainty and variability have been 

associated with the demand side (residential customers and industries make use of the 

electricity whenever they want, and this has a somehow stochastic nature), and therefore, 

forecasts have been made to reduce the effect of this uncertainty on the electric system. 

Nowadays, when aggregated, demand or load curves for determined electric systems can 

be confidently predicted taking into account exogenous variables such as the time and day 

of the year, week-days or not, temperature, etc. Load forecasting is a problem that has 

been around over a century [22], and it has been tackled with multiple approaches for 

decades. In the aggregated case, it may be considered as a solved one.  

However, with the introduction of VRE sources in the generation side, the electric 

system has a new source of variability and uncertainty in its components. That is (and 

finishing with the analogy), we are trying to measure the load “mass” without clear 

references, because our reference weights may change at any moment, generating high 

uncertainty. And, in the electric system, these uncertainties are considerably worrying, 

since they affect the overall generation-load equilibrium, meaning that a miscalculation on 

the possible outputs could lead to catastrophic effects in the system. If VRE generation has 

an important share in an electric system, measures should be taken to reduce the 

uncertainty and ensure a safe operation. 

At this point, it is worth defining the terms variability and uncertainty. In electric 

systems, basically all the components, such as loads, power lines, and generator 

availability and performance; have a degree of variability and uncertainty [23]. In a 

general sense, variability accounts for the changes in a determined time-series over time; 

while uncertainty refers to the lack of accuracy in the predictions of the changes [24]. 

Solar PV generation for example, is a very low inertia energy source, meaning that 

changes in the output are fast (with no conservation of energy momentum) and the 

changes in outputs may be in the range of the milliseconds for single PV cells, and close to 

the minute for PV plants depending on its size. That is, solar PV has high variability. 

Thinking ahead, in scenarios with 100% renewable energy, if for example, a heavily solar 
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PV-based system confronts a partly cloudy day, the variations in solar output could be 

quite important and fast, leading to deviations in the frequency higher than supported by 

the system, resulting in malfunctions of the system itself that could be followed by 

disconnection of some generation groups and ultimately, to complete blackouts. 

Even with low shares of PV in relatively weak electric grids, the impacts of renewable 

variability are starting to be noticeable. For instance, Figure 14 shows the frequency 

deviations in the electric system in Tenerife (Canary Islands) due to the renewable 

generation. During this event, the PV contribution was around 15% of the total electricity 

produced. It can be observed how the ramps in PV generation (red line) have a major 

influence on the frequency of the system (green line, right axis) with a positive correlation. 

Thus if such frequency excursions occur with low renewable shares, it is likely that these 

kind of events would be more frequent as renewable energies become more dominant in 

the electric mix. 

 

Figure 14. Frequency fluctuations due to a photovoltaic ramp in the island of Tenerife in 2017 (own 
elaboration). 

Although the variability and uncertainty of VRE generation increase the response 

requirements from conventional generators, they do not increase overall capacity 

requirements [25]. That means that peak load with VRE is never higher than peak loads 

without them. However, VRE does impact the system operation in terms of regulation, 

load following and unit scheduling. 

Along with the variability and uncertainty of VRE, there is another factor related to 

them that heavily impacts the operation of the electric grid. Modularity of some VRE 

technologies (particularly solar PV) makes it possible to install them in a wide range of 

configurations, with capacities ranging from few kW to several MW. They are easy to 

operate and safe to install on the rooftops of any house with minimal maintenance 

requirements and costs. The electric grid was originally conceived to be operated radially 

(where power flows uni-directionally from large generators to the end-users), but wide 
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spreading of small scale VRE connected to distribution grids have completely changed the 

operating conditions of the electric system. The small-scale installations on distribution 

grids are considered to work as Distributed Generation (DG), and it has shifted the 

operation paradigm from a centralized to a decentralized approach, with generators of 

many sizes on every level of the grid, and where power flows in lines are multi-directional 

[26]. 

Some of the effects and impacts that variability in the generation due to VRE may 

have in the electric grid (both from a technical and economic point of view) are voltage 

instability, frequency instability, bidirectional power flows or increased integration 

costs3.The severity of these impacts will depend on the time scale and the voltage level of 

the grid at which the events are produced, as well as the robustness (or weakness) of the 

grid itself. In this sense, robustness includes all the characteristics of the grid that help 

support its stability, such as size, number of high inertia generators, interconnections, etc. 

In order to mitigate these impacts, there is a great deal of strategies that could be 

adopted, such as forecasting the output of renewable energies, using batteries to store 

surplus energy from VRE and serve it when it is needed, including other devices 

(supercapacitors, flywheels) to stabilize the grid, using electrolyzers as variable loads to 

synthetize hydrogen with surplus of renewable energy or using advanced control 

strategies for the electronic devices. While in the coming years new technologies will be 

added to the system to cope with the variability of VRE, forecasting of renewable energy 

(and even other parameters of the grid) will remain to be of great interest, since it deals 

with the other part of the problem, that is, the uncertainty, and minimizing the uncertainty 

of the systems could lead to economic benefits in terms of optimized operation of power 

plants or extending the useful life of some devices.  

The use of advanced control strategies for power electronic equipment, such as solar 

PV inverters, is another attractive option to mitigate the impacts, particularly voltage 

related problems at the distribution level. The use of reactive power compensation or 

limiting the amount of active power injected to the feeder also enables the penetration of 

higher shares of renewable sources in distribution grids. Additionally, this measure is 

considerably cheaper than other alternatives, since no investment in equipment is needed, 

and it only requires the configuration of the inverters. 

Besides the improvement in control strategies once the events have occurred, any 

attempt to reduce the uncertainty in every part of the electric systems is welcomed. That is 

where solar forecasting (and any kind of forecasting actually) can play an important role. 

As mentioned in previous paragraphs, there are forecasting problems that may be 

considered as solved (aggregated load, for instance), at least at some time horizons. But 

                                                             

3 The impacts of PV systems on electric grids are further discussed in Section 2.3. 
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when one unravels the data and starts working with non-aggregated time series, the 

problem becomes a non-trivial one and a very tough task. This is particularly true for solar 

and wind forecasting, since their stochastic behavior makes them difficult to predict. For 

that reason, improvements in the technology and methods are required in order to 

provide effective and useful services to the electric system. Some of the effective 

applications of forecasting in the electric systems include the following4: 

 Ensuring grid stability and quality of electric supply 

 Optimization of grid parameters 

 Optimization of system costs 

 Extending the useful life of certain devices (on-load tap changers, batteries…) 

 Optimization of market interactions 

In conclusion, although the inclusion of other technologies will also be required in the 

future to achieve 100% renewable energy electric systems, VRE forecasting is a relatively 

inexpensive tool that will help to cope with the variability, and if integrated in the system 

operation, will lead to improved performance of the grid, minimized operational costs, 

increased safety and security of supply and safer operation of electric systems.  

1.4 Motivation of the thesis 

As the deployment of PV systems and other VREs (mainly wind power) increases in 

the Canary Islands, the challenges derived from the operation of the electric grid increase 

as well. With the new renewable and non-manageable generators added to the electric 

grid, the variability and uncertainty usually associated with the demand, are now extended 

to the generation. As the electric system works in a sense as a weighing scale, where 

generation and load should be balanced at all times to ensure the security and quality of 

the electric grid, sudden changes experienced by non-manageable renewable sources lead 

to imbalances in the equilibrium, resulting in hazardous operation conditions. The nature 

and severity of these hazards will depend on several factors, such as the voltage level of 

the grid, its robustness, the presence of other appliances, the geographical dispersion of 

the renewable energy plants.... The most common and worrisome impacts are probably 

those related with frequency deviations at a grid level and voltage violations in 

distribution voltage levels. 

The effects of the variability will also be different depending on the relative size of the 

electric system. In continental well-interconnected grids, the effects of the disturbances 

are diluted on the larger size and increased robustness of the systems, which have 

                                                             

4 For a more detailed description of the different forecasting methods and applications, the reader 
is referred to Section 2.2. 
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multiple large generators scattered throughout the geography, and the relative 

importance of disturbances is smaller, when compared to small isolated electric systems 

(such as the ones found in Canary Islands). 

The uncertainty derived from the utilization of the non-manageable renewable 

sources should be dealt somehow, in order to warrant the quality and security of the 

electric supply. There is a vast plethora of strategies, including electricity storage in a large 

number of ways (different technologies with different uses and applications), advanced 

control mechanisms and strategies included with the new inverters and other power 

electronic equipment, power curtailment or limitation of the amount of energy dumped to 

the grid, forecasting… 

The main reason behind the election of one alternative over the others will be, as it is 

usual in business, the cost of the option and the relative costs compared with the other 

alternatives. Solar forecasting has been identified as a key task in order to increase the 

host capacity of PV systems in electric grids, following the line of thought that, if we are 

able to confidently predict the sudden disturbances in the generation, we could adapt 

other parts of the electric system to respond efficiently to these changes and variations, 

and the security of the electric system would be assured. 

As stated in previous paragraphs, the main barrier preventing the deployment of a 

technology is its costs in relation with the other alternatives. For that reason, one of the 

prime movers of this thesis is the development of a low-cost intra-hour solar forecasting 

system that is capable of doing confident predictions that could be used to ensure grid’s 

security and reliability.   

As mentioned before, the effects of the variability are different depending on the 

voltage level of the grid they are produced. Voltage violations are a common problem at 

the distribution level (medium and low voltage parts of the system). The increased 

resistivity of the cables at that voltage levels makes the disturbances in active power 

injections have a major influence on the voltage magnitudes. For that reason, if a 

distribution grid has a large PV penetration (for example, neighborhoods where most of 

the houses have a PV system connected to the grid), it is more likely that these situations 

arise more frequently, and problems such as under- or over-voltages in the lines occur. 

These situations need to be avoided since they affect the quality of the electricity delivered 

to the customers, and could lead to unsafe situations. Advanced control strategies for 

voltage regulation in PV inverters is an interesting approach to reduce the effects derived 

from a high PV penetration in distribution grids. 

At the transmission level (high voltage systems), the variations of the active power do 

not lead to voltage deviations, since the resistivity of the lines is far smaller than in 

distribution grids. However, the most frequent problem, particularly in small or isolated 

grids, is the shift in frequency values from the nominal, as the imbalance between load and 
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generation occurs when sudden and rapid changes in generation take place. Large 

disturbances such as generator tripping or load outages can initiate cascading outages, 

system separation into islands and even the complete blackout [27]. Solar forecasting is 

particularly useful since PV solar plants are low-inertia systems (at least in the traditional 

ways of use, which is foreseen to change in the near future when PV plants will provide the 

so-called artificial or synthetic inertia), and the changes in output power are practically 

instantaneous [28]. Therefore, if accurate predictions are available, the system operator 

can adapt the rest of the elements of the grid to cope with the ramps that may occur, 

maintaining the voltage and frequency stability through the grid. 

The combination of solar forecasting methods with advanced control strategies for 

solar inverters will also lead to more versatile electric systems with the ability of: (i) 

predict when solar variability and solar ramps will happen, trying to anticipate the 

possible outcomes and adapting the rest of the electric grid consequently and (ii) achieve 

an effective mitigation of voltage related impacts, especially in distribution grids. Small 

island systems will benefit the most from early adoption of these technologies, since their 

relative weakness and lack of robustness make them particularly vulnerable to the effects 

of the solar variability. 

1.5 Hypothesis and objectives 

Given the global energy outlook, regional background of Spain and the Canary Islands 

and prime movers and motivations for the research and the thesis, the initial hypothesis 

can be settled. In a general sense, the fundamental hypothesis can be summarized in the 

following question:  

Can we integrate more PV installations in weak, islanded electric grids if we are able to 

predict the very near future outputs and control the behavior of the PV inverters? 

If the hypothesis is broken down to a lower level, and deeper understanding of all the 

topics are considered, the following questions arise:  

a. How optimal and well managed is the current fleet of PV plants in the Canary 

Islands?  

b. How future PV plants will perform in a determined location under specific 

conditions?  

c. How large and sudden changes in PV output due to passing clouds affect the 

stability of electric grids? 

d. How good an intra-hour PV forecasting can be in terms of error metrics? How state-

of-art techniques for intra-hour solar forecasting can be improved? 
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e. What is the best technique to perform intra-hour PV forecasting, and specifically, for 

quick ramp detection? 

f. What is the true economic value of forecasting PV (and any renewable source)? How 

big is the added value of performing forecasts? 

g. How can we use the power electronics available on PV inverters to address the 

variability of solar energy and control the voltage and frequency of the grid to 

maintain stability? 

To answer these questions, a series of initial objectives laid out at the beginning of the 

thesis.  

 The design and construction of a low-cost, image-based, intra-hour solar 

forecasting system capable of reducing, or at least matching, the error rates 

encountered in the literature. 

 Test the forecasting system in a real work environment, with data provided by 

utilities in the framework of the projects compounding the thesis. 

 Integration studies of PV systems in electric grids, adding the information 

obtained with the forecasting system, and proposing a series of measures and 

evaluating their suitability. 

These initial objectives were clear and concise, but, as often happen, new insights 

obtained throughout the development of the thesis made the course deviate a little from 

the original path, and new objectives arose. Those objectives were updated yearly in the 

research plan. 

 Make an evaluation of the current PV power plants in the Canary Islands and 

generate a model to estimate their specific yield (kWh/kW) 

 Study the installation rates of PV systems in the Canary Islands and evaluate the 

impact of the different policies implemented in the last decades over them. 

 Integration studies of PV systems with a particular focus on low- and mid-voltage 

distribution grids. Propose control methods for PV inverters that take into 

account information provided by the forecast system. 

 Economic and environmental analysis of the impact of a good forecast over the 

electric system. 

1.6 Relation of the papers with the content of the thesis 

This thesis is presented as a compendium of three papers, which are listed and briefly 

described below: 
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1. The first paper “A simple big data methodology and analysis of the specific yield of 

all PV power plants in a power system over a long time period” aims to be an initial 

evaluation of the PV potential in the Canary Islands. A simple big data-based model 

to estimate the specific yield of PV plants is proposed, using only data easily 

available for the utilities, to compare the performance of the PV plants with a 

theoretical ideal situation.  

2. The second paper “Validation of All-Sky Imager Technology and Solar Irradiance 

Forecasting at Three Locations: NREL, San Antonio, Texas, and the Canary Islands, 

Spain” is a paper in collaboration with researchers of the University of Texas, San 

Antonio. The paper describes the deployment of the early stages of the technology 

developed during the research process. Three different prototypes of the Sky 

Imagers were deployed in three different locations (two in the USA and one in 

Spain), and the key findings of each prototype and the valuable lessons extracted 

from each experience are summarized in the article.  

3. The third paper “EDA-based optimized global control for PV inverters in 

distribution grids” deals with part of the thesis dealing with the integration of PV 

systems in electrical systems. In this paper, an optimization metaheuristic 

(Estimation of Distribution Algorithm, EDA) is used to control PV smart inverters 

in a distribution grid, in order to maintain voltage stability in a high PV penetration 

scenario. 

The general reasoning for the research line is the following. First, an evaluation of the 

PV potential of the Canary Islands is conducted. In this part, the objective was to 

quantitatively evaluate the configuration and management of the PV plants currently 

installed in the Canary Islands, developing a simple procedure to estimate the specific 

yield of already deployed and future PV plants with data readily available to the utilities. 

With this study, a bulk estimation of how much energy may be produced by PV plants 

allocated in different parts of the Islands is achieved. Following the increasing global trend 

of PV deployment, it could be determined the energy produced in the future by the plants 

just with location data, and few other easily available data that could be modeled or 

retrieved without exposing the sensible information of the plants or the owners. 

Second, once the preliminary analysis has been done, the problem of solar forecasting 

is tackled. Since our main concern is grid stability (rather than economic and market 

interactions or long-term planning aspects), intra-hour solar forecasting is the main focus 

of our research. To this end, a low-cost solar forecasting system based on sky-imagers is 

designed. Three early prototypes of the sky-imagers were installed in different locations 

around the world (two in the United States and one in La Graciosa Island), in the 

framework of a collaboration with the University of Texas, San Antonio (UTSA). The 

knowledge retrieved from these experiences is summarized in the presented article, and 
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the insights gained have helped in the decision-making process for the next steps of our 

research in solar forecasting (and forecasting in general), and in the last builds of our 

devices. 

Third, as a final step to the integration of more PV capacity in weak electric grids, the 

use of advanced capabilities of PV inverters is studied. Power electronics in modern PV 

inverters can be used to adapt the output conditions of the PV power (both reactive and 

active power) in order to maintain voltage and frequency stability. To approach this 

problem, an optimized global control for all the PV inverters in a distribution grid is 

proposed. To obtain the optimal parameters for each PV inverter in the grid, the control is 

optimized using a metaheuristic called Estimation of Distribution Algorithm (EDA), which 

is an iterative population based metaheuristic that constructs a distribution function with 

the best solutions of each step, to sample the solutions for the next one.  

More extensive summaries of each work with full explanations can be found in 

Chapter 3: Research, and the referenced articles can be found annexed at the end of this 

document. 

1.7 Other contributions and Projects 

1.7.1 Projects 

A big part of the research in this thesis has been developed in the framework of 

various private research projects with utilities, and collaborations with different entities 

and universities. This fact has supposed a new approach to understanding the interactions 

between the universities and the utilities, since the objectives of the research were linked 

to more “earthly” goals, solving real world problems that the utilities are experiencing or 

anticipating that they will occur in the near future, rather than facing the problem from a 

completely academic perspective, sometimes disconnected from the real world. Some of 

the projects that have been part of the research of this thesis are described below. 

 GRACIOSA. The GRACIOSA project is probably the most important (from a 

sentimental point of view) since it was the cornerstone of the forecasting 

research for our group. This project, led by the Spanish utility Endesa, set the 

foundations for our forecast technology at the very beginning of the thesis, and it 

helped us to test our technology in a smart-grid context in La Graciosa island, 

with several PV systems, new hybrid energy storage technologies and energy 

management systems. Although the project itself finished in 2018, the agreement 

was extended between the parts to continue with the tests of our forecasting 

system, extending and upscaling our technology to a grid with higher PV 

penetration, in the island of Tenerife, under the DEMFORE project.  
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 DEMFORE (ongoing). The DEMFORE project (also led by Endesa) was conceived 

as the extension of the GRACIOSA project to a larger electric system with higher 

shares of PV and larger PV plants. The objective of the project is to forecast the 

production of several multi-MW PV plants, and to simulate the interactions of the 

PV systems variability with the rest of generators in the largest power plant in the 

island (Granadilla). Two sky-imagers were installed near several multi-MW PV 

plants in the south of the Island, and advanced techniques of deep learning and 

data-based forecasting are used to make the predictions. The final aim of this 

project is to evaluate the quality of the system at predicting big PV ramps.  

 REDUCO2 (ongoing). This can be seen as a side project of the DEMFORE in which 

the main goal is to produce an optimization routine to reduce GHG emissions 

from the thermal generation units, taking into account the intra-hour solar 

forecasts made by the forecasting system.  

