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Abstract 
 

Climate change is the defining issue of our time (United Nations, 2018). Renewable energy, combined 
with energy efficiency, can potentially be the most effective solution to address energy-related 
Greenhouse Gas (GHG) emissions. This work covers global, regional and national strategies to accelerate 
deployment of renewable energy in power, transport and industry, using a variety of methodologies to 
address sectoral challenges and account for sectoral specificities. These sectors jointly represented 85% 
of energy-related emissions in 2016 (IRENA, 2019a). 

The thesis is structured around four focus areas. Foci 1-3 investigate the key components of an energy 
transformation jigsaw that looks at key sectors in which renewable energy can be integrated: industry, 
transport and power. The fourth focus area is informed by the other three and provides key insights for 
the necessary institutional setting and changes for the transition to renewable energy to play out. 

 

Focus 1: Decarbonising industry 

Industry needs a combination of electricity and heat, therefore apart from decarbonising electricity it is 
also necessary to decarbonise heat: depending on temperature levels, a combination of solar thermal, 
heat pumps and most prominently bioenergy can help in decarbonising process heat. In this thesis I focus 
on the often overlook role of renewable energy in process heat provision. The analysis presented here is 
global in scale and covers all manufacturing sectors, assessing the potential for biomass, as well as solar 
thermal and heat pumps, to provide the necessary process heat for industry. This, in combination with 
increased electrification and the production of hydrogen from renewable power, charts the way in terms 
of decarbonisation of industry at the global level. Results show that renewables can replace 50% of fossil 
fuel consumption for industry. In addition to this, decarbonisation of electricity supply can indirectly 
decarbonise industry, especially if industrial energy demand is further electrified. 

 

Focus 2: Decarbonising transport 

In the transport sector, we can replace petroleum fuels with renewable fuels. To date, this has been 
achieved mostly with biofuels. In the future, renewables-based hydrogen and its derivatives can also be 
a significant source of carbon-neutral fuels. Finally, we are witnessing the rise of battery electric vehicles, 
which can be leveraged to provide flexibility to the power system and integrate more solar and wind, 
creating a virtuous cycle of more renewables in power and in transport at once. The analysis presented 
in this thesis covers both the structural evolution of the automotive sector in Europe, and how the shift 
from gasoline to diesel in passenger cars would affect the demand for biodiesel as opposed to ethanol, 
and the impact of battery electric vehicles (EVs) on the power system. In particular, this analysis looks at 
how EVs can be leveraged to facilitate the integration of large shares of solar and wind into power 
systems, with an application to a small island developing state (SIDS) that pledge to go 100% renewable 
energy by 2030, Barbados. Sectoral interactions, like the impact of electric vehicles on the power sector, 
are also crucial in determining a smooth, coordinated transition of the energy sector away from fossil 
fuels, further improving affordability and reliability of energy services. 

 

Focus 3: Transforming the power sector through rapid deployment of solar and wind 

As the power sector is a fundamental driver for the energy transition, this PhD tackles some of the 
challenges related to the use of solar and wind as main sources for power sector decarbonisation. This 
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PhD covers methodological aspects on how to perform the necessary planning studies to transform the 
power system using solar and wind generation. This methodological planning framework is applied 1) in 
the power generation expansion plan for the Republic of Cyprus, as a key contribution to the development 
on the National Energy Roadmap of Cyprus, 2) to the Pacific Small Island Developing State (SIDS) of Samoa, 
looking at how different studies can translate policy targets into a renewable-based, reliable and 
affordable power system, and 3) to the Caribbean SIDS of Barbados, where the power system analysis 
shows how to link the power sector to the transportation sector to provide mutual benefits from the 
decarbonisation of both sectors. 