 SIMRIS (ongoing). The SIMRIS project is collaboration between our research 

group and the German utility E.On, with the objective of integrating our forecast 

system in a smart-grid in the location of Simris, Sweden. It is still at an early stage 

of development, but three sky-imagers have been installed in the location, and the 

major novelty in comparison with the prior projects is that the system will be able 

to perform 3D reconstruction of clouds.  

1.7.2 Contributions to conferences 

Along with the papers presented in this document, several preliminary works of this 

research have been presented in international conferences, and some of the main 

contributions are listed below.  

 IEEE-PVSC-44 (June 25-30, 2017, Washington, USA): “First Results of a Low Cost 

All-Sky Imager for Cloud Tracking and Intra-Hour Irradiance Forecasting serving 

a PV-based Smart Grid in La Graciosa Island”, David Cañadillas, Walter Richardson 

Jr., Sara González, Benjamín González-Díaz, Les E. Shephard and Ricardo Guerrero 

Lemus. 

 WCPEC-7 (June 10-15 2018, Hawaii, USA): “A low-cost two-camera sky- imager 

ground-based intra-hour solar forecasting system with cloud base height 

estimation capabilities working in a smart grid”, David Cañadillas, Benjamín 

González-Díaz, Jacob Rodríguez, Jorge Rodríguez, and Ricardo Guerrero-Lemus. 

 ICREPQ’18 (March 21-23, 2018, Salamanca, Spain): “Reactive power 

management in photovoltaic installations connected to low voltage grids to avoid 

active power curtailment”. D. Cañadillas-Ramallo, B. González-Díaz, J. F. Gómez-

González, and R. Guerrero-Lemus. 
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 ICREPQ’19 (April 10-12, 2019, La Laguna, Spain): “Reactive power management 

to enhance solar energy penetration in small grids: technical and framework 

approaches”. B. González-Díaz, J.F. Gómez-González, D. Cañadillas-Ramallo, J.A. 

Méndez-Pérez, R. Guerrero-Lemus. 

  



42 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

1.7  Other contributions and Projects 

26 
 

  



43 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

Chapter 2: Theoretical Background 

  27 

Chapter 2. Theoretical Background 

In this section, the background theory related to the different topics treated in the 

papers included in the compendium is reviewed in detail. It aims to be a compact 

summary of the most important topics, with a wide literature survey and simple 

explanations to contextualize the techniques and methods employed and described in the 

papers within the state-of-art of the different areas of research. 

2.1 Solar resource estimation and impact of policies 

Solar resource assessment and evaluation of PV potential has been a traditional line 

of research in the energy field for many years. With the irruption of solar energy 

technologies, more efforts were put to correctly estimate the potential generation capacity 

of determined regions, mainly for modeling purposes and analysis of economic revenue of 

PV plants. Nowadays, several approaches have been considered to make such estimations, 

generally made in a large scale using satellite data, and good PV potential estimations can 

be easily accessed for free in several sources and databases over the internet. However, 

these estimations lack in general the granularity required for some regions which may 

have special characteristics, such as small islands with pronounced orography, which can 

experience multiple microclimates in short distances. Therefore, more accurate methods 

in a local scale for estimating solar potential and performance of PV systems are required 

for those locations. 

On a side note, emerging advanced data techniques may be used to tackle this 

problem from a different perspective. Big data (BD) and artificial intelligence (AI) 

techniques have gained a notorious relevance in solar energy research in the last decade. 

Advances in data acquisition devices, databases and related technologies, have granted the 

availability of large volumes of data to the scientific community, which is beginning to 

exploit it to its full potential. Among the multiple uses that big data has in the field, the 

estimation of PV potential or specific yield of PV plants are of great interest in terms of 

planning future facilities, analyzing performance of currently deployed plants, studying 

the economic value of installations in a particular region and even programming operation 

and maintenance requirements. Large amounts of data can also help to understand the 

real implications of regulation changes in the sector by analyzing the effect of new policies 

in several control variables, such as PV installation rates and annual generation.  
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In this section, some of the techniques found in the literature for PV potential and 

specific yield estimations are presented, as well as the use of BD and AI in similar research. 

An overview of the effects of policies and regulation changes on the PV sector is presented 

as well.  

2.1.1 Estimation of PV specific yield and PV potential 

Specific yield of PV plants is an interesting aspect to evaluate in terms of 

understanding the potential capabilities of producing PV power of a region. Specific yield 

is defined as the amount of energy that is produced per unit of capacity (in a determined 

time), and its unit is kWh/kW. Generally, the time considered is a year, so it represents the 

amount of energy per capacity that a PV plant will have in a year under determined 

circumstances. Specific yield can be used as an initial estimation of how PV plants will 

perform in a certain location under specific circumstances, but also to evaluate the 

performance of already deployed plants, compared to ideal conditions. Moreover, it could 

be seen as a kind of a bulk regional forecasting method, in the sense that obtains potential 

PV output estimations of specific regions in the long term. 

Modelling PV specific yield is, in a sense, equivalent to model PV potential, or solar 

irradiation. Although the output of these models could be different (in terms of units, for 

example), clear relationships between them arise when results are compared. For that 

reason, in the literature one could find references to PV potential or solar irradiation 

estimations, and the methods and models are fairly similar to the ones describing specific 

yields. There are several methods to estimate solar resources, PV potential and specific 

yields of PV plants. Some of them use Geographic Information Systems (GIS) based 

approaches [29]–[31], physical methods [32], [33], or use of irradiance databases. The 

aims of each approach tend to be different as well, ranging from the assessment of the 

solar resource itself, to selecting the best locations for future PV plants. For an extensive 

review of PV potential assessment methods, the reader is referred to [34]. 

Although several studies have examined the PV yield, little to none of them have 

utilized data from individual plants coming from smart meter records along with 

advanced big data techniques. Actually, the availability of behind-the-meter data is scarce 

for researchers, although there are some examples of using this data to similar studies and 

estimations. For instance, in [35], data from smart meters is employed to feed a Deep 

Learning (DL) model to estimate the size of the PV systems, achieving errors of around 

2%.  
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2.1.2 Solar databases and other available resources 

A decade ago, it was difficult to find reliable irradiance and irradiation data with an 

acceptable resolution. Nowadays, there is a large number of solar databases that provide 

high quality data, covering the whole globe and even providing additional services such as 

PV potential estimation or specific yield. The irradiance and irradiation from these solar 

databases is estimated with satellite data, and although it generally will not be as accurate 

as a local or regional study, they provide a good initial estimation for many applications 

that may use them, such as the planning of PV systems. Some of the most utilized and 

complete databases provided by international and governmental agencies that one can 

find on the internet nowadays are listed below: 

 Photovoltaic Geographical Information System (PVGIS) [36], from the European 

Commission, is one of the most utilized databases. Originally it contained 

information about Africa and Europe, but now it covers almost the whole Earth 

surface. It has five datasets that could be selected. The main differences are that 

they have better performance for determined areas or latitudes, and some of 

them have reanalysis data. The datasets are SARAH, NSRDB, CMSAF, ERA5 and 

COSMO. The details of the implementation can be consulted in [37]. 

 Renewable Energy Atlas (RE Atlas) [38], by the National Renewable Energy 

Laboratory (NREL), provides monthly averages of daily total solar resource, on a 

grid of 40 km by 40 km. It only covers the USA. 

 Global Solar Atlas [39], from the World Bank Group, provides a summary of solar 

power potential and solar resources globally for almost 150 non-OECD countries 

and regions. 

 NASA provides several web applications to consult irradiance data and even 

renewable energy potentials, for instance the Prediction Of Worldwide Energy 

Resources (POWER) project or the net Radiation Maps [40], [41].  

 SOLEMI [42] from the German Aerospace Center. 

Several private companies and universities also provide solar resource data from 

their own analysis of satellite data. Some of them are Meteonorm from Meteotest [43], 

SoDa (Solar radiation data) [44], SolarGIS [45], or SOLCAST [46]. 

2.1.3 Roof-mounted and ground-based PV plants 

Once the PV potential or specific yield of PV plants for a particular region is 

determined, one could start modeling the PV plants in ideal conditions. However, there are 

other factors which prevent reaching the ideal conditions, in which PV plants are placed in 

the best locations with high irradiation values at the optimum tilt. 
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This is especially true in the case of the Canary Islands. It is known that they possess 

excellent solar resource and irradiation values, and they should provide good PV yields. 

But if we take into account other aspects, the analysis is not that straightforward and 

becomes a little more complex. Land use is a serious concern in the Canary Islands 

archipelago, and it is a common issue in similar locations and islands. In small size islands, 

land is a limited resource, and a high competition for it is encountered. Land may be used 

for other purposes (such as agriculture) or it may fall inside protected areas (natural or 

national parks). Moreover, large PV systems can extend in a large region depending on 

their capacity and configuration. This limitation in land use often leads to plants located in 

places with slightly less solar resource and could also lead to plant configurations with 

suboptimal parameters, such as the tilt of the PV modules. 

An interesting alternative to limit high land use of large PV systems is to install 

smaller PV systems in the rooftops of the buildings or industrial areas. With decreasing 

overall costs for PV technology and adequate policies to stimulate their deployment, 

rooftops installations are expected to grow in the coming years, both in Spain and in the 

Canary Islands. From a technical point of view, the shift to a DG paradigm will translate 

into more complex distribution grids and a more challenging operation of electric grids5, 

as briefly discussed in Section 1.3. But from an environmental and land use point of view, 

it definitely is an attractive alternative. 

However, there are some drawbacks to the installation of PV on the roofs in terms of 

purely energetic performance (without regards to the impacts caused to the electric grid). 

Generally, the disposition of the roofs is not optimized to allocate PV modules. The number 

of modules that can be allocated, and therefore the capacity of the plant, are both limited 

by the dimensions of the roofs. In other cases, aesthetic aspects are considered when PV is 

integrated into the buildings. Also the influence of shadows is usually higher in roof 

mounted installation, especially if there are other buildings or trees nearby.  

Probably the best case for roof-mounted installations would be in the industrial 

areas, where the aesthetic considerations are not that important, and the dimensions of 

the roofs are larger, enabling the allocation of larger plants. Moreover, labor hours tend to 

coincide with higher irradiance hours, and self-consumption schemes are more attractive.  

On the other hand, ground-based PV plants have several advantages over roof 

mounted plants. Some of the most important are listed below: 

 Higher capacities (utility scale), that can add up to several MW. 

 They are optimized. Besides the land use constraints, plant design should ensure 

optimum tilt and orientation, minimum shadows and minimum losses. 

                                                             

5 An extensive description of the technical problems associated with DG is given in Section 2.3. 
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 Decreased generation costs, benefiting from economies of scale (the larger the 

plant, the lower the cost of the unit of electricity). 

 Better management, in terms of scheduled operation and maintenance.  

Although each alternative has its advantages and drawbacks, it is expected that a 

combination of both approaches will be needed to reach the goal of decarbonizing the 

electric systems, particularly in areas where there are land use limitations. 

2.1.4 Big data and Artificial Intelligence 

During the last years, the term Big Data (BD) has gained more and more prominence 

in both the scientific community and the enterprise world. Yet there is no clear consensus 

about the real meaning of the term, despite being broadly used on a daily basis [47]. In the 

modern world, a ridiculously large amount of data is collected every second: sensors, 

cameras, power meters, electronic devices, social networks or web applications are 

continuously gathering huge amounts of information and, most of the time, this data is 

collected without any specific future purpose. The term big data came to explain this 

situation, in which the quantity of information is so abundant that its analysis is a task 

beyond human capabilities in most cases. It was not until recent developments in 

computer science that the algorithms and models needed to treat big data were available, 

and therefore, the recent popularity of the term is explained by that.  

Some authors have attempted to define big data in terms of the dimensions a data set 

should have to be considered as such. Volume, Variety and Velocity (the so called “Three 

V’s”), seems to be the defining characteristic of BD. Although the definition of the Three V’s 

could be extended with extra dimensions: Veracity, Variability and Value [47]. In any case, 

it is a fact that there is no universal benchmark to each of the dimensions to conclude what 

is BD and what is not. Data structure is highly sector-dependent, and therefore, it could be 

the case that definitions for each sector would be more appropriate than a universal one. 

Nevertheless, in the context of this research we define BD as large volume datasets, which 

seems to be in line with most of the uses in the literature in our field [48]. 

The use of big data cannot be explained without mentioning its functional 

counterpart, that is, artificial intelligence (AI). AI techniques include a vast set of methods 

to exploit big data to its greatest extent, including machine learning (ML) and deep 

learning (DL) techniques among others (computer vision, data mining, etc.). ML and DL 

techniques are probably the most interesting from a functional point of view, since they 

are not confined to specific uses, and in general are problem agnostic, meaning that they 

try to model the data by its structure, leaving little to no room for researchers' biases. 

BD and AI techniques are extensively used in recent research in many fields. 

Regarding energy and electric grids, a simple search including “energy” and “big data” or 
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“artificial intelligence” in any scientific database, will lead to thousands of results. This by 

itself could be the content of an entire thesis. Since the objective of this thesis is not to fully 

describe the use of these techniques on the solar energy field, the curious reader can found 

extensive reviews and state-of-art reports of BD techniques in smart- and micro-grids in 

[49]–[51]. Literature reviews on the use of BD and AI techniques in solar energy and 

forecasting applications are presented in [48], [52]. In [53], a wider review including more 

uses of big data in energy is presented.  

2.1.5 The effect of policies and regulations in PV installation rates 

Another interesting factor to consider is how the different regulations and cost trends 

have affected the installation rates during the last years. It is known that regulatory 

policies have a large impact on the deployment of a technology. Incentives, feed-in tariffs 

(FiT), and other economic mechanisms could be used to help the development of a new 

technology. During the last decade, we have assisted an unprecedented change in the way 

of thinking about electricity generation, as well as an impressive cost reduction in 

renewable energy technologies. It is possible that the correlation between the two facts is 

not negligible. The economic incentives made the investments in the sector attractive, and 

therefore, more economic resources were put into it. With more economic resources, 

there is an increase in the demand for new installations. And with this increase in the 

demand, more experience is accumulated by the manufacturers and therefore, the 

competitiveness of the industry also increases, and as a consequence, a reduction in the 

costs of the technologies [54].  

The technologies with the higher cost reductions are undoubtedly wind and solar PV 

power. They are both now considered mature technologies and achieve better costs than 

conventional fuel-based energy alternatives in some energy systems, particularly when 

fuel costs are higher (for example, in islands where the logistics increments the price) and 

renewable resources are abundant. Moreover, renewable energies avoid the increased risk 

and dependence of the volatility of fuel prices. However, they have their own 

uncertainties, derived from their own nature (non-manageable energy sources) and also 

from a constantly changing regulatory framework (at least in some countries) that tries to 

balance the incentives given at a certain moment with the cost reductions experienced in 

the posterior years. The financial crisis of 2007-2008 also had an important impact on the 

costs of renewable energy, where manufacturers had to compete in a shrunk market [54]. 

Several studies can be found in the literature analyzing the impact of regulation and 

policies on the renewable energy sector. In [55], an analysis on how policies fostering 

innovation and research and development (R&D) of renewable technologies affect the 

number of patents is presented, highlighting the importance of policy instruments on the 

development of renewable technology, and concluding that long term policies significantly 

increase the patenting and R&D activity.  
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In [56], an extensive analysis of the different drivers and barriers in the deployment 

of renewable energy in the EU is made, where policies are found to be a key enabler of 

renewable energy deployment success. A similar analysis in China evidenced the positive 

impact of renewable energy laws over renewable installation rates [57]. Along the same 

lines, government subsidy policies are seemingly of critical importance in Japan 

deployment rates [58].  

In  [59], a similar study conducted in the USA examining the effects of different 

policies on the Balance Of System (BOS) costs concluded that cash and property incentives 

increase deployment and reduce BOS costs, while renewable portfolio standards 

potentially slow down reduction in costs. The presence of interconnection standards could 

potentially promote deployment and reduce BOS costs. A comparison between the impact 

of policies and oil prices was performed in [60], concluding that public policies play a role 

far more important than oil prices in renewable deployment rates. In [61], the 

effectiveness of different policy targets is examined, concluding that policies targeted 

toward market expansion will be more successful once market preparation policies, such 

as Power Purchase Agreements (PPA) standards, are in place. 

In Spain, policies governing electricity generation have been very unstable in terms of 

incentives and feed-in tariffs, particularly for solar PV installations. First policies 

promoting renewable energy date from 1997, where FiTs were approved for the “special 

regime”, which mainly referred to wind and solar power. A further increase in the 

retribution in 2004 and change in the conditions for the facilities approved in the 

following years lead to an unprecedented deployment of solar PV, placing Spain as the 

global leader in PV installation in the year 2008 (more capacity added than countries such 

as the USA or China). The installation boom in Spain is explained by the disproportionate 

warranted revenues for the investors. The situation was unsustainable, and solar PV FiT 

costs were around 50% of the total renewable support costs, while its participation was 

around 10% of total renewable electricity generation. This would lead later in the future 

to the so-called “tariff deficit”, which was one of the reasons for the abrupt stop of solar PV 

development around 2010 [62]. By 2012, with the arrival of the conservative party to the 

government, financial incentives and FiT for renewable energy were suspended in a series 

of regulations, resulting in a complete slowdown in their expansion. Decreases in costs 

over the last years, and the arrival of the progressive party to the government with a new 

point of view and a set of policies for the promotion of renewable energy, have now put 

Spain back on track to acceptable renewable energy installation rates. It is worth 

mentioning that Spain is starting to adapt its national regulation framework to comply 

with the European Directives and Regulations approved in the last years. For instance the 

Directive (EU) 2018/2001 [63] that promotes the use of renewable energy sources across 

different sectors or the Directive (EU) 2019/944 [64] and the Regulation (2019/943) [65, 

p. 9] that establish common rules for the internal electricity markets. Some of the actions 

proposed by these Directives enable the interaction of new actors, such as independent 
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electricity aggregators or electricity storage owners, in the electricity markets, which 

ultimately will translate into higher competition in the electric sector, and therefore 

higher rates of renewable energy in the electric systems. 

Below, the principal laws, royal decrees and other regulations concerning the 

retribution of renewable energy are listed and briefly described. 

 Ley 54/1997 [66]. Electric sector law, which first introduced the Special Regime 

category to promote the installation of renewable energy plants. 

 RD 436/2004 [67]. Approval of a FiT for special regime generators. 

 RD 661/2007 [68]. Gave priority access to the grid to renewable generators, more 

favorable conditions for facilities larger than 100 kW, and a revision of the FiT 

rates only every four years is set.  

 RD 1578/2008 [69]. Established an annual 400 MW cap on support for new PV 

installations, and a reduction in FiT levels for future PV installations. Also 

established a maximum period for which PV subsidies were available. 

 RDL 1/2012 [70]. Suspension of financial incentives for all renewable energy 

generators. 

 RDL 9/2013 [71]. Renewable energy installations no longer receive a FiT for the 

energy produced, but a special remuneration in reference to the installed 

capacity, guaranteeing a so-called “reasonable return” for the installation. 

 RD 900/2015 [72]. Imposed several restrictions to the self-consumption and 

approved a new tax for the PV installations connected to the grid (the so-called 

“sun tax”). 

 RDL 15/2018 [73]. Introduced new modalities for self-consumption installations, 

suspending the “sun tax”. 

 RD 244/2019 [74]. Expanded the formulations in the RDL 15/2018, promoting 

self-consumption plants. 

Figure 15 shows the solar PV installed capacity in Spain. It can be observed the huge 

impact that the different policies abovementioned have had during the years, being 

particularly noticeable the stagnation suffered after the approval of the RDL 1/2012, 

which caused several years of almost no capacity additions until 2019. 
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Figure 15. Solar PV capacity installed in Spain over the last 15 years [75]. 

2.1.6 Conclusions and future prospects 

Compared to a decade ago, the availability of irradiance and solar databases, as well 

as the methods and models to estimate solar PV potential and specific yield, have hugely 

improved. Nowadays, very reliable estimations for solar PV potential can be found in 

several well-known solar databases. However, lack of resolution in some of the models 

may introduce errors for some particular regions, where climatic conditions are not as 

continuous as assumed by the models. Therefore, the proposal of new models with higher 

accuracy for these regions is required to have better estimations of the PV potential or 

specific yield. The introduction of new big data and artificial intelligence techniques in the 

models is an interesting approach that could yield better estimations, making use of the 

vast amount of data collected by utilities every day. 

Given the history of renewable energy policies in Spain, the impacts that regulation 

have had over the installation rates and the overall energy transition are undeniable. Spain 

is a very particular case when it comes to renewable energy policies. A set of structural 

features of the electric system, design flaws and inflexibility on the policies push away 

Spain from world leader in PV installations in 2008, to installation rates close to zero 

during the next decade, evidencing that a stable regulatory framework is required to 

achieve higher PV shares in the electricity mix in the coming years. With the compliance of 

the new European Directives presented above, it is expected that such stable regulatory 

framework finally lands on the Spanish policy landscape, enabling higher and consistent 

renewable energy installation rates in the country. 
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2.2 Solar Forecasting 

Forecasting solar irradiance and PV power output was identified by the International 

Energy Agency (IEA) at the beginning of the decade as a key element for enabling high PV 

power penetration rates in future electric grids [76]. Since then, a vast body of research 

has been conducted and a large amount of publications can be found in the literature, 

concerning all the different time horizons, techniques and applications that solar and PV 

forecasting have. In this section, an overview of solar and PV forecasting basics, including 

different classifications, methods and techniques, is presented. 

2.2.1 Basic considerations 

2.2.1.1 Solar forecasting and photovoltaic forecasting 

First of all, it is important to differentiate between the terms solar forecasting and PV 

forecasting. Solar forecasting usually refers to the forecasting of solar irradiance or 

irradiation. That is, it does not necessarily take into account that these forecasts will be 

used for solar energy purposes (although most of the uses will be in the energy field). In 

other words, it does not take into account later interactions between irradiance and power 

generating systems. On the other hand, PV forecasting explicitly states that the forecasts 

will be produced for (and sometimes from) PV plants. This could be done by means of 

modelling the PV plants with other environmental variables, or by using PV data directly. 

While the first could be used to produce the second type of forecast, it could also be used 

for other applications, including forecasting of concentrated solar power CSP plants, or 

other applications beyond the energy field.  

2.2.1.2 Solar irradiance components 

The irradiance reaching the outer part of Earth’s atmosphere is known as the 

extraterrestrial irradiance, which fluctuates depending on the day of the year, taking 

values of 1360±50 W/m2 [77]. As the radiation goes down through the atmosphere, 

several complex processes as reflections, absorptions, scattering and re-emissions take 

places, due to the interactions of irradiance with atmospheric molecules. As a consequence 

of these effects, the extraterrestrial irradiance reaching the surface is divided into two 

different components: the Direct Normal Irradiance (DNI) which is the irradiance reaching 

a surface perpendicularly placed, and the Diffuse Horizontal Irradiance (DHI), which 

accounts the radiation scattered coming from every other direction. These both 

components form the Global Horizontal Irradiance (GHI), which is defined by: 

𝐺𝐻𝐼 = 𝐷𝐻𝐼 + 𝐷𝑁𝐼 × cos 𝜃𝑧 
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being 𝜃𝑧 the solar zenith angle. Frequently, the desired parameter is the irradiance 

reaching a tilted surface (since PV modules are usually tilted), so these components are 

translated to the plane of array incidence, calculating then the Global Tilted Irradiance 

(GTI), also known as Plane of Array (POA) irradiance. There are several models to 

estimate the GTI [78], which differs from each other in the complexity of the model itself, 

or the use of empirical values for its determination. Probably, the most known and utilized 

models are the Hay model [79] and the Perez-Ineichen [80] model.  

DNI is usually used for CSP since this technology uses only direct irradiation, which, 

in general, is concentrated to heat up some intermediate medium to produce steam and 

run a steam (or other fluid) cycle, although this definition would depend on the kind of 

CSP technology considered. GHI is more broadly applied to solar PV models, since PV 

modules make use of both the direct and the diffuse irradiances.  

2.2.1.3 Clear sky models 

Undoubtedly, the most influencing factor affecting solar irradiance is the presence of 

clouds. Therefore, clouds are the main obstacle to make accurate irradiance predictions. 

However, it is possible to estimate the solar irradiance in clear sky conditions i.e. absence 

of clouds. Clear sky conditions are quite useful to model irradiance conditions of a 

particular location throughout the year, without taking into account the effect of clouds.  

Clear sky models have a wide range of applicability in other forecasting techniques. 

For example, some persistence forecasts make use of clear sky models. Satellite based 

forecasts also could make use of the clear sky models to improve their performance. Clear 

sky models could also be used as a baseline for comparing other forecasting techniques. 

Finally, they could be used as inputs for the estimation of PV power generation under 

some particular conditions.  

Generally, clear sky models are developed using Radiative Transfer Models (RTM) 

which require meteorological inputs such as ozone content, water vapor content or 

turbidity, as well as solar geometry data [77], [81]. There are numerous RTM used to 

construct clear sky models, such as the Solis model [82], European Solar Radiation Atlas 

(ESRA) model [83], the Ineichen model [84] or the Reference Evaluation on Solar 

Transmittance 2 (REST2) model [85], among others. The selection of models will mainly 

depend on the quality and availability of data [77]. 

2.2.1.4 Persistence forecasts 

Persistence forecasts are the simplest forecasting techniques that could be 

implemented. As the name suggests, they are based in the persistence or continuity of the 

current conditions expanded to the designed forecast horizon. In the case of solar 
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irradiance, that means that the irradiance conditions at the time 𝑡 would be equal to the 

irradiance at the forecasted time 𝑡 + ∆𝑡. Generalizing: 

𝑓𝑣(𝑡 + ∆𝑡) = 𝑓𝑣(𝑡) 
 

where 𝑓𝑣 is the forecasted variable (PV output, irradiance, etc.) 𝑡 is the time when the 

prediction is made and ∆𝑡 is the forecast time horizon. Depending on the type of 

forecasting being made, persistence models can be tweaked to improve their prediction 

capabilities, producing the so called Smart Persistence (SP) models [77]. In the case of 

irradiance forecasts, SP models are usually made by adding a clear-sky index (CSI) in the 

formulation. CSI is the fraction of the measured irradiance over the clear-sky irradiance at 

time 𝑡. SP can be then defined by: 

𝐼(𝑡 + ∆𝑡) = 𝑘𝑡(𝑡) · 𝐼𝑐𝑙𝑟(𝑡 + ∆𝑡) 
 

where 𝐼 is the irradiance, 𝑘𝑡 is the clear sky index and 𝐼𝑐𝑙𝑟 is the clear sky irradiance for 

the forecasted time horizon. Since solar irradiance time-series are not stationary in the 

mid- and long-terms, other approaches have been proposed. For instance, in [86] a 

method introducing a stochastic component (representing the influence of clouds) to the 

persistence model is presented, which uses clear sky conditions as the stationary part of 

the model. Similar approaches can be used to improve persistence models for PV power 

forecasts. 

Persistence models or forecasts are commonly used as a baseline to evaluate the 

performance of other forecasting models. Despite its naiveness, in some scenarios and 

situations, especially when time horizons are short, persistence and smart persistence 

models have proved to be very tough to beat. For instance, in intra-hour forecasts with 

clear sky conditions with very short time horizons, persistence models tend to perform 

better since predicted and measured values are close to each other. However, when clouds 

are present, their performance considerably decreases with cases where almost random 

predictions can outperform it.  

2.2.1.5 Performance metrics 

Due to the vast number of different approaches utilized to perform solar forecasts, it 

is very difficult to find a performance metric suitable to establish comparisons between all 

of them. Moreover, solar irradiance is inherently dependent on geographic location, time 

of the year and climate, which arises another problem of comparability. Despite that fact, 

there have been several attempts to estimate the performance of the models and devices 
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to make fair comparisons. Traditional statistical metrics may be sometimes used to 

characterize model quality. Some of them are listed and described below6: 

 Coefficient of determination (𝑹𝟐). The coefficient of determination shows how 

correlated the forecast values and the real values are. 

𝑅2 = 1 −
𝑉𝑎𝑟(𝐼 − 𝐼)

𝑉𝑎𝑟(𝐼)
 

 

 Mean Absolute Error (𝑴𝑨𝑬). It shows the average distance between the 

measured values and the model predictions. 

𝑀𝐴𝐸 =  
1

𝑁
∑|𝐼𝑡 − 𝐼𝑡|

𝑁

𝑡=1

 

 

 Mean Absolute Percentage Error (𝑴𝑨𝑷𝑬). It is the 𝑀𝐴𝐸 expressed as a 

percentage with respect to the real value and normalized. 

𝑀𝐴𝑃𝐸 =  
100%

𝑁
∑ |

𝐼𝑡 − 𝐼𝑡

𝐼𝑡
|

𝑁

𝑡=1

 

 

Among the traditional statistical metrics, the International Energy Agency (IEA) in its 

Task 14 [76], has made recommendations for reporting the accuracy of the forecasting 

models, based on the following three performance metrics: 

 Root Mean Squared Error (𝑹𝑴𝑺𝑬). It is a measure of the average spread of the 

errors (penalizes large errors). Model dispersion. 

𝑅𝑀𝑆𝐸 =  √
1

𝑁
∑(𝐼𝑡 − 𝐼𝑡)

2
𝑁

𝑡=1

 

 

 Mean Bias Error (𝑴𝑩𝑬). Evaluates if the model over or underestimates. Average 

Bias of the model 

𝑀𝐵𝐸 =  
1

𝑁
∑(𝐼𝑡 − 𝐼𝑡)

𝑁

𝑡=1

 

 

                                                             

6 In the following formulas, 𝐼𝑡  (i hat) represents the forecasted variable (in this case irradiance, but 
they can apply to PV power as well) at time 𝑡 and 𝐼𝑡  represents the real measurement at time 𝑡. 
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 Kolmogorov-Smirnov Integral (𝑲𝑺𝑰). This aims to quantify the ability of the 

model to reproduce observed statistical distributions. Ability to reproduce 

frequency distributions. 

𝐾𝑆𝐼 =  ∫ 𝐷𝑛𝑑𝑥
𝑥𝑚𝑎𝑥

𝑥𝑚𝑖𝑛

 

 
where 𝐷𝑛 is the difference between two cumulative distribution functions (the 

forecasted and the real). 

 Skill score or forecast skill (𝒔𝒔). Sometimes it is desirable to present relative 

errors compared to a baseline rather than the absolute errors. For that reason, 

several authors have proposed alternatives metrics to show these magnitudes as 

a percentage. Recently, a novel performance metric for the evaluation of the 

quality of forecast models, the skill score or forecasting skill (𝑠𝑠), was presented 

in [87]. This metric is based on the comparison of two additional terms: the solar 

resource variability (𝑉) and the forecast uncertainty (𝑈). 

Solar irradiance variability (𝑉) is affected mainly by solar position and cloud 

cover. Fluctuations due to the solar position are deterministic and they are 

included in clear sky models. However, fluctuations due to cloud cover are 

completely stochastic processes and they are very difficult to model. For that 

reason, the accuracy of the solar irradiance forecasting models depends almost 

exclusively on how well they deal with these stochastic fluctuations. The authors 

in [87]  addressed only the stochastic component, removing the fluctuations due 

to diurnal and yearly changes. With this idea, they defined the solar irradiance 

variability (𝑉) as: 

𝑉 =  √
1

𝑁
∑ (

𝐼𝑡

𝐼𝑡
𝑐𝑙𝑟 −

𝐼𝑡−∆𝑡

𝐼𝑡−∆𝑡
𝑐𝑙𝑟 )

2𝑁

𝑡=1

=   √
1

𝑁
∑(∆𝑘𝑡)2

𝑁

𝑡=1

 

 
On the other side, forecast uncertainty (𝑈) is a normalized version of the 𝑅𝑀𝑆𝐸 

with respect to the clear sky irradiance (𝐼𝑡
𝑐𝑙𝑟). 

𝑈 =  √
1

𝑁
∑ (

𝐼𝑡 − 𝐼𝑡

𝐼𝑡
𝑐𝑙𝑟 )

2𝑁

𝑡=1

 

 
With these two terms, the skill score (𝑠𝑠) can be obtained using the following 

equation. 

𝑠𝑠 = 1 −
𝑈

𝑉
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As 𝑈 diminishes, the forecast skill tends to 1. That means that when 𝑠𝑠 is 1 (and 

therefore 𝑈 is 0), the forecast method performs perfectly since no uncertainty 

exist. When  𝑠𝑠 tends to 0, forecasts are dominated by solar variability. This is the 

case of persistence forecast, which has a skill score of 0. As a result, this 

parameter can be seen as a measure of the quality performance of the model 

using the persistence model as a baseline, and can be approximated using the 

following equation: 

𝑠𝑠 ≈ 1 −
𝑅𝑀𝑆𝐸 

𝑅𝑀𝑆𝐸𝑝 
 

 
In this case, 𝑠𝑠 can take values from 1 (perfect forecasting) to arbitrary large 

negative values (persistence forecasts are better than the evaluated model). 

2.2.2 Classification of forecasting techniques 

Across the literature it can be found different classifications of solar forecasting 

techniques. Two of them can be found in the complete reviews in [77], [81]. However, a 

forecasting technique is defined by several aspects which are dependent one on another. 

In this section, the most important differentiations between techniques to the author’s 

opinion are presented, taking into account that every forecasting model or technique will 

fall into one of the options presented for each category. It has to be noted that these 

aspects are often inter-related, for instance, methods with low spatial resolutions would 

probably require local measurements, while for models considering large areas, satellite 

images or numerical weather prediction models may be used. Solar and PV forecasting 

techniques can be classified according to several aspects, which will be discussed in the 

following subsections. 

2.2.2.1 Approach: physical based methods vs data based methods 

According to the approach used to produce the forecast, forecasting techniques can 

be classified into either physical based or data based methods. The prior family of 

methods aims to model the problem with analytic or semi-empirical equations, using 

different inputs such as weather variables, data from installations, satellite images, etc. In 

a sense, they try to simulate the different systems governing the irradiance values or even 

the PV output values. Data-based methods generally use past records of the forecasted 

variable as their only input.  

Physical based methods usually rely on data coming from Numerical Weather 

Predictions (NWP) models. NWP models are by themselves forecasting models, which try 

to predict future weather variables, given the current status of the system. NWP models 

generally use mathematical functions to implement the physical equations governing 

atmospheric conditions such as wind, pressure, density and temperature: the Navier–
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Stokes, the mass continuity equations, the first law of thermodynamics and the ideal gas 

law [88]. Although their performance has improved dramatically over the last decades 

[88], NWP still are sources of uncertainty, which then propagates to solar forecasting. This 

is probably one of the main disadvantages of these methods. On the contrary, an 

advantage of physical based methods is that no historical data is needed to make the 

predictions. Therefore, they are suitable for obtaining power predictions before the plants 

have been constructed [77]. Different studies using these approaches can be found in 

[89]–[92]. 

Data based methods use, in general (but not exclusively), past data of the forecasted 

variable as their only input. Data-based methods can be further classified according to the 

nature of the operations used to treat the data in Statistical, Machine Learning or Deep 

Learning methods. These methods are then used to identify patterns and extract trends in 

the data, aiming to predict the forecasted variable. The principal constraints of these 

methods are that they need a huge amount of data, and the quality of the data used has a 

huge impact on the overall accuracy of the methods. Among the statistical methods, there 

are a series of autoregressive methods that are commonly used including Linear 

stationary models (Auto-Regressive (AR) [93], Moving Average (MA), Mixed Auto-

Regressive Moving Average (ARMA) [94], [95], Mixed Auto-Regressive Moving Average 

models with exogenous variables (ARMAX)), Linear non-stationary models (Auto-

Regressive Integrated Moving Average (ARIMA) [96], ARIMA with exogenous variables 

(ARIMAX),  Seasonal Auto-Regressive Integrated Moving Average (SARIMA), SARIMA with 

exogenous variables (SARIMAX)) or Non-linear stationary models (Nonlinear Mixed Auto-

Regressive Moving Average models with exogenous variables (NARMAX) 

Additionally, we have the ML and DL methods (also called Artificial Intelligence 

methods). The variety of types of models is huge, and since they are both areas of active 

research, this number increases every year. Some of the most utilized algorithms are k-

Nearest Neighbors (k-NN) [97], Support Vector Machines (SVM) [98], [99], Random 

Forests (RF) [100], [101], Artificial Neural Networks (ANN) [102], and all their 

derivations. For an in-depth discussion about the use of different machine learning 

techniques in the solar forecasting area, the reader is referred to [52]. 

The availability of data and its quality is particularly important for Machine and Deep 

Learning strategies, since a considerable part of the dataset would be used for training the 

models. Scarcity of data during the training process leads to poor quality models. Another 

disadvantage that ML and DL methods have is that they do not generalize as well as 

physical based approaches (or do not generalize at all), since they are trained with a 

specific dataset corresponding to a particular location, plant or problem. Thus if one wants 

to use the methods in different locations or problems, the models must be retrained. 

Despite that, the overall architecture of the models could still be reusable (for example, the 

structure of the model itself or parts of it, as the image encoders). A remarkable feature of 
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ML and DL approaches is that the models are agnostic and assumption-free (data should 

be self-explanatory) 

Finally, hybrid models are models that combine both approaches (physical and data-

based methods). In general, they are more complex, but they theoretically should yield 

better results. With the recent explosion of big data and AI, and the continuous 

improvement of computational capabilities of computers, current research trends seem to 

be more focused on data based and hybrid models. However, physical models will 

continue to be important in the long run, since they will benefit from some of the 

abovementioned improvements as well.  

2.2.2.2 Time horizon 

The main way in which solar forecasts are usually classified is considering their time 

horizon. Time horizon is probably the most relevant characteristic of a forecasting 

method, since it will determine the applications of the forecasts produced. Electric systems 

are very complex, and involve interactions of multiple actors at different levels (from the 

delicate equilibrium between generation and load, to the numerous bidding processes and 

market interactions occurring throughout the day), thus there are several aspects that 

should be considered in the decision making process, each of which requires specific 

information that can be obtained with forecasts for specific time horizons.  

Regarding the terminology of the time horizons, there is no clear consensus about 

which terms should be used. Traditionally the terms “very short-term”, “short-term”, “mid-

term” and “long-term” have been used, as one can check in the numerous studies and 

reviews found in the literature [52], [81], [103]–[106]. However, more precise 

descriptions of the time horizons are preferred, and are being adopted by the community 

in the last years [107]. So in order to follow the best practices, we are adopting the more 

descriptive definition of the terms as in [77], [106]. 

2.2.2.2.1 Intra-hour forecasting 

Intra-hour forecasts span from 1 second up to 1 hour. Their main applications are the 

maintenance of grid stability (forecast ramps and high-frequency variability [108]), 

making a correct schedule of the optimal spinning reserves, power smoothing,  real-time 

electricity dispatch and demand response [77], [109]. This type of forecasting is especially 

suited for islanded, isolated or weak electric grids, where high shares of solar PV energy is 

present in the mix [77]. Intra-hour forecasts are usually produced by means of local 

sensing networks (that could be sky-imagers, neighboring plants, irradiance sensors...) 

and real-time data of the variable to predict. 
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2.2.2.2.2 Intra-day forecasts 

Intra-day forecasts typically cover from 1 to 6 hours and their main applications 

include load following or optimize bids in intra-day markets. Grid operators also use them 

for controlling different load zones or trading outside the boundaries of their area [77], 

[110]. The most common techniques for this time horizon are statistical methods and 

satellite imagery, although analysis of neighboring plants and NWP are also possible. 

2.2.2.2.3 Day-ahead forecasts 

Day-ahead forecasts cover the time span from 6 to 24 hours in the future. These 

forecasts are primarily used for planning, unit-commitment or placing biddings in the day 

ahead markets [77], [91]. The technique dominating this time frame is undoubtedly NWP, 

which gives an idea of the real value of NWP models, more suitable to study future trends 

and not sudden changes in the near future.  

2.2.2.2.4 Two days ahead or longer 

Forecasts with time horizons above the 24 hours include a variety of applications, 

from unit-commitment, transmission management, trading or optimize the maintenance 

planning and modeling of PV plants[77], [108]. For longer periods, there is a point where 

the boundaries between forecasting and modelling can start to blur. That is, predicting the 

output of a potential PV plant in its whole useful life can be seen as forecasting or 

modeling.  

2.2.2.3 Spatial resolution 

In terms of the spatial horizon or resolution, solar and PV forecasts can be point 

forecasts (made for a single plant), regional (for an ensemble of plants or a particular 

area) or even global (covering the whole globe). Commonly, grid operators would prefer 

regional forecasts since they are more useful to maintain the balance between the demand 

and the supply in the electric system. On the other hand, micro-grid operators may prefer 

individualized forecasts since their objective is to maintain quality and stability of the 

electricity in a smaller area.  

In order to produce regional forecasting, upscaling is the preferred technique [76]. 

Upscaling is a well-known technique applied in wind power forecasts, and it basically tries 

to extrapolate to a large region the results from fewer points. It consists in selecting a set 

of representative data of the plants in a determined region, and upscale the results of a 

forecasting done to these data by means of normalization or other method utilizing 

nominal capacity of PV plants. Its popularity during the last decades has been due to the 

difficulties of obtaining detailed information of all the PV systems in a system. Although 

with new data acquisition devices and techniques, this could change in the near future.  
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Generally, regional forecasts have significantly better accuracy as the geographic area 

of study increases. For instance, in [92] reductions in RMSE up to 64% for a forecast over 

an area comprising the whole country of Germany compared to a point forecast were 

reported. Similarly, in [89], reductions in RMSE up to 69% were found when forecasting 

10 plants combined in comparison with a single forecast. This error reduction with 

aggregated information may seem obvious, since correlation between errors from two 

locations decreases as their distance increases, leading to a partial cancelation of such 

errors at individual sites [77], [92]. This is what is called the “smoothing effect”. In a sense, 

is the same principle by which, the aggregated load forecast can be considered an easy 

problem, while individual load forecast is a very complex one. 

2.2.2.4 Deterministic vs Probabilistic forecasts 

According to the output produced by the forecasts, these can be classified into 

deterministic (often referred to as point forecasts, but this term should be avoided since it 

could also have a spatial meaning) or probabilistic. Deterministic forecasts output a single 

value and probabilistic forecasts output a range of weighted values, a probability density 

function of the possible outcomes that encodes the likelihood of each value to occur. 

Traditionally, deterministic approaches have been more widely adopted than 

probabilistic, probably because the complexity level of the models is lower, although some 

authors suggest that the lack of good performance metrics for probabilistic forecasting 

may have induced to think that their performance was worse than it really was [104]. 

Deterministic approaches do not consider valuable information such as upper and 

lower bounds of forecasted values or its degree of confidence. However, once the 

deterministic methods are evaluated, and their error rates are known, one could simply 

translate these errors into probabilities using any distribution (normal distribution 

generally is a good approximation to errors). Therefore, a sort of probabilistic forecasting 

can be obtained from deterministic forecasts. 

2.2.2.5 Data sources 

Another way to differentiate forecasting methods is regarding the data sources input 

on the models. A wide variety of data types can be used to feed the models: past records of 

PV plants, weather data, satellite images, sky images from ground based cameras… Besides 

the type of the data, the origin of the data can also be used as a way of classifying the 

models. There are models that use endogenous data, that is, time series of records of PV 

production or irradiance; and there are models that use exogenous data, which represent 

external data sources to the variable being forecasted, such as temperature, pressure, etc. 
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2.2.2.6 Application 

Finally, a final characteristic would be the application of the forecasts. At this point 

most of the applications have been discussed in previous paragraphs, but they are listed 

below regardless for quick reference. 

 Grid stability and power quality 

 Markets interactions 

 Optimization of conventional generators increasing and optimizing ramp 

response 

 Load following 

 Unit-commitment and scheduling 

 Regional scale power prediction 

Figure 16 aims to synthetize all the relevant information regarding applications and 

spatial and temporal horizons of solar forecasting methods in an image. 

 

Figure 16. Solar forecast methods and applications depending on the time and spatial horizons. 

 

2.2.3 Intra-hour solar forecasting with sky-imagers  

Solar and PV intra-hour forecasting refers to forecasts made in the very short term, 

covering time horizons from a few seconds up to 1 hour. The main applications of this kind 

of forecast are to assure grid quality and stability (by predicting production ramps of PV 

plants), as well as making a correct schedule of the spinning reserves. The role becomes 

more important when talking about islanded or isolated power grids, or weak grids with 

high solar penetration. Also the role of solar intra-hour forecasting may change depending 

on the voltage level of the grid at which the PV plants are connected. For instance, if solar 

PV plants are connected at the low voltage level, the major objective may be the 

prevention of voltage limits violation. On the other hand, when forecasts are performed to 
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know the productions of large PV plants connected to higher voltage levels, the main 

purpose could be to regulate frequency or make better bids in intra-hourly markets. 

In the intra-hour temporal horizon, the main factor affecting PV production is the 

clouds. Position and shape of clouds are one of the most difficult phenomena to predict in 

the atmosphere due to its stochastic and dynamic behavior, which makes it very tricky to 

find models to correctly define them. Since analytic modelling of individual or small 

groups of clouds through mathematical equations seems to be an almost impossible task, 

one of the main approaches has been to track the movement of the clouds trying to predict 

where these clouds will be in a short temporal interval. Cloud tracking can be made by 

means of different approaches and technologies (sky-imagers, irradiance sensor network, 

pyranometer arrays, satellite images, etc.). Each of them has its own advantages and 

disadvantages. For example, satellite images cover larger regions, but their sampling 

frequency is usually too low for the intra-hour forecast. Irradiance sensor networks 

provide a simplified dataset with potential low costs on its acquisition, but heavy 

computational post-processing is required to provide meaningful predictions. A sky-

imager provide high quality images of the sky and the clouds, but its spatial range is 

limited to its surroundings and require complex post-processing and image-processing 

techniques. Probably, the best forecasting models to come will use a combination of some 

of the techniques. But since the main focus of this thesis regarding solar forecasting is the 

use of sky-imagers, the following paragraphs will describe the utilization of these devices 

and the research related to it. 

The first reference to a sky-imager for cloud field or cloud cover estimation date from 

1993  [111], although the device had been used for other purposes decades earlier. The 

first devices were far more complex than today’s models in terms of the optics required: 

convex mirrors to emulate the wide effect of angular or fish-eye lenses and they used a 

device to block the sun from the image, with the associated mechanisms to move it. With 

the technological improvement in the manufacturing of lenses, and the decrease in costs of 

the electronic components, new sky-imager models are quite different to the earlier 

models. 

The use of sky-imagers is restricted to local (up to a few kilometers depending on the 

camera properties) and very short-term (up to one hour depending on climatic 

conditions) forecasting. There is a vast body of literature detailing the uses of sky-imagers 

for solar forecasting. Multiple studies have used sky-imagers to forecast cloud positions 

and movement and derive GHI [112]–[122] or DNI [123]–[129]. Other studies have 

focused on the use of sky-images to classify sky conditions, cloud types, cloud movement 

estimations and cloud reconstruction [130]–[138]. There have been authors with more 

original approaches such as using sky-images to create cloud shadow maps on the ground 

to forecast power production ramps geospatially [139], or to predict irradiance ramps 

directly [140]. Besides the papers where solar irradiance was the variable forecasted, very 
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few studies have focused on the forecast of actual PV generation [141]–[146] (at least, 

using sky-imagers).  

2.2.4 Combining sky-imagers with AI for intra-hour forecasting 

The relatively small number of studies dedicated to forecast PV power generation in 

comparison with the forecast of GHI or DNI is partially explained by the lack or low 

availability of PV data existing a few years ago. Back then, the main objective of the 

research was to emulate the physics system governing irradiance conditions as well as 

possible, and then, make the predictions with the irradiance data for the PV plants. 

Nowadays, vast amounts of PV data are collected every second at every level of the electric 

system, and sometimes it is available for researchers. This explains a new trend to shift the 

research focus towards more data-based methods. ML and DL techniques have strongly 

emerged and have been applied to different data sets searching for a good solution that 

requires fewer infrastructures and could potentially achieve better results.  

ML and DL methods do not generalize as well as physical based approaches, since 

they are trained with data or images corresponding to a particular location. Thus, if one 

wants to use the methods in different locations, models must be retrained. Despite that, 

parts or blocks of the models could still be reusable (for example, the structure of the 

model itself or parts of it, as the image encoders). A remarkable feature of ML and DL 

approaches is that the models are agnostic and assumption-free (data should be self-

explanatory). This means that there should be little room for the conjectures of the 

researcher other than the suitability of the models’ architecture, the fine tuning of the 

model or feature engineering. There is also a rich body of literature regarding the use of 

ML and DL models to short-term solar forecasting. Some of the most relevant for this study 

are discussed below. 

Regarding the use of ML and DL for data-based solar forecasting (without sky-

imagers), various authors have decided to forecast GHI and DNI [147]–[155] as it 

happened with the sky-imagers. But in this case, there are far more studies which use PV 

data to directly forecast PV power [156]–[164].  

Combining the use of sky-imagers with ML or DL techniques is also possible. Several 

authors have used sky-images to feed DL models, particularly Convolutional Neural 

Networks (CNN). In [165], the authors use sky-images to now-cast the output of a 2.5 kW 

PV plant, using a set of different models. In [166], the authors used video inputs to forecast 

the output of a 30 kW PV plant. This study is extended to new model architectures and 

data inputs in [142], [167], [168]. 
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2.2.5 Conclusions and future prospects 

Intra-hour solar forecasting will be a key technology for ensuring quality of electricity 

and grid stability in the future, as larger shares of PV energy are deployed in the electric 

grids. It will be particularly useful in islands and weak electric grids, where the effects of 

PV variability are more severe than in continental and interconnected grids. The 

suitability of these types of forecasting systems and the added value they can provide to 

the system operation will depend on the environmental conditions and the particularities 

of the electric grid where they are installed. 

Current trends in the field are heading towards the utilization of ML and DL 

techniques in conjunction with physical methods, and they are expected to dominate the 

future landscape as well, since the amount of generated data coming from PV systems or 

other sensing devices keeps growing. As the performance of forecasting methods 

continues improving, as well as the capabilities to integrate the information provided by 

forecasting systems with the operation of the electric systems, it is expected that the 

adoption of techniques to integrate forecasts in the decision making process (at several 

levels) will be much higher than it is today.  

For intra-hour solar forecasting, sky-imagers are expected to continue decreasing in 

costs (in line with the fall in cost of electronic and optic parts), while the quality of their 

services will increase substantially with the introduction of new techniques (such as deep 

learning models). This could enable their massive deployment, especially (but not 

exclusively) in insular contexts and in micro- and smart-grids applications, where the 

added value of the technology is higher.  

If the reader is interested in a more in-depth review of solar and PV forecasting 

techniques, there are several review papers that provide valuable structured information, 

and which some of them focusing on a particular topic (machine learning algorithms, 

probabilistic forecasting…) [77], [103], [104], [110], [169], [170]. 
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2.3 Integration of PV systems in distribution grids 

As pointed out in Section 1.3, where some of the problems regarding the integration 

of solar PV in the electric grids were briefly discussed, the integration issues will depend 

on a variety of factors: robustness of the grid, penetration levels of PV in the mix, voltage 

level of the connections, etc. In this section, an in-depth overview of the main 

characteristics of distribution grids and the impacts associated with a high penetration of 

PV systems is presented.  

2.3.1 From centralized electric grids to distributed generation 

The electric grid operates at different voltage levels, and thus is divided in different 

subgrids according to the voltage at which they operate. For example, transmission grid 

operates at high voltages to minimize the losses associated with the transportation of bulk 

electricity to larger distances through power lines. The voltage is then stepped-down and 

the power is injected in distribution grids. Distribution grids can either operate at mid- or 

low-voltage levels, and they are where all end-users are connected, and therefore, safety 

and stability issues are a major concern.  

Due to the modular capabilities of the technology, PV systems can be designed in a 

wide range of capacities: from a few kW that households can install in their rooftops, to 

multi-MW and even macro projects in the GW scale. In general, large projects are 

connected to transmission grids to efficiently evacuate all the power generated, while 

small PV systems are connected to the distribution grid. The latter case is what is called 

Distributed Generation (DG), and it is completely changing the paradigm in the generation 

of electricity in the last years. This change poses operational and engineering challenges to 

the Distributions System Operators (DSO), which are responsible for the quality of the 

electric supply. 

Traditionally, electric grids have been operated radially, with large generators 

evacuating the generated power in the transmission grids [171]. Power is then distributed 

to the loads, generally after reducing its voltage, in a unidirectional manner. With the 

introduction of DG in the distribution grid, now power injections occur at the distribution 

level, and power flows can be bidirectional, coming from the demand-side of the line 

(depending on the load conditions). This could represent a problem for a variety of 

reasons, mainly intrinsic to the characteristics of the distribution grid, which are discussed 

in the next sections.  
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2.3.2 Impacts of PV systems on electric grids 

As stated in the section 1.3 there are a variety of impacts that the integration of PV 

systems has over the electric grid. Some of them affect the overall system, while others are 

localized in certain distribution grids or feeders. Factors conditioning the severity of the 

impacts include the voltage level at which the PV systems are connected, the PV 

penetration levels, and the robustness of the electric grid itself.  

The robustness of an electric grid makes reference to all the characteristics of the grid 

that help support its stability, such as size, number of high inertia generators, 

interconnections, etc. For instance, electric systems on small islands are more likely to be 

less robust than continental systems. Continental systems have more interconnection 

potential, more rotating generators and their renewable energy generation is scattered in 

larger areas. On the contrary, small islands usually have most of the renewable sources 

concentrated in one limited region, high interconnection costs depending on the distances 

to other electric systems and the bathymetry of the surrounding sea floor, and in general, 

less number of large high inertia generators. Therefore, it is more likely that pernicious 

effects from a high PV penetration will manifest in small and isolated electric systems 

rather than in large continental ones. In the following subsections, some of the most 

common impacts of PV integration are discussed. 

2.3.2.1 Frequency instability 

Frequency is probably the most important factor governing power quality. It is 

controlled by maintaining the balance between generation and load at all times (if 

generation is higher than the demand, frequency increases, and if it is lower, frequency 

decreases). Frequency needs to be controlled within a tight range, which varies depending 

on the country and the electric system (in Spain the frequency is 50Hz and the range is 

±0.15Hz for the mainland, and ±0.25Hz for the islands [172]). Disruptions in the balance 

between electric supply and demand lead to frequency fluctuations.  

Frequency in power systems is controlled mainly by sources of inertia, such as large 

rotating generators and motors. Frequency level is maintained by control loops built into 

the generators. When deviations in frequency occur, generators and turbines adapt their 

fuel or steam flows to match the load with the demand, restoring the normal frequency 

value again [173]. 

The increasing power from VRE sources makes frequency control a harder task. One 

of the reasons that may provoke such frequency fluctuations is the passing clouds which 

cause rapid variations in the power output. Although nowadays the contribution of PV 

systems to frequency fluctuation is rather smaller compared with, for instance, wind 

power (due to uneven shares of both technologies), it is expected to become more 

noticeable as the deployment of such systems increases [174]. However, as presented in 



68 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

2.3  Integration of PV systems in distribution grids   

52 
 

the introduction, in weak electric grids with low number of high inertia sources, even 

small PV penetration levels could lead to frequency deviations. In any case, the increase in 

PV penetration will demand a higher frequency regulation capacity, with the subsequent 

derived costs [175]. 

2.3.2.2 Voltage fluctuations 

As it happens with the frequency, the variability in solar power could lead to voltage 

fluctuations in the grid. If the voltage moves outside the safe level of operation, several 

performance problems may arise. Since voltage related issues are more important at the 

distribution level than in a general context of electric grids, and they are discussed in 

detail in the section 2.3.4.  

2.3.2.3 Islanding operation 

Unintentional islanding occurs when PV systems within a certain network continue to 

supply power to the loads even after the part of network is disconnected from the main 

grid for some reason [174]. Normally, when this situation occurs, power quality of the 

islanded network becomes degraded. In general, PV inverters are designed to detect 

abnormal power quality conditions and to disconnect from the network. However, 

although it is highly unlikely, if the PV generation and the load in the islanded line are 

identical, PV system protections might fail to detect the disconnection and will continue 

supplying power [174].  

The unintentional islanding can cause a number of different problems: safety issues 

for network operators, maintenance of the fault conditions that tripped the circuit, damage 

to equipment due to the poor power quality, transient overvoltages, damage of inverters, 

switchgears and loads due to lack of synchronization during reconnection, etc. Islanding is 

a well-known problem and it is usual that inverters provide anti-islanding features. 

Although there are several ways of classifying them, islanding detection methods can be 

mainly implemented in two ways (assuming there is not communication link between 

equipment): passive and active methods, or also a combination of both (hybrid methods). 

However, the best options to improve islanding detection are based on the deployment of 

some communication infrastructure between the utility and the inverter [173]. 

Although traditionally islanding operation has been avoided, advances in PV inverters 

technology and other power electronic devices could lead to scenarios where islanding 

operation is possible, and even desirable to increase the resilience of the electric systems 

under certain circumstances. For example, in case of a major fault of the grid, some parts 

of the grid could disconnect from the main grid and, if grid-forming inverters are available, 

momentarily continue to supply electricity to the loads [176].  
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2.3.2.4 Integration costs 

Another effect on the inclusion of VRE in the electric grid is the economic impact of 

the measures needed to cope with their variability, the so called integration costs (also 

known as hidden costs or system-level costs). Integrating VRE into power systems causes 

costs elsewhere in the system. Examples include distribution and transmission networks 

reinforcements, short-term balancing services, provision of firm reserve capacity, a 

different temporal structure of net electricity demand, and more cycling and ramping of 

conventional plants [25].  

However, there is no consensus about the real definition of integration costs, and if 

they should be computed on the VRE. Other generation technologies impose integration 

costs which are not allocated to those technologies. For example, large generators impose 

contingency reserve requirements, block schedules increase regulation requirements, gas 

scheduling restrictions impose system costs, nuclear plants increase cycling of other 

baseload generation or hydro generators create minimum load reliability problems.   And 

these costs are not computed to the generators causing them [177].  

2.3.3 Basic characteristics of distributions grids 

Distribution grids have their own special features in contrast with transport grids. 

Some of them are their unbalanced nature, the presence of dynamic loads and small 

distributed generators, higher R/X ratios… [178]. It is important to know the peculiarities 

of distribution grids in order to understand the effects that a high PV penetration has over 

its operation, and the problems arising from that condition. Some of the most important 

are discussed below. 

2.3.3.1 Decreasing section of lines with the distance  

As the ensemble of the electric grids, distribution lines were originally designed to 

operate radially, and it is common that the section of the cables decreases as the distance 

to the substation increases (the amount of current at the end of the lines is smaller than 

near the substations, so the shrink of the cables was justified from an economic and 

technical point of view). If power is injected directly in the distribution grid, the 

requirements to evacuate the generated power increase, and it is possible that some lines 

are not prepared for these distributed current injections, particularly if the generators are 

located at the end of the line.  

2.3.3.2 Unbalanced nature of distribution grids 

Voltage unbalance occurs when the magnitude or the phase angles of the voltages in a 

three-phase system are not equal (not exactly 120º). It is usually measured by the voltage 
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unbalance factor (VUF) which is defined as the ratio of negative sequence to positive 

sequence voltage components [179]. 

Distribution grids are inherently unbalanced systems. Although the DSO tries to 

evenly distribute the capacity on each phase, shifts in the timing of loads by individual 

households can lead to imbalance especially as the size of the distribution grid diminishes. 

Another cause of voltage unbalance is the differences in line impedances, that could result 

from non-transposed lines [180]. Additionally, installation of single-phase distributed 

generators contributes to increase the voltage unbalance through the distribution grid. In 

unbalanced three-phase four-wire systems the power injections in one of the phases 

affects the other two, which is caused by neutral point shifting [181].  

2.3.3.3 Voltage regulation and low X/R ratios 

Another reason, which is also related to the original operational design, is the voltage 

regulation. Voltage regulation is usually done at the substation, where devices called On-

load Tap Changers (OLTC) provide flexibility to the operational voltage of the line beyond 

the transformer, and they are usually set to values slightly above the nominal voltage. This 

is done to ensure that the farthest users in the line receive the electricity at an acceptable 

voltage, since there is a drop in the voltage magnitude as the current flows through the 

line. If voltage conditions change, OLTCs can regulate the voltage by stepping up or down. 

Other equipment, such as shunt capacitors, Static Synchronous Compensators 

(STATCOMs) and Static VAR Compensators (SVCs), that can contribute to the voltage 

regulation in every load condition are also possible [182].  

With a large share of DG, active power is injected directly to the distribution grid. 

Lower X/R ratios7 in distribution lines means that lines are more “resistive” and therefore, 

active power injections and absorptions have a larger effect on the voltage [183]. If the DG 

is mainly composed of PV systems, their high variability and low inertia make that a partly 

cloudy day could translate into a series of discontinuous injections of active power, with 

the subsequent effect on the voltage of the line. 

2.3.4 Voltage-related impacts due to PV systems on distribution grids 

Once reviewed the main characteristics of distribution grids, the impacts caused by a 

high PV penetration can be explained. The main impacts at the distribution level are 

related to voltage regulation and control, and to a lesser extent, harmonics or islanding 

operation. In this section, the potential voltage-related impacts that PV systems have over 

distribution systems are reviewed. Voltage is one of the most important parameters (if not 

                                                             

7 Often in the literature, the inverse ratio is used (R/X). In that case, distribution grids have high 
R/X ratios. 
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the most) limiting the penetration of PV systems in distribution grids. Due to the strict 

quality requirements that distribution grids have, it is capital that voltage levels remain 

within the normative limits in order to ensure a secure and reliable service for the end-

users. 

If voltage levels fall outside the normative range, safety and performance problems 

arise. For example, undervoltage conditions can cause “brownouts”, where some 

equipment would not be able to start up or the intensity of lighting would diminish. On the 

other hand, overvoltage conditions may decrease the lifetime of most equipment and 

damage sensible electronic devices [173]. Another consequence that voltage fluctuation 

has, is the continuous operation of voltage regulation devices, such as OLTC, with the 

subsequent decrease in lifetime [180]. The main voltage-related effects of a high PV 

penetration in distribution grids are described below. 

2.3.4.1 Voltage rise and reverse power flow.  

Voltage rise is inherent to any active power injection into the electric system, since, as 

injected current passes into the lines, it creates a voltage rise across the system impedance 

[184]. Due to lower X/R ratios in distribution grids, active power injections will have a 

major influence on this voltage rise. If a particular feeder has low PV penetration levels, 

overvoltages would not normally be an issue, since most of the produced power would be 

consumed by the users in the feeder. But if a significant PV capacity is installed, there 

could be moments when the produced PV power is higher than the load and a net export 

of power takes place. Therefore, load conditions of the feeder affect the severity of the 

voltage rise. PV power has its peak production around midday, sometimes coinciding with 

low load levels of households, so net exports are more likely to happen. Another factor 

affecting the magnitude of the voltage rise is the distance to the substation, where 

installations at the end of the line will require a higher voltage rise to evacuate the power. 

If these conditions are met, voltage rise and reverse power flows will happen and the 

stability of the line may be compromised.  

2.3.4.2 Power output fluctuation (variability) 

As discussed in previous sections, PV power systems have a high variability since they 

rely on solar irradiance, which at the same time experiences severe fluctuations as a 

consequence to the presence of passing clouds. Additionally, PV systems have very low 

inertia, and changes in their output power are almost instantaneous. These conditions 

may lead to power fluctuations in the feeder, which create high uncertainty on the 

operation of distribution systems. In general, PV power systems experience two types of 

fluctuations. On the one hand, there are short-term events with high frequency fluctuation 

due to passing clouds (common on partly cloudy days). These can cause power quality 

issues, such as light flickering or variable motor speeds, and increased number of 

operation of regulation devices [173], [184]. On the other hand, there are pronounced 
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ramps that severely reduce the power output (it can drop more than 60% in a matter of 

seconds [185]), which may happen in the transition from a clear sky to an overcast day, 

and which could require backup generation to maintain power supply. The effects of 

fluctuations are smoothed with the geographical dispersion of PV systems or the presence 

of storage devices in the feeder. Voltage regulation from PV inverters could be employed 

to mitigate them as well.  

 

2.3.4.3 Grid derived voltage fluctuations 

Another source of impacts is related to grid-derived voltage fluctuations. PV inverters 

are usually designed and set to operate in “grid voltage-following mode”, disconnecting 

from the grid when voltage falls outside the predefined limits (programmed in the 

inverter). Some short-term events occurring in the grid such as voltage sags or peaks, 

could lead to the disconnection of PV inverters. If the PV penetration in a particular feeder 

is high, these events could result in the disconnection of a large number of DG, while loads 

do not, exacerbating the problem [184]. If this situation occurs, the network will still have 

to provide power to the loads without the support of PV systems, so additional power 

needs to be delivered by the lines of the network, leading to overload of the lines or long 

periods of undervoltage. Modern smart inverters now include the “ride-through” 

capabilities, to overcome this kind of event. 

2.3.4.4 Voltage unbalance 

PV systems in distribution grids can cause voltage unbalance on the line, particularly 

when single-phase inverters are deployed, and the capacity is unequally distributed on the 

different phases. The unbalance increase will also depend on the distance to the substation 

(the unbalance will be higher at larger distances). Voltage unbalance could have a negative 

effect on three-phase generators and loads, leading to rise in temperature, noise or 

vibration; and also in power electronic devices [173]. 

2.3.5 Technical solutions for voltage regulation in distribution grids 

As discussed in the previous section, voltage related issues are the most critical 

among all the problems of integrating PV systems to distribution grids. Voltage regulation 

strategies can be implemented in order to prevent or mitigate the effect of these issues. 

There are a handful of strategies that can be implemented by either the DSO or the PV 

systems, or by both of them simultaneously. Technical solutions that are used to mitigate 

the effect of the impacts and achieve an effective voltage regulation throughout the 

network are described in this section.  
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2.3.5.1 Solutions provided by Distribution System Operators 

DSOs are responsible for maintaining the power quality in distribution systems, and 

they can provide a series of solutions to mitigate the impacts of a massive deployment of 

PV systems in the distribution grid. Traditionally, overvoltage problems have been solved 

reinforcing the grid, but this is an expensive solution, and nowadays it is seen as a last 

resource measure. DSOs have other options available for voltage regulation, which can 

contribute to increase both the power quality and the hosting capacity of distribution 

grids. Some of these solutions are presented below. 

2.3.5.1.1 On-Load Tap Changers (OLTC) 

As discussed in previous sections, OLTCs are essential parts of the distribution grids, 

and they are the main voltage regulation device in the grids. They control the voltage 

changing the winding ratio of substation transformers, stepping up or down the taps 

without disconnecting the loads [180]. 

2.3.5.1.2 Line Voltage Regulators (LVR) 

LVRs, also known as Step voltage regulators (SVR), or simply voltage regulators, are 

autotransformers with a regulation capacity of ±10% typically, used to stabilize voltage in 

long and heavy load feeders. They can be placed in the middle of the feeders to prevent 

voltage levels to fall outside the normative range. 

2.3.5.1.3 Reactive power control or VAR-control form dedicated devices 

The provision of reactive power through fast-acting power electronic devices, such as 

SVC, STATCOMs or capacitor banks can also help to deal with voltage fluctuations. 

2.3.5.1.4 Grid reinforcement 

Grid reinforcing is basically done by increasing the cross-sectional area of the lines to 

reduce the impedance and therefore the voltage rises due to active power injections. It is a 

rather expensive measure that in general is seen as a last resource.  

2.3.5.1.5 Network reconfigurations and closed-loop operation 

Grids can be reconfigured in terms of functional connections and paths for the power. 

An interesting option is to give the grid the ability to automatically reconfigure, thus 

behaving differently under different conditions. Closed-loop operation follows tries to 

emulate the operation of transmission grids in a sense. The idea is to increase the short-

circuit power of interconnection points in the grid, strengthening the grid and reducing 

the effect of DG injections over voltage. 
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2.3.5.1.6 Energy Storage Systems (ESS) 

Installation of centralized ESS can also contribute to the mitigation of impacts, with 

different technologies contributing to different control strategies. 

2.3.5.2 Local control strategies provided by PV systems.  

DG, along with the improvement of power electronic devices, has brought with it the 

possibility of new operation strategies in distribution grids. Nowadays, PV inverters can 

be used to locally provide ancillary services to the grid, such as grid forming features, 

fault-ride-through capabilities or improved controls for voltage regulation. For voltage 

regulation, there are two main strategies, namely active power curtailment and reactive 

power compensation, which are described below.  

2.3.5.2.1 Active power curtailment.  

The simplest way to avoid overvoltage due to active power injections is to reduce the 

amount of power injected to the grid. Despite being the simplest strategy, it is not the most 

desirable, since it implies the spilling of renewable energy, although low X/R ratios in 

distribution lines makes this strategy quite effective. This strategy can be implemented in 

different ways, such as fixing a maximum percentage of active power over the rated power 

of the inverter, or make a gradual reduction of the power injected based on an external 

signal, such as line voltage. The latter strategy is called Volt-Watt (VW) control. The VW 

control is used to reduce the amount of active power delivered to the grid as a function of 

the voltage at the point of common coupling (PCC) of the solar inverter. An operation 

curve defining the voltage set point where the control should start to act is configured in 

the inverter [186]. An example of such curve is given in Figure 17. Active power 

curtailment can affect the economic viability of PV systems, and therefore, PV owners 

would be reluctant to apply it.  

 

Figure 17. Example curves for different voltage regulation strategies. Volt-var without deadband 
(left), Volt-var with deadband (center) and Volt-Watt (right). 

2.3.5.2.2 Reactive power compensation.  

Another option is to control the voltage of the line through reactive power 

injections/absorptions. The main drawback of this method is that the effect of reactive 

power on the voltage depends on the reactance of the line, ignoring its resistance [187]. 
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Hence, the effectiveness of reactive power compensation is determined by the X/R ratio of 

the lines, which in distribution lines is low, meaning that reactive power interactions will 

have an overall weaker influence on the voltage than active power. Despite this, reactive 

power compensation has the potential to control the line voltage without the necessity of 

curtailing any active power, although some of the strategies can inherently limit the 

amount of active power injected. Reactive power compensation can be implemented in a 

variety of local control strategies.  

- Fixed power factor (PF). Modern PV inverters can operate at PFs different from 

the unity. Fixed PF control can be used to limit the injections of active power while 

providing a reactive power absorption or injection throughout the day. Reactive 

power output increases proportionally to the PF, as the PV active power increases 

[186]. Fixed PF is suboptimal by all means, since it leads to a continuous 

curtailment of active power and inefficient use of reactive power irrespective of 

grid conditions. 

- Power factor as a function of active power. This control is based on measuring 

the active power output of the PV inverter, to then control the PF (providing 

reactive power compensation) when power output reaches a certain value e.g. 

50% of rated power. 

- Volt-var (VV) control. The VV control is a local controller that reacts to voltage 

measurements at the PCC of the solar inverter with the feeder [188]. VV control 

can be configured with setting different functional points and slopes for the curves, 

the existence, or lack thereof, of a “deadband”, the possibility of including 

hysteresis, etc. This control is also called Q(V). 

2.3.5.2.3 Combined controls 

There is also the possibility to make active power curtailment and reactive power 

compensation simultaneously, combining VW and VV. As in the only VW control, this 

strategy is only useful when experiencing overvoltage situations, otherwise, it would 

behave as an only VV function. A priority of which function dominates over the other has 

to be defined 

2.3.5.3 Global control strategies for voltage regulation 

There is another control strategy that involves both the DSO and PV systems. Due to 

the intrinsic characteristics of distribution grids (listed in section 2.3.3), local inverter 

control strategies will typically lead to solutions far from the optimum point of operation. 

Reactive power usage and active power curtailment may be managed suboptimally and 

control actions may be distributed unequally among all the PV inverters in the system. 

Global or centralized controls, which take into consideration the global state of the grid 

and acts over all the different devices, will improve the voltage regulation. 
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The evolution of communication infrastructures and capabilities of PV systems 

promotes the introduction of such global optimization methods. Global optimization 

methods retrieve information from every system on the grid and analyze them in real time 

to find optimal operating points for different devices involved to maintain power quality 

[189]. The increased communication of the devices in the power grid is the critical enabler 

of global controls [190]. Also, there should be a cooperation between the DSOs and the PV 

owners in order to achieve an effective global control strategy. 

There are multiple ways to achieve an effective global control, but in the literature the 

most common methods act over the PV inverters either by changing the setup of a local 

controller, or by commanding them to inject/absorb reactive power or curtail active 

power. Several examples can be found in [183], [191]–[195].  

2.3.6 Metaheuristics for global control optimization problems 

The possibility of including a global control for PV inverters in the distribution grid 

opens the door to find the best set of parameters for each PV inverter, that is, to optimize 

the control. As mentioned in the previous section, global controls receive the signals from 

all the controlled devices in the grid (in this case PV inverters) and send commands to 

each of them to regulate their parameters. The decision making process of which 

commands should be given to each controller, can be done by means of different 

approaches. Probably the most interesting is to optimize the response of all the devices in 

order to achieve global optimal operating conditions. In other words, global control can be 

converted into an optimization problem with a determined formulation dependent on the 

pursued objective. In the case of PV inverters in distribution grids, common objectives 

include minimizing the amount of active power curtailment, minimizing the use of reactive 

power compensation, preventing the voltage from falling outside the normative limits, etc. 

Different approaches to the problem will lead to different problem formulations.  

2.3.6.1 Optimization problems and metaheuristics 

Optimization problems are a family of mathematical problems that aims to find the 

best possible solution from all the feasible solutions for a particular function or problem. 

In general, optimization problems can be classified according to the nature of the variables 

being studied (discrete or continuous), the existence or not of constraints (constrained or 

unconstrained), mono or multi-objective, the nature of the problem itself (if it is linear, 

non-linear, quadratic, etc.) or if they are static or dynamic [196]. There are also several 

techniques to solve optimization problems: classic optimization algorithms, iterative 

methods, global methods or metaheuristics. Roughly speaking, they can be classified into 

exact methods and heuristics [197]. Heuristics are particularly interesting for real world 

optimization problems (also called hard optimization problems), since most real world 

problems are complex enough to be almost computationally intractable to approach with 
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exact or deterministic methods, and they usually cannot be solved to optimality, or to any 

guaranteed bound in reasonable time [196]. 

Metaheuristics are high-level frameworks of algorithms designed to solve a wide 

range of hard optimization problems with little or no adaptation needed to each problem 

[196]. They are usually applied to hard optimization problems for which there are no clear 

exact methods applicable or they are computationally intractable with them. They are 

generally nature-inspired, meaning that they try to mimic some natural or physical 

process, and they commonly use metaphors to name the mathematical objects used in the 

algorithmic routines.  

For a metaheuristic to be successful for a given problem, it should have a balance 

between exploration (search in larger regions of the solution space) and exploitation 

(intense search along the most promising regions). Metaheuristics can be classified 

according to the number of simultaneous solutions they work with in single-solution 

metaheuristics, and population-based metaheuristics. As one may expect, the prior group 

favors exploitation while the latter favors exploration.  

Single-solution methods, sometimes called trajectory methods, provide an initial 

guess for the solution, and then describe a trajectory along the solution space, often using 

the gradients of the function, to find the best direction to move, and the iterative process 

continues until some conditions are met. They are more vulnerable to getting stuck in local 

minima/maxima if there is no mechanism to prevent it, and if functions are non-convex. 

They also favor exploitation, since they will most likely find the best solution on a local 

scale, but they will be unaware of the existence of better solutions outside. Some examples 

of single-solution methods include simulated annealing (SA), tabu search and greedy 

randomized adaptive search procedure (GRASP) method  

Population-based methods work with multiple solutions (a population) at the same 

time. This family of methods are highly inspired by Darwin’s evolutionary theory, in which 

populations of individuals (solutions) must evolve in order to adapt to environmental 

conditions (optimization problem), and only the most valid individuals survive (best 

solutions). Population-based randomly initialize the population of solutions trying to 

cover the major part of the solution space. After evaluation, the population is modified 

through different operators, which will depend on the selected strategy. Often these 

modifications will have some random components, and some objective-guided 

components. Depending on the kind of strategy followed by the algorithm, population-

based metaheuristics can be classified into:  

 Evolutionary Computation (EC). As the name suggests, they keep a major 

resemblance with the evolutionary theories, and they use modern terminology 

from biology (genes, mutations, chromosomes…). This category includes Genetic 

Algorithm (GA), Evolutionary programming and Genetic programming. 
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 Swarm Intelligence (SI). SI techniques try to emulate the collective social 

behavior of several animal species, for example ant or bee colonies. One of the 

main features is that there is global information about the problem that is shared 

with all the colony members (population of solutions), guiding them to more 

favorable regions of the solution space. Some examples of SI algorithms are Ant 

colony optimization (ACO), Particle Swarm Optimization (PSO) or Bacterial 

foraging optimization, artificial immune system. 

 Other Evolutionary algorithms that do not exactly lie in the previous groups 

can be found in the literature. Probably the most interesting are the ones using 

probability theory and statistics to deal with the reproduction process of 

solutions. Estimation of Distribution Algorithms (EDA), Differential Evolution or 

Co-evolutionary algorithms can be found under this description. 

For extended information of metaheuristics, their origins and main applications, the 

reader is referred to [196]–[199]. 

2.3.6.2 Metaheuristics applied to PV inverter global controls 

The problem of global optimized control for PV inverters is a rather complex method, 

particularly as the number of PV systems in the grid increases. With a high number of PV 

inverters and other regulation devices, the number of variables to be tracked and 

optimized increases, along with the complexity of the task of monitoring and control. 

Therefore, fast optimization algorithms are needed to find near optimal solutions in a 

reduced timeframe, and here metaheuristics play an important role.  

Metaheuristics have been used in multiple renewable energy and power systems-

related problems. For example, in [200], GA is used to determine the best location of 

hybrid PV-wind power plants, and in [201], another GA is used to optimize the operation 

of hydro-PV power systems. A combination of SA and PSO is featured in [202] to estimate 

the optimal capacity of different renewable energy power systems. In [203] four different 

EC algorithms were used to optimize the design of grid-connected PV systems.  

There is a vast quantity of studies that have also applied metaheuristics to solve some 

form of optimization problems related to PV inverters or other devices in distribution and 

smart grids. For instance, in [204] Non-dominated Sorting Genetic Algorithm (NSGA) is 

used to solve voltage control in a grid with high DG. In [205], a modified ACO is proposed 

for solving nonlinear voltage and reactive power control problems. A PSO for reactive 

power and voltage control is presented in [206]. In [207], a modified version of PSO, 

named chaotic PSO, was used to adjust generators, transformer OLTCs and compensators 

to minimize power losses on a grid under high renewable penetration. In [208], yet 

another modification to the PSO algorithm, mixing it with fuzzy logic, is used to relieve the 

overvoltage caused by high PV penetration minimizing total line loss. In [209], a “big bang-
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big crunch” optimization method (a modified GA) is used to minimize voltage deviations 

by controlling the regulator taps and reactive power contributions of capacitors and DG. 

Differential evolution to solve the optimal reactive power dispatch is presented in [210], 

[211]. In [212] an EDA is used to optimize the charge patterns of a large fleet of electric 

vehicles. 

The list of studies utilizing metaheuristic to solve grid-related problems is huge, and 

only its analysis probably would require the dedication of an entire thesis to do it. For 

extensive reviews of metaheuristic applied to power system problems, the reader is 

referred to [213], [214]. 

It seems that it is easy to get lost in the whole vocabulary of metaheuristic techniques, 

where combination of several approaches lead to a list of acronyms impossible to quantify 

or classify, or where dressing classic metaheuristic with other metaphors or words lead to 

“novel” metaheuristics, which are basically the same as other well-established heuristics 

from a functional point of view. As warned in [197], where a profound reflection and 

critique to the proliferation of new metaheuristic is exposed, this plethora of different 

techniques searching for the novelty may represent a distraction from actual research, and 

it also generates suspicion among researchers. Nevertheless, if all the competition for 

novelty is put aside, metaheuristics prove to be a very useful tool to solve complex 

optimization problems, such as power systems related ones, in acceptable times. These 

kind of approaches have more value with the ever increasing addition of devices to the 

electric grid, conforming what are called smart-grids.  

2.3.7 Conclusions and future prospects 

In this section, the main impacts concerning the deployment of PV systems in the 

electric grids have been reviewed. As it has been shown, the integration of PV systems on 

electric grids and more specifically, in distribution grids, is not exempt of complexity. Solar 

variability poses a high stress over the grid, affecting the functional and quality 

parameters of electric grids (frequency, voltage), thus increasing the operational 

complexity of the system. As the number of PV systems continues to increase, the 

probability of these events to happen will increase as well.   

However, simultaneous advances in other areas such as power electronic devices and 

PV inverters, improved communication infrastructures, integration of energy storage 

systems and forecasting systems, etc., will help to cope with the issues arising from a 

massive deployment of PV systems. Taking advantage of the new capabilities of modern 

devices at a large scale will mean the switch from traditional electric grids with a passive 

mode of operation, to more interconnected, intelligent and optimized grids (the so called 

smart-grids).  
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An increase in the number of intelligent devices in the grid means that the number of 

variables to be tracked and controlled will shoot up as well. For that reason, fast 

responding optimization algorithms will be required to handle complex problems with 

large number of variables in almost real-time, in order to ensure optimal operation of the 

system. Metaheuristics are a very promising (although not exempt of controversy) set of 

optimization algorithms that are able to handle hard optimization problems (real world 

problems) of high complexity in acceptable times.  
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Chapter 3. Research 

In this chapter, the papers composing the compendium for the thesis are 

summarized. 

3.1 A simple big data methodology to PV specific yield estimations 

3.1.1 Reference 

 Authors: Ricardo Guerrero-Lemus, David Cañadillas-Ramallo, Thomas Reindl, 

José Manuel Valle-Feijóo 

 Full title: “A simple big data methodology and analysis of the specific yield of all 

PV power plants in a power system over a long time period” 

 Journal: Renewable and Sustainable Energy Reviews, Volume 107, 2019, Pages 

123-132, ISSN 1364-0321, 

 DOI: https://doi.org/10.1016/j.rser.2019.02.033 

 Keywords: Photovoltaics; PV systems; Irradiance; Performance; Specific yield 

3.1.2 Abstract 

In this work, we have reviewed recent literature concerning the performance of PV 

plants in different power systems and detected that, usually, the raw data used is not 

complete in terms of the number of PV plants and also main parameters of poor quality 

need to be removed. Then, for the first time, a study of the specific yield of all PV plants in 

a power system with single-PV-plant resolution is presented. Thus, we have analyzed the 

official 237,588 monthly energy values obtained from 2005 to 2017 for the 1523 PV plants 

in the Canary Islands. This dataset is obtained from PV plants ranging from 0.53 kWp up to 

9 MWp, and it has been supplied by the distribution system operator and main utility 

(ENDESA). Then, this dataset is compared to 153,120 irradiance and temperature data 

from a PVGIS database. Results show that the Spanish regulation has a direct effect not 

only on the development of the PV capacity in the Canary Islands, but also on the specific 

yields. Moreover, only combining meteorological data (irradiance, temperature and wind 

https://doi.org/10.1016/j.rser.2019.02.033
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speed) from satellites, starting year of operation, and nameplate capacity we have 

developed a very simple theoretical model to predict the specific yield of a PV plant at any 

location in the Canary Islands, avoiding the requirement of any data from the owners of 

the PV plants. The simulation values obtained have been validated with the real specific 

yields for PV plants assumed to be well managed (multi-MW power plants placed in best 

locations) showing errors below a 3%. This theoretical model has also been used for 

detecting suboptimal PV plant designs and anomalous specific yield of PV plants above the 

clear sky limit. Recommendations to avoid anomalous specific yields in future are 

included. 

3.1.3 Research objectives 

The main objective of the paper was the development of a simple model to estimate 

specific yield of PV power plants in the Canary Islands, using data readily available for the 

utilities and other entities interested in the resulting specific yields.  

Along the main objective, a series of side goals were pursued during this research: 

 Study the influence of the legislation and regulations on the installation rates and 

management of PV plants 

 The difference in performance between roof-mounted PV installations and 

ground-based installations. 

 Compare the quality of the different available solar irradiance databases for 

complex microclimatic and orographic conditions in Canary Islands 

 Study the performance’s dependence on the capacity of the installations in terms 

of specific yield 

 Study the dependence of modules from different manufacturers on the specific 

yields of plants within the same municipalities (similar irradiance values) 

 Estimate the slope of the PV modules using the simple model 

 Study failing injection or disconnection rates compared to the capacity of the 

plants 

Whereas there exists a considerable number of methods to obtain the specific yield of 

PV plants, the objective of the paper was to obtain a very simple model to quickly estimate 

the theoretical specific yield of a PV plant given only readily available data. In the article, a 

big data procedure is described to develop the model, which could be easily used with data 

held by the electric utilities. The model could be used either by the utilities or the 

governing organs in terms of preventing frauds or irregular situations with some of the 

installations.  
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3.1.4 Methodology 

Data provided by the utility Endesa, containing 237,588 monthly records of smart 

meters for all the renewable energy plants in the Canary Islands, was filtered to get only 

PV data and to guarantee the consistency of the values, excluding outliers (which were 

mainly zeros due to technical problems or administrative issues) and removing duplicates. 

The same dataset contained the geographic location of the plants, the nameplate capacity 

and the voltage level of the connection to the electric grid. With the geographical 

information, solar irradiance, temperature and wind speed were obtained for solar and 

weather databases. It was important to maintain a high spatial resolution on the weather 

and solar databases since Canary Islands, due to their unique location and particular 

orography, have an important number of microclimatic conditions that can change 

substantially between close locations. In order to select the best solar database, a simple 

procedure of comparison between the different solar datasets was performed, discarding 

the ones with the higher errors in comparison with real data.  

The developed model makes use of the abovementioned sources of data, that is, 

nameplate capacity, smart meter readings, geographical location and weather variables 

(mean temperature, average wind speed, irradiance values…) which are then fed to our 

simple model, where a set of analytical and empirical formulas are used to estimate the 

specific yield of the PV plants. The data requirements for the model were minimized to 

match data that could be obtained easily from the utilities. An extensive description of 

each calculation done by the model is given in the article, but a summary of the 

calculations is given below. 

 Temperature dependence on PV efficiency. First, the temperature dependence 

on PV efficiency is obtained by:  

𝜂𝑚𝑝𝑝(𝐺𝑚𝑜𝑑 , 𝑇𝑚𝑜𝑑) =  𝜂𝑚𝑝𝑝,25(𝐺𝑚𝑜𝑑) · [1 + 𝑏(𝑇𝑚𝑜𝑑 − 25 ℃)] 

where 𝑏 is the temperature coefficient of silicon PV modules (approximately -

0.0035 ºC), 𝐺𝑚𝑜𝑑 is the irradiance on the plane of the module, and 𝑇𝑚𝑜𝑑 is the 

module temperature. Module temperature can be approximated by: 

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 + 𝑐 · 𝐺𝑚𝑜𝑑 − 𝑎 · 𝑣−1 

where 𝑇𝑎𝑚𝑏 is the ambient temperature, 𝑐 is the Ross coefficient, 𝑎 is an empirical 

parameter that accounts for the influence of wind on the module temperature, 

and 𝑣 is the wind speed at the height of the PV modules (𝑧), that can be calculated 

using the following equation: 
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𝑣 = 𝑣𝑟𝑒𝑓

ln (
𝑧
𝑧0

)

ln (
𝑧𝑟𝑒𝑓

𝑧0
)

 

where 𝑣𝑟𝑒𝑓 is the wind speed at the reference height 𝑧𝑟𝑒𝑓 , and 𝑧0 is the roughness 

length in the wind direction. 

 Degradation rates and other losses. To estimate the degradation rate of PV 

modules, an average 0.5% loss of rated power per year of operation is considered. 

Other losses related to PV inverters efficiency and other miscellaneous losses are 

considered as 9.5% of the model output. Overall losses can be introduced in the 

calculations by a correction factor (𝐿), defined by: 

𝐿 = 0.905 · [1 − 0.005 · (𝑌𝑖 − 𝑌)] 

where 𝑌𝑖  is the year of study for which the PV yield is being determined, and 𝑌 is 

the installation year of the PV plant. 

For introducing the influence of improving technology over the period of study on 

the module efficiency, a linear approximation among the average efficiency of 

commercial silicon modules over the period of study (from 12% in 2005 to 17% 

in 2017) is made: 

𝜂′
𝑚𝑜𝑑 = (𝑌 − 2005) · 0.417 + 12 

𝜂𝑚𝑜𝑑 =
𝜂′

𝑚𝑜𝑑

100
  

 Estimation of the specific surface in terms of module efficiency. For this 

calculation we have obtained a relation between efficiency (in %) and surface (in 

m2) considering the record efficiency for large silicon modules measured under 

the global AM1.5. A polynomial regression is made, obtaining the following 

expression for the estimation of the surface: 

𝑆 = 131.2 · 𝜂′
𝑚𝑜𝑑

2
 − 78.379 · 𝜂′

𝑚𝑜𝑑 + 15.423 

 Specific yield of PV plant (kWh/kWp). Finally, the PV specific yield can be 

determined using the following expression: 

𝐸𝑖 = 𝐺𝑥 · 𝜂𝑚𝑝𝑝 · 𝜂𝑚𝑜𝑑 · 𝑆 · 𝐿 
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3.1.5 Results 

The main objective of the paper was to define a simple procedure for the estimation 

of specific yield of PV plants. The goal was achieved, producing a very simple model that 

gets deviations from the real values of around 2% on average. All the errors are below 3%. 

Data showed that deviations from real values were larger starting in 2015. These 

deviations experienced in the last years of the study, where the real outputs are quite 

below the predicted values by the model, coincide with changes in the retribution system 

implemented in 2014 (IET 1459/2014) [215]. With the new regulation, a larger share of 

the retribution is based on a minimum amount of hours producing energy, beyond which, 

the retribution does not apply, thus discouraging the cleaning of the PV modules. At least 

in one of the plants exhibiting this behavior, the cease in cleaning labors starting in 2015 

has been confirmed. 

Regarding regulation and policies, it is observed an evident impact of the different 

regulations approved on the installation rates of PV plants in the Canary Islands, where 

beneficial politics enabling feed-in-tariffs lead to higher installation rates, while restrictive 

policies that suspend the retributions decreased installation rates and the attention of the 

investors in the sector.  

Additionally, some other interesting results were derived from the analysis. First, 

multi-MW plants, which are supposedly to be well managed in terms of operation and 

maintenance, have specific yield values very close to the clear sky limit defined for their 

municipalities. This lines up with what is expected from the initial hypothesis. This also 

provides the model with the additional functionality of evaluating the performance of any 

PV system given its location and age. The specific yields of these large PV plants could also 

be used as references for calibrating the overall procedure. 

Second, the model can be used to determine the slope of the PV modules of the PV 

plants. This can be done by minimizing the difference between the real values and the 

simulated values, solving for the slope angle. As the irradiance at a defined slope is 

obtained directly from the solar databases and is not coded in the model, an iterative 

process could be used for this purpose. Although this could highlight inefficiencies in the 

design of the plants, one of the expected impacts of a large share of PV in the electricity 

generation is the decrease of the prices in months with higher irradiance, and therefore, 

the plants could be designed to maximize the output in months with lower irradiance, 

since the retributions will be more attractive. 

Regarding the failure rates in terms of capacity, it is observed that smaller PV plants 

with lower capacities tend to fail more injecting electricity to the grid, than the larger ones. 

This could be explained by the fact that larger PV plants will be better managed (in terms 

of operation and maintenance), and also, malfunctioning of a single component of the 
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plant will not result in a complete zero of the output, but rather a minimal reduction. In 

small plants, that is not the case, since malfunctioning of any equipment could imply a total 

disconnection of the installation. 

3.1.6 Conclusions 

The simple model for the estimation of specific yield of PV plants in the Canary 

Islands, using only location, weather and nameplate capacity has been validated, obtaining 

good approximations to the real performance of well managed plants. The model could be 

used to prevent unrealistic specific yields (and possible frauds derived from it), to 

determine the lack of cleaning or defective maintenance of PV plants, and also could be 

used for the estimation of the slope of the PV modules. 

It has been demonstrated that policies and regulation has a huge impact in terms of 

both new installation rates and maintenance operations. Changes in the fed-in-tariffs for 

the PV systems have had a huge impact in both the installation rates, by increasing the 

uncertainty of the investments (and pulling away the risk-averse investors), and also the 

performance of the already deployed plants, by discouraging optimal management of the 

plants (lack of cleaning). A set of stable policies and regulations is required in order to 

ensure that the future deployment of PV installations is not slowed down, if the Canary 

Islands want to achieve their objectives for the energy transition. 

A very simple alert system implementation, based on the clear sky values presented 

in this study as theoretical maximum specific yields for plants depending on their location 

and configuration, could be adopted by the utilities or by the Spanish Markets and 

Competency Commission (CNMC) to avoid fraud and other irregular situations among the 

electricity producers. 
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3.2 Validation of sky-imagers and intra-hour solar forecasting 

3.2.1 Reference 

 Authors: Walter Richardson, David Cañadillas, Ariana Moncada, Ricardo 

Guerrero-Lemus, Les Shephard, Rolando Vega-Avila, Hariharan Krishnaswami. 

 Full title: “Validation of All-Sky Imager Technology and Solar Irradiance 

Forecasting at Three Locations: NREL, San Antonio, Texas, and the Canary Islands, 

Spain”.  

 Journal: Applied Science. 2019, 9, 684.  

 DOI: https://doi.org/10.3390/app9040684 

 Keywords: distributed PV generation; microgrid; irradiance forecasting; all-sky 

imager; Raspberry Pi; optical flow; machine learning; cloud-computing; 

SmartGrid; Internet of Things (IoT) 

3.2.2 Abstract 

Increasing photovoltaic (PV) generation in the world’s power grid necessitates 

accurate solar irradiance forecasts to ensure grid stability and reliability. The University of 

Texas at San Antonio (UTSA) sky-imager was designed as a low cost, edge computing, all-

sky imager that provides intra-hour irradiance forecasts. The sky-imager utilizes a single 

board computer and high-resolution camera with a fisheye lens housed in an all-weather 

enclosure. General Purpose IO pins allow external sensors to be connected, a unique 

aspect is the use of only open source software. Code for the sky-imager is written in 

Python and calls libraries such as OpenCV, Scikit-Learn, SQLite, and Mosquito. The sky-

imager was first deployed in 2015 at the National Renewable Energy Laboratory (NREL) 

as part of the DOE INTEGRATE project. This effort aggregated renewable resources and 

loads into micro-grids which were then controlled by an Energy Management System 

using the OpenFMB Reference Architecture. In 2016 a second sky-imager was installed at 

the CPS Energy micro-grid at Joint Base San Antonio. As part of a collaborative effort 

between CPS Energy, UT San Antonio, ENDESA, and Universidad de La Laguna, two sky-

imagers were also deployed in the Canary Islands that utilized stereoscopic images to 

determine cloud heights. Deployments at three geographically diverse locations not only 

provided large amounts of image data, but also operational experience under very 

different climatic conditions. This resulted in improvements/additions to the original 

design: weatherproofing techniques, environmental sensors, maintenance schedules, 

optimal deployment locations, OpenFMB protocols, and offloading data to the cloud. 

Originally, optical flow followed by ray-tracing was used to predict cumulus cloud 

shadows. The latter problem is ill-posed and was replaced by a machine learning strategy 

https://doi.org/10.3390/app9040684
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with impressive results. R2 values for the multi-layer perceptron of 0.95 for 5 moderately 

cloudy days and 1.00 for 5 clear sky days validate using images to determine irradiance. 

The sky-imager in a distributed environment with cloud-computing will be an integral 

part of the command and control for today’s smart-grid and Internet of Things 

3.2.3 Research objectives 

The main objective of the research was the development of a low-cost intra-hour 

forecasting system that could compete with commercial sky imaging-based forecasting 

technology, which often are too costly and have proprietary software. In the literature, 

several attempts to achieve so are found. The intention was to further decrease 

construction costs, taking advantage of the improvements on microprocessor capabilities 

and decreases in costs of electronic components, while improving performance of the 

devices. With this objective in mind, a series of sky-imager prototypes were designed, built 

and deployed in conjunction with the University of San Antonio, Texas (UTSA). 

Therefore, the goal for this paper is to validate the performance of the early 

prototypes of the sky-imagers developed on the framework of the thesis, in three different 

locations (two in the USA and one in Spain), comprising three different micro-grid 

architectures. In the paper, details about each location are provided, highlighting the main 

differences between them, as well as the particularities, difficulties and barriers 

encountered during installation and operation of the sky-imagers. 

A series of side objectives were pursued as well: 

 Design and construction of the prototypes. The idea was to build inexpensive 

devices to enable the massive deployment of sky-imagers as key components of 

future micro-grids. 

 Evaluation of the different approaches taken at each location, and the different 

functionalities of each prototype 

 Evaluation of extra functionalities of the devices: weather data acquisition, cloud 

base height estimations, irradiance data directly from the images… 

 Test the capabilities of different Machine Learning and Deep Learning algorithms 

for the intra-hour solar forecasting task. 

 Perform suitability and durability tests for the prototypes and components, and 

identify the aspects to improve in future versions of the device, looking towards a 

commercial product.  

 Analyze the interactions between de sky-imagers and the different micro-grids 

architectures present in each location. 
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3.2.4 Methodology 

During the first months after the deployment of the sky-imagers, a series of tests 

were made to identify the critical aspects to take into account in later stages. In one of 

those tests, it was found that the correlation between ramps in GHI measurements and the 

presence of clouds occluding the sun in the images could be learned by AI models. In 

another test, the relationship between PV output and GHI turned out to be almost linear, 

as expected from theory, which leads to think that forecasting GHI indirectly leads to good 

predictions in PV power.  

The early prototypes of the sky-imager were composed of a series of inexpensive 

components, but each of the prototypes deployed had slightly different characteristics and 

components. While the core of the devices was basically the same, different components 

were added to each prototype to expand their functionalities (weather data acquisition, 

cloud base height estimations…), and several strategies were tested in each location (ray 

tracing, machine learning, elliptical trajectories…). A detailed description of the three 

prototypes highlighting their differences is provided in the paper, but a brief summary is 

presented below. 

 National Renewable Energy Laboratory (NREL). The NREL prototype had two 

microprocessors: an Odroid C1 for most of the computation, and a Raspberry Pi 2 

for the image acquisition. 

 Joint Base San Antonio (JBSA). At Fort Sam, the sky-imager internals were the 

same as in NREL, with the particularity that it was deployed in conjunction with a 

meteorological tower which had a Kipp&Zonen CMP11 pyranometer and a 

Vaisala WXT520 weather transmitter.  

 La Graciosa. In La Graciosa, two prototypes were deployed in order to estimate 

the cloud base height by means of stereographic approaches. The build was based 

on a single Raspberry Pi 3 model B which handled the image acquisition, 

preprocessing and transmission to the server, where the algorithms were run 

with the inputs from both images.  

The methods employed at each location were site-specific, since different micro-grids 

architectures and climatic conditions were present. Despite that, there are some parts of 

the overall process that are shared by all the prototypes. In general, the forecasting 

process can be described with the following steps:  

 Image acquisition. All the sky-imager used a similar algorithm to capture the 

images. As one may expect, the luminic sky conditions are constantly changing 

during the day, therefore different settings should be used in different moments 

of the day. Given the inability to control the aperture of cheap cameras, the only 

way to control the exposure of the images is by setting the shutter speed. To 
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generate a balanced image, a High Dynamic Range (HDR) procedure was used to 

capture the images, which takes images at different exposures (different shutter 

speeds) and merges them together, reducing overexposure in the circumsolar 

region of the image. 

 Image processing. The image processing pipeline is almost identical in all the 

devices.  

a. First the images are undistorted to remove the effect of the fisheye lenses.  

b. Second, the images are cropped and masked to remove any static obstacle 

that could be in the image (such as buildings, trees, power towers, etc.).  

c. Cloud decision algorithm. In order to segment the clouds in the image, a 

red to blue ratio operation is applied. This step could be slightly different 

in all three prototypes, but the overall definition is the same. Basically it 

consists in dividing the red channel of the images over the blue channel of 

the images. The idea is that, since clear sky is normally blue in the pictures 

(high values in the blue channel), and clouds are normally white (high 

values in all three channels), the ratio of the red to blue channels would 

lead to a different representation where clouds have high values and clear 

sky areas have low values, thus enabling an easy segmentation of the 

clouds.  

d. Optical flow to analyze the movement of clouds between consecutive 

frames. There are two main techniques applied in this procedure, one is 

the Lucas-Kanade method, that aims to identify the most valuable features 

to track over the images, and the other is the Dense Optical Flow. Both 

methods were applied in different experiments. 

 GHI calculations. GHI calculations can be done either in the sky-imager or in a 

dedicated server. Both strategies were tested, since in the case of La Graciosa, 

double input from two images made it more convenient to use a server, while in 

the locations in the USA, especially in JBSA, edge-computing architecture seemed 

more suitable due to cybersecurity constraints of the micro-grid. Several 

approaches were taken to make the GHI forecasts. A set of 4 machine learning 

algorithms, including Multi-layer perceptrons (MLP), Random Forest (RF), 

Gradient Boosted Trees (GBT) and a Deep Learning (DL) architecture, were tested 

to forecast GHI values in the locations of the USA. The work was later expanded 

with the inclusion of four different DL architectures. In all of the tests, input 

images were heavily downsampled to enable the computation of the ML models 

on the microprocessor, and only the circumsolar region of the images was used 

(instead of the whole image), reducing even further the computational 

requirements for the microprocessors. 
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 Cloud Base Height (CBH) estimations. In La Graciosa Island, a stereographic 

method was implemented to estimate CBH from paired sky images. The proposed 

method was purely geometric-based, using the relative position of the sky-

imagers and the position of the clouds in the images, along with the projection 

matrix of the lenses utilized. First, an algorithm called Scale-Invariant Feature 

Transform (SIFT) is used to identify the useful features in simultaneous images 

from both sky-imagers. This algorithm is capable of identifying the same feature 

on two different images, even if transformations, rotations or changes in 

luminosity are present. After applying a filter operation with a determined 

threshold, the best features are selected to continue with the CBH estimation 

process. Valid features are then transposed from the image space (pixels) to the 

real space coordinates (azimuth and zenith). Geometric computation is then 

applied to obtain the length of the distance vectors (from the camera to the 

feature), and a distribution of CBHs is produced as a result. 

For each of the previous steps, there are different approaches that could be taken, 

which are detailed in the paper.  

3.2.5 Results 

The first analysis comparing the four different machine learning models selected did 

not achieve great results, yet they provided valuable insights about the direction to take 

for the next tests. The models were fed with heavily downsampled images (8x8 pixels) of 

the circumsolar region of the original image. All of the models had over 20% of normalized 

Root Mean Squared Error (nRMSE), being the DL architecture and the GBT, the best 

models with nRMSE of 21.6 and 21.1% respectively. MLP and RF exhibit nRMSE values of 

33.05% and 29% respectively.  

After analyzing the preliminary results, it was decided to continue the tests with DL 

architectures, since it was concluded that they had more room for improvement (in terms 

of different architectures that could be used and hyperparameters that could be tuned to 

achieve better results). Four different fully connected models with different 

hyperparameters and increasing complexity were tested. Error metrics for all the models 

were diminishing with the increasing complexity, until a point of diminishing returns was 

reached. However, nRMSE were not far from those achieved with other ML models (all 

above 21.6%), and improvements were only observed in the Mean Absolute Error (MAE). 

These results lead to the conclusion that further improvements in forecasts would require 

using larger input images, changing in architecture and layers of the models, or fine-tuning 

the hyperparameters.  

Another conclusion drawn was that, since the outputs for clear sky and cloudy days 

are quite different, maybe two different models for each situation could be trained 
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independently to achieve better results. The next step was to put that hypothesis to test. 

The four ML models previously used were fed with larger images (32x32), with different 

datasets for partly cloudy and clear sky days. MAE for all the models decreased 

considerably, primarily due to the increase of the number of input features (from 64 to 

1024). Also, a clear reduction in the errors of clear sky days compared to cloudy days (5 

times on average) was observed, as expected.  

Results from CBH estimations from La Graciosa prototypes were compared with 

LIDAR measurements from a weather station 30 km south of the location of the cameras. 

This obviously has a significant effect on the comparison of results. Moreover, the different 

nature of the measurements (where LIDAR is punctual and SI covers a larger area) affects 

the comparability of results as well. The main conclusion that can be drawn from this 

experience is that the estimations are coherent with previous knowledge of the 

atmospheric conditions of the region. 

Other valuable lessons were learned from the different locations. From the 

experience in JBSA, it was clear that the sampling frequency of the data provided by the 

micro-grid management system (15 minutes) is not enough to capture the effect of ramps 

in the irradiance. Data with a sampling frequency of 1 minute was obtained with the SI 

using inexpensive components attached to the microprocessor, enabling the collection of 

high resolution data with low cost equipment. In La Graciosa, high resolution data was also 

obtained using a cheap off-the-shelf mini PV module and a current sensor, from which 

irradiance data was derived.  

3.2.6 Conclusions 

The use of low cost sky imagers has been validated to quality produce solar 

irradiance forecasts in a variety of settings and applications. Improvement in the quality of 

the forecasts could be achieved considering several aspects of both the devices and the 

processing pipelines. On the one hand, weather and environmental factors have an effect 

on the durability of the devices (high temperatures in Texas damaged some components 

and proximity to the sea in La Graciosa led to water infiltrations in the enclosure, despite 

its IP67 degree of protection). Atmospheric dust depositions in La Graciosa, which are 

very common in the area due to its proximity to the Sahara desert, severely affected the 

quality of the images, evidencing a need for cleaning the devices after strong events of 

atmospheric dust.  

On the other hand, several improvements can be made in the overall processing 

pipeline, from image preprocessing to architecture of the DL models. Different 

architectures with different layers should be tested to identify the steps with more 

improving potential. For instance, image processing could be done with DL algorithms, 
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using convolutional layers, or time-series predictions could be implemented with the use 

of recurrent layers.  

In general, although physical methods will remain to be important in the coming 

years, data-based methods seem to open a new perspective on the use of sky-imagers for 

intra-hour solar forecasting. The utilization of hybrid models is expected to dominate the 

scene in the coming years, by generating models that brings the best from both 

perspectives: the theoretical knowledge and formulations from physical based models, 

and the power and versatility of data-driven techniques. 
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3.3 Optimized global control for PV inverters in distribution grids 

3.3.1 Reference 

 Authors: David Cañadillas, Hamed Valizadeh, Jan Kleissl, Benjamín González-Díaz, 

Ricardo Guerrero-Lemus. 

 Full title: “EDA-based optimized global control for PV inverters in distribution 

grids”. 

 Journal: IET Renewable Power Generation. 2020; 1– 15. 

 DOI: https://doi.org/10.1049/rpg2.12031 

3.3.2 Abstract 

Operating distribution grids is increasingly challenging due to the increasing 

penetration of photovoltaic systems. To address these challenges, modern photovoltaic 

inverters include features for local control, which sometimes lead to suboptimal results. 

Improved communication infrastructure and photovoltaic inverters favor global control 

strategies, which receive information from all the systems in the grid. An estimation of 

distribution algorithm is used to optimize a global control strategy that minimizes active 

power curtailment and use of reactive power of the photovoltaic inverters, while 

maintaining voltage stability. Optimized global control outperforms every other local 

control evaluated in terms of apparent energy used for control (9.9% less usage compared 

to the second best alternative in all scenarios studied) and ranks second in terms of 

voltage stability (with a 0.14% of total time outside the voltage limits). Two new 

indicators to compare control strategies are proposed, and optimized global control 

strategy ranks best for both efficiency index (0.98) and average apparent power use (0.48 

kVA). 

3.3.3 Research objectives 

The major goal of this research is to design and implement an optimization algorithm 

for global control of distributed PV inverters in distribution grids. Reviewing the literature 

for the use of different metaheuristics and its applications in the power field, it was seen 

that Estimation of Distribution Algorithms (EDA) were not widely applied for any power 

system related problems at all (only one reference dealing with the optimization of 

Electric vehicle charging were found), and it was not found any research using this 

metaheuristic to control the behavior of PV inverters in distribution grids. The following 

additional objectives were identified: 



95 / 189

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3479426				Código de verificación: 0B+OCdAL

Firmado por: David Cañadillas Ramallo Fecha: 02/06/2021 14:51:11
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 07/06/2021 16:06:22
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/44847

Nº reg. oficina:  OF002/2021/44186
Fecha:  02/06/2021 14:57:08

Chapter 3: Research 

  79 

 Study the viability of using PV inverters as the only source of voltage regulation in 

the distribution grid (beyond the transformer at the substation) 

 Comparison and evaluation of the different strategies currently available in 

commercial PV smart inverters for voltage regulation (reactive power 

compensation) 

 Development of two metrics to assess the overall performance of control methods 

for distributed generation in distribution grids, namely Effective index and 

Average apparent power use.  

 Benchmarking of the EDA-based optimized control against other metaheuristics: 

Genetic Algorithms (GA) and Particle Swarm Optimization (PSO). 

3.3.4 Methodology 

Before the evaluation of the optimization algorithm, an optimization problem is 

formulated. The objective function encoded the maintenance of the voltage levels within 

regulatory limits, while minimizing power curtailment and reactive power usage. The 

optimization algorithm is computed every 15-minutes. Its inputs are the active power of 

every PV system in the distribution grid. The outputs are a series of splines (two per PV 

system, corresponding to active and reactive power) composed of 11 points, one for each 

decimal percentage from 0 to 100%, of possible active power over the rated power of the 

PV inverter. The idea of finding splines for each PV inverter (instead of a set of fixed 

values) is to account for the output variations in PV power and the possible combinations 

for the next 15-minutes until the next optimization cycle starts.  

The optimization function is subject to several constraints. Constraint functions 

account for physical limits of the devices (maximum rated power of PV inverters), logical 

constraints (curtailed power cannot be higher than actual active power) and voltage 

limits. Constraints were modelled with penalty functions, meaning that large values will be 

added to the cost functions when a constraint is violated. With this approach, the 

algorithm has more degrees of freedom to search for feasible solutions, instead of getting 

stuck in a suboptimal region of the solution space finding little improvement at each 

iteration. With hard constraints, computational time increases considerably. If hard 

constraints are imposed, all the populations must be filled with feasible solutions, and in 

the first iterations, the distributions to sample from are too wide. This means that the 

chance of sampling thousands of individuals that satisfy all the constraints at once is quite 

low, so the sampling process should be repeated until all the population is filled with 

feasible solutions, leading to a bottleneck in the computational pipeline.  
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To formulate the optimization problem, first the constraints need to be defined. The 

first constraint accounts for the use of total active and reactive power that cannot exceed 

the rated apparent power of the PV inverter. 

(𝑃𝑝,𝑘
𝑃𝑉 − 𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡)2 +  (𝑄𝑝,𝑘
𝑃𝑉 )

2
≤ (|𝑆𝑝

𝑅|)
2

 

where 𝑃𝑝,𝑘
𝑃𝑉 is the actual PV active power produced by the PV system; 𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡 is the curtailed 

active power; 𝑄𝑝,𝑘
𝑃𝑉  is the reactive power absorption/injection. 

The second constraint takes into consideration that the curtailed power cannot 

exceed the actual active power being produced: 

 
𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡 ≤ 𝑃𝑝,𝑘
𝑃𝑉 

The most important constraint (and the most difficult to satisfy) deals with voltage 

limits, and it is defined by: 

|𝑉𝑚𝑖𝑛| ≤  |𝑉𝑛,𝑘| ≤ |𝑉𝑚𝑎𝑥| 

where |𝑉𝑛,𝑘| is the voltage magnitude of each node 𝑛 of the circuit at every power output 

level 𝑘 and |𝑉𝑚𝑖𝑛| and |𝑉𝑚𝑎𝑥| are the normative limits defined in the ANSI C84.1 norm 

(|𝑉𝑚𝑖𝑛| = 0.95 𝑝. 𝑢. and |𝑉𝑚𝑎𝑥| = 1.05 𝑝. 𝑢.) 

Running a complete power flow for each candidate solution and for each knot in the 

splines would be computationally infeasible. For that reason, voltage constraints were 

evaluated with a linearized power flow. The linearized version of the power flow is 

calculated by: 

|𝑉𝑖,𝑘(�̅�)| = |𝑉𝑖
𝑏𝑎𝑠𝑒| +  ∑ (𝑠𝑖,𝑛

𝑃 ∙ (𝑃𝑝,𝑘
𝑃𝑉 − 𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡) + 𝑠𝑖,𝑛
𝑄 ∙ (𝑄𝑝,𝑘

𝑃𝑉 ))

𝑛𝑛𝑜𝑑𝑒𝑠

𝑛=1

 

where |𝑉𝑖,𝑘(�̅�)| is the voltage magnitude in node 𝑖 at knot 𝑘 for the solution �̅�. |𝑉𝑖
𝑏𝑎𝑠𝑒| is 

the voltage magnitude of node 𝑖 excluding the effect of PV systems, and 𝑠𝑖,𝑛
𝑃  and 𝑠𝑖,𝑛

𝑄  are 

respectively the sensitivity of voltage magnitude at node 𝑖 to active and reactive power 

injections/absorptions at node 𝑛. Sensitivity matrices are obtained using the perturbation-

observation method, by making a small change in network state and measuring the effect 

of that change. The linearized version was evaluated against the Newton-Raphson method, 

giving errors of less than 0.2%, which indicates that it is a good model to estimate the 

voltage magnitude. 
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Finally, the final optimization function is defined by: 

min
𝑄𝑝,𝑖

𝑃𝑉,𝑃𝑝,𝑖
𝑐𝑢𝑟𝑡

∑ ∑ (𝑤(𝑄𝑝,𝑘
𝑃𝑉 )

2
+ (1 − 𝑤)𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡)

𝑛𝑃𝑉𝑠

𝑝=1

𝑛𝑘𝑛𝑜𝑡𝑠

𝑘=1

, 

subject to (𝑃𝑝,𝑘
𝑃𝑉 − 𝑃𝑝,𝑘

𝑐𝑢𝑟𝑡)2 + (𝑄𝑝,𝑘
𝑃𝑉 )

2
≤ (|𝑆𝑝

𝑅𝑎𝑡𝑒𝑑|)
2

, 

 𝑃𝑝,𝑘
𝑐𝑢𝑟𝑡 ≤ 𝑃𝑝,𝑘

𝑃𝑉 , 

 |𝑉𝑚𝑖𝑛| ≤  |𝑉𝑛,𝑘| ≤ |𝑉𝑚𝑎𝑥|, 

where 𝑤 is a weighting factor which has been set to 0.01 to favor the use of reactive power 

over active power curtailment. For a more detailed explanation of the distance function 

applied to each constraint, the reader is referred to the original Paper.  

The simulations were run on a slightly modified version of the IEEE-123 node test 

feeder, where 9 PV systems of 1,000 kVA each were added, and voltage regulators and 

shunt capacitors were disabled. The optimization problem is solved for 6 scenarios, 

resulting from the combination of 3 irradiance curves (corresponding to clear day, partly 

cloudy day and overcast day) and 2 load curves (minimum and maximum demand). Power 

flows are performed every minute, and the optimization algorithm calculates the splines 

every 15 minutes (reducing computational costs). The splines obtained at each 

optimization, are then used for the 15 next minutes. The PV inverters adapt to the current 

irradiance and load conditions at each minute following the splines output by the 

optimization routine. 

The optimization problem is solved using a modified version of the metaheuristic 

Estimation of Distribution Algorithm (EDA). The basics on the metaheuristic can be 

summarized as follows. First, the initial population is sampled randomly, trying to cover 

large parts of the solution space. Then, the initial population is evaluated and sorted. The 

individuals with the best score (or fitness) value, are then selected to build the new 

distribution from which the next generation will be sampled. At this point, some tweaks 

could be added to slightly randomize the process again, although in our case it was not 

done. Finally, the generation, evaluation, selection and distribution build processes are 

repeated until either the maximum number of generations set or the minimum fitness 

value is reached. The pseudo-code for the implementation of the algorithm is described 

below. 
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Algorithm 1. UMDAc for the optimization problem 
1 𝑷𝟎 ←  Generate a random initial population 𝑃 , of individuals 𝑥 ̅ =

 (𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛) , where 𝑛  is the number of variables (𝑛𝑘𝑛𝑜𝑡𝑠  ×  2𝑛𝑃𝑉𝑠) , 
according to a multivariate normal distribution with mean 𝜇0  and 
covariance matrix  Σ0 such as: 
 

𝑋 ~ 𝓝(𝜇0, Σ0), 𝜇0 = 𝟎 
 

Σ0 = [

𝜎0,𝑖
2 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ 𝜎0,𝑗

2
] 

 
𝜎0

2 = 𝑙𝑎𝑟𝑔𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 
 

2 For 𝒈 = 𝟏, 𝟐, 𝟑 … in number of generations: 
2 𝑷𝒈−𝟏

𝑺𝒆 ← Evaluate population, sort them according to their fitness value and 

select 𝑆𝑒 best individuals 
3 𝒑𝒈(𝒙) = 𝒑(𝒙|𝑷𝒈−𝟏

𝑺𝒆 ) = 𝓝(𝝁𝒈, 𝚺𝒈) ← Build the probabilistic model: estimate 

the probability distribution of an individual being among the selected 
individuals, where the mean and the covariance matrix are computed as 
follows: 
 

𝜇𝑔 = �̅� =  
1

𝑁
∑ 𝑥𝑖,𝑟

𝑁

𝑟=1

.      𝑖 = 1, … , 𝑛 

 

Σ𝑔 = [

𝜎𝑖,𝑖
2 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ 𝜎𝑗,𝑗

2
] 

 

𝜎𝑖,𝑖
2 =  

1

𝑁
∑(𝑥𝑖,𝑟 − �̅�𝑖)

2

𝑁

𝑟=1

      𝑖 = 1, … , 𝑛 

 
4 𝑷𝒈 ← Sample a new population from 𝑝𝑔(𝑥) 
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Figure 18. Description of the selection process for the operational points for each PV inverter at each 
time step the simulation is run. 

Further explanations about the functionality of both the metaheuristic and the overall 

simulation process, can be found in the paper. In figure XX, a diagram of the workflow of 

the overall process is presented in Figure 18: 

The EDA-Optimized Global Control is compared with the methods available in current 

smart inverters (fixed power factor, Volt-var, Volt-Watt, both Volt-var and Volt-Watt 

simultaneously...). To benchmark the performance of EDA against similar strategies, a 

series of metaheuristics, namely Genetic Algorithm (GA) and Particle Swarm Optimization 

(PSO) were applied to the same problem. All the metaheuristics were coded using Python 

programming language, and the grid related calculations were made using OpenDSS, a 

dedicated software for the resolution of power flows in electric grids.  

To comprehensively evaluate the efficiency and efficacy of the proposed global 

control, two indicators were proposed to find out how good the regulation was for each 

method, by linking the total energy used for control (both curtailed active power and 

reactive power) with the resulting voltages over all scenarios. The first indicator, average 

apparent power usage (�̇�𝑎𝑣𝑔) estimates the average apparent power needed for successful 

voltage regulation, and it is defined by: 

�̇�𝑎𝑣𝑔 =
𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑡𝑉𝑔𝑜𝑜𝑑
 

where 𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the total amount of apparent power used by each control in kVAh and 

𝑡𝑉𝑔𝑜𝑜𝑑  is the number of hours with voltages within the accepted range achieved with that 

same control. The second indicator, the effectiveness index (𝐸𝐼), quantifies both how 

effective the control is relative to the usage of apparent power, and its success in voltage 

regulation. 𝐸𝐼 is defined as: 

𝐸𝐼 = (1 −
𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑆𝑃𝑉
) (

𝑡𝑉𝑔𝑜𝑜𝑑

𝑡𝑡𝑜𝑡𝑎𝑙
) 

where 𝑆𝑃𝑉 is the total available apparent power (i.e. the sum of the inverter rated powers), 

and 𝑡𝑡𝑜𝑡𝑎𝑙  is the total number of hours evaluated (6 scenarios x 24 hours). The 

effectiveness index ranges from 0 to 1 and a value of 1 indicates maximum effectiveness. 

3.3.5 Results 

Results for the simulations of all 6 scenarios are presented in the paper. In general, 

EDA-optimized global control outperformed every naive method for voltage control 

already available in the PV inverters. Only a Volt-var without deadband function achieved 
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better results in terms of voltage violations, but at the cost of using about 7 times more 

reactive power in maximum load conditions, and 17 to 40 times more reactive power in 

minimum load scenarios. In general, OptGC makes a better and more efficient use of the 

apparent power. 𝐸𝐼 for OptGC is 0.98 while �̇�𝑎𝑣𝑔 is 0.48, being the first among all methods 

in both rankings.  

When comparing with the other metaheuristics, EDA converges rapidly over the first 

generations, reaching a plateau after generation 100, and it achieves a smaller fitness 

value than PSO and GA. Regarding the percentage of voltage violations for each method, it 

can be seen that, although GA and PSO obtain better results, this comes at the cost of a 10 

times more curtailed active power and 37 times more reactive power usage. The small 

improvement for GA and PSO in the voltages violations (less than a 0.1%) does not justify 

the excessive increase of curtailed power and reactive power usage. 

3.3.6 Conclusions 

The proposed optimized global control for PV inverters outperformed every other 

alternative in terms of apparent energy dedicated to control, averaging 0.48 kVAh per 

hour of good voltage values. In terms of voltage quality, only the VV local control (VV) 

performs slightly better (with voltage violations 0.07% of the time versus 0.14% for the 

OptGC), but with a less efficient use of the energy based on the indicators presented in the 

paper. In terms of effectiveness index, which measures the effective use of apparent power 

for voltage regulation, the optimized global strategy outperforms every local control and 

also the other metaheuristics analyzed (GA and PSO). 

Additionally, the viability of using PV inverters as the only source of voltage 

regulation has been demonstrated, at least for the IEEE123 test feeder. The main 

limitations encountered by the strategy are related to the formulation of the optimization 

problem, which does not take into account variations in load conditions, which lead to 

some under voltages. A further analysis considering load variations and introducing 

forecasts will lead to better results. Another interesting  

The suitability of using EDA as approximators in complex power system related 

optimization problems with a high number of variables was validated. The metaheuristic 

is able to provide quality solutions in a reasonable time, with convergence rates to feasible 

solutions and improvement rates once in the feasible region far superior to the other 

metaheuristics. The strategy of sampling the populations from distributions constructed 

with the information of the best individuals, proved to be superior to the relatively higher 

randomness of GA or the cooperative approach of PSO, at least for this specific problem. 
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Chapter 4. Conclusions and further research 

In this section, the overall conclusions of the research, as well as the future lines of 

research that may be explored, are presented. 

4.1 Conclusions 

In this research, several interrelated topics, revolving around photovoltaic energy 

and photovoltaic systems, have been studied. The importance of modelling solar resources 

and plant performance, as well as forecasting solar energy, has been highlighted, 

especially thinking ahead in future scenarios where the share of renewable energy sources 

will be majority in the electric mixes. The adoption of new big data and artificial 

intelligence techniques in the modeling and forecasting pipelines of the processes has 

been proposed. The use of advanced control strategies, making use of the improvement of 

communications infrastructure and modern power electronics, is proposed, by laying out 

the use of fast optimization metaheuristics that can solve the optimization problems in 

acceptable times. 

The deployment of renewable energies will continue to increase in the upcoming 

years, lining up with the global objectives set to combat climate change and the overall 

decrease in cost experienced (and expected to continue decreasing) for all renewable 

technologies. Modelling renewable energy plants and evaluating their performance is an 

important aspect in order to draw the picture of future electric and energy systems. 

Renewable resource assessments and potential estimations are a powerful tool to 

determine the real capacity that regions have to allocate alternative energy generation, 

and can be used to predict future energy scenarios. In the case of solar PV, the technology 

experiencing the highest falls in costs, the installation rates are expected to skyrocket over 

the next few years. Therefore, the modeling and simulation of their energy outputs and 

performances will prove to be valuable when selecting locations, configurations or ways of 

operation. These models and assessments can also be used to evaluate the performance of 

already deployed generators, pointing at possible inefficiencies in operation and 

maintenance of some PV plants. 

The importance of energy policies over the deployment rates and overall 

performance of renewable energies, and specifically of PV solar, has been demonstrated. 
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In order to foster the installation of more PV (and other renewables) plants in the near 

future, a stable regulatory framework that clears up the investors uncertainties is 

required. With the grid parity in costs achieved by some renewable technologies 

nowadays, feed-in-tariffs may be not necessary. However other support strategies are 

recommended to promote the deployment of more clean energy in the electric grids. 

Intra-hour solar forecasting will be a key technology in order to reach the objective of 

higher penetrations of solar PV energy in the electric mix, particularly in islands and weak 

electric grids. From a technical perspective, the variability of solar power plants leads to 

unwanted situations in terms of stability and quality of electric supply, and preventing 

these operational conditions is paramount for ensuring the reliability of electric systems. 

Island and weak electric grids are more vulnerable to the effects of the variability, and 

therefore, the relative importance of this technology in these regions is higher. Non-

interconnected electric grids (including small micro-grids) will benefit the most from 

these technologies, by improving their operational conditions, leading to lower electricity 

costs, reductions in GHG emissions and extended lifetime of different devices (such as 

batteries).  

Production of quality intra-hour forecasting seems to be tied to the use of sky-

imagers, seems the stochastic nature of clouds is very difficult to capture with time-series 

analysis only. The improvement in computational capabilities of microprocessors, along 

with the overall decrease in costs of electronic components enable the production of low-

cost and high-quality sky-imagers. The success of the adoption of this technology will 

depend on the overall costs of the forecasting systems, and the quality of the predictions 

made by it. If low-cost intra-hour forecasting systems are able to provide high-quality 

predictions, the added value to the electric system will be much higher, and this could lead 

to a massive implementation of the technology in those regions and electric systems 

where the value provided exceeds that from other alternatives (including operating the 

grid suboptimally).  

The use of power electronics included in PV systems is another interesting alternative 

to cope with some of the impacts associated with the massive deployment of this 

technology in the electric grid. This is especially true (but not exclusive) in the case of PV 

systems connected to the distribution grid. Massive deployment in distribution grids poses 

a challenge over the traditional operation of electric grids, and the use of PV inverters to 

provide ancillary services is a very interesting strategy with low requirements. The main 

concern at this voltage level is the overvoltages due to active power injections on high 

resistive lines. Modern PV inverters can provide local voltage regulation by means of 

different strategies (active power curtailment and reactive power compensation). The 

improvement in communications infrastructure and computational capabilities is opening 

the possibility of using global control strategies, in which a higher-level service is fed with 

data from the grid and PV inverters. This high-level service can then analyze the data 
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received and optimize the operation of the grid, by sending commands to each device in 

the grid. This optimization should be done almost in real time, and for that purpose, fast 

algorithms or metaheuristics are required. From all the metaheuristics available in the 

literature, the use of distributions-based metaheuristics such as EDA, seems to be a good 

approach to these kinds of problems due to its fast convergence, decreased computational 

time and quality of solutions. By using optimized global control strategies, the hosting 

capacity of the distribution grids could be increased, and the supply of electricity to end-

users will be more stable, safe and reliable.  

In conclusion, PV energy will be a main actor in electric systems in the future. 

However, the current design of electric grids is not suited for a massive deployment of PV 

systems, and therefore, several changes in the way the grid is operated have to be made. 

Technologies and services such as solar forecasting or PV inverter-based regulation 

(among others) will play an important role in the transformation of electricity grids, 

helping to overcome the technical limitations encountered and enabling the integration of 

higher shares of solar energy into the grid. 

4.2 Further research 

Several future lines of research and extensions to the presented works could be 

identified for all the topics discussed in this thesis. Regarding the estimation of solar 

resource, PV specific yield, big data-based models and policy analysis, the research could 

be extended inspired by the following ideas: 

 In the estimation of PV potential and PV specific yield, the use of advanced IA 

techniques, such as DL models, may be studied if larger datasets are available. DL 

models will probably outperform the simple model proposed in the first paper, 

and the inclusion of new features as inputs could improve even further the 

performance of the models. 

 Extend the utility of the model to assess the performance of deployed PV plants 

by linking their performance to other environmental or regulatory variables, such 

as Saharan dust advections or imposed power curtailments by the system 

operator. 

 Additionally, apply the same techniques to make similar studies for different 

renewable energies, such as wind power. In the dataset used for the first paper 

and provided by the utility, information about all the renewable generators in all 

the Canary Islands is presented. Thus characterization and modeling of wind 

power plants, and assessment of wind resource may be possible.  

 An in-depth analysis of the effect of policies over the different installation rates on 

a regional scale could be interesting for the Canary Islands, in order to highlight 
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the importance of a robust and stable regulatory framework, and help in the 

decision making process for future policy makers. 

In the research line of intra-hour solar forecasting using sky-imagers, there are 

multiple areas that could be extended in future works.  

 Improvements in the sky-imagers can be proposed, by adding new sensors and 

sources of information that could be included in the posterior models to estimate 

the PV power or irradiance. There is also room for improvement in the 

information flow from the sky-imagers to the dedicated servers running the 

models. 

 Hybrid models with DL approaches. Current research in our group is utilizing 

sequence of images from the sky-imagers as input in deep learning models, and 

by using specialized, architectures, operators and layers, such as Convolutional 

Neural Networks (CNN) and Recurrent Neural Networks (RNN), the overall 

performance of the forecasts can be highly improved, at the cost of losing 

generality. However, if good models are found, these could be retrained with 

different dataset, conserving their structure and even their internal weights. 

 Improvement of image and data preprocessing to extract more relevant features 

to input in the posterior models.  

 Deployment of more sky-imagers in the surrounding areas of large PV plants to 

create a global and integrated forecasting system for all the island of Tenerife 

(extensible to other islands). 

For the optimization of global control strategies for PV inverters and voltage 

regulation, the use of different metaheuristics besides EDA, as well as the implementation 

of different sampling strategies could be studied.  

 Using different strategies in the EDA algorithm (e.g. efficiently building a model 

with multivariate dependencies). It is expected that if multivariate dependencies 

are considered when building the distribution functions to sample the 

populations, the overall performance of the optimization will increase, but it is 

likely that the computational cost will increase as well. 

 Adding more PV systems on the studied grid. Although the EDA‐based strategy 

still needs to be evaluated with a larger number of PV systems in the grid, based 

on our preliminary analysis we expect a similar performance if the same strategy 

without variable interdependencies (UMNA) is used. 

 Extending the optimization problem to consider variations in load. The solutions 

input to the global control would then have an extra dimension (that is, they 

would be splanes instead of splines) to represent load variation. This is a very 
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interesting approach that will prepare the system from voltage variations coming 

from both sides (distributed generation and loads). 

 Targeting runs for specific load and solar PV value based on probabilistic 

forecasts; and reducing the computational cost, e.g. by decreasing the number of 

generations being created at each optimization run. With the current strategy, 

there are multiple scenarios being simulated that are unlikely to occur. If reliable 

forecasts are available, then optimization runs could be done only for the most 

likely situations. 

 Reformulate the optimization problem to find the best curves for the Volt-var 

control. Since in our research, VV control perform considerably good, maybe the 

global optimization of the VV curves (depending on the location of the PV system, 

distance to the substation…) could be an interesting approach. 

 Test the optimized global control for PV inverters in other feeders, or even in real 

distribution networks, if the conditions for it are met.   

 Analyze the interactions and behavior of different PV inverters when there is no 

active communications between them. 
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