Focus 4: The institutional framework for accelerated renewable energy deployment 

For change to happen, especially at the pace and scale required to meet the objectives of the Paris 
agreement, the institutional framework for the energy sector requires changes. Increased electrification 
accompanied by decarbonisation of the power sector requires significant changes to how electricity is 
procured, regulated, traded and financed. In some regions policies and markets should be adjusted or 
redesigned. In other regions, the absence of unbundled wholesale electricity markets could be initially a 
challenge but could be turned into an opportunity for an easier, speedier transition implemented by a 
vertically integrated utility, which is the most common model to date in the majority of countries. 
Institutional frameworks are very specific for each country or, at best, region, and are difficult to transfer 
from one context to another; however, they often remain the largest obstacle to an acceleration in 
renewable energy deployment. 

Beyond the power sector, industry is a sector where change is difficult to achieve at speed, as large 
investments already in place and global competitiveness of products and services make transitions 
particularly difficult. Additionally, industry requires rapid returns, limiting the spectrum of viable 
investments into new processes, which in turn limits energy efficiency potential and the possibility of 
adopting renewable energy to replace fossil fuels. 

For renewables in transport, a precedent has been set by biofuels, as in many regions and countries they 
represent an important renewable energy resource for decarbonisation of transport. Moving forward, 
especially for global sectors like shipping and aviation, a broader framework will be required to introduce 
carbon-neutral fuels at scale.  

Overall, the goal of this thesis is to provide policy makers with a set of tools and examples that can support 
the development of effective policies and plans for the increased adoption of renewable energy sources 
at the global, regional and national level and spanning transport, industry and the power sector. 
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Abstract (Swedish) 
 

Klimatförändringar är den avgörande frågan i vår tid (FN, 2018). Förnybar energi i kombination med 
energieffektivitet kan vara den mest effektiva lösningen för att hantera energirelaterade 
växthusgasutsläpp. Detta arbete täcker globala, regionala och nationella strategier för att påskynda 
utplaceringen av förnybar energi inom kraft, transport och industri, med hjälp av olika metoder för att 
möta sektoriella utmaningar och redogöra för sektorsspecifika egenskaper. Dessa sektorer 
representerade tillsammans 85% av energirelaterade utsläpp 2016 (IRENA, 2019a). 

Avhandlingen är strukturerad kring fyra fokusområden. Foci 1-3 undersöker nyckelkomponenterna i en 
energitransformeringspussel som ser ut som nyckelsektorer där förnybar energi kan integreras: industri, 
transport och kraft. Det fjärde fokusområdet informeras av de andra tre och ger viktiga insikter för 
nödvändig institutionell inställning och förändringar för övergången till förnybar energi för att leka ut. 

 

Fokus 1: Avkarboniseringsindustri 

Industrin behöver en kombination av el och värme, därför förutom avgasning av elektricitet är det också 
nödvändigt att avkarbonisera värme: beroende på temperaturnivåer kan en kombination av solvärme, 
värmepumpar och mest framstående bioenergi hjälpa till att avkolla processvärme. I den här 
avhandlingen fokuserar jag på ofta förbisett roll för förnybar energi i processvärmeproduktion. Analysen 
som presenteras här är global och omfattar alla tillverkningssektorer och bedömer potentialen för 
biomassa, liksom solvärmepumpar och värmepumpar, för att tillhandahålla den nödvändiga 
processvärmen för industrin. Detta i kombination med ökad elektrifiering och produktion av väte från 
förnybara kraftkartor vägen när det gäller avkolning av industrin på global nivå. Resultaten visar att 
förnybara energikällor kan ersätta 50% av fossil bränsleförbrukning för industrin. Utöver detta kan 
avkolning av elförsörjningen indirekt avkolla industrin, särskilt om industriell energibehov ytterligare 
elektrifieras. 

 

Fokus 2: Avkolningstransport 

Inom transportsektorn kan vi ersätta petroleumsbränslen med förnybara bränslen. Hittills har detta 
främst uppnåtts med biobränslen. I framtiden kan förnybarbaserat väte och dess derivat också vara en 
betydande källa för koldioxidneutrala bränslen. Slutligen bevittnar vi ökningen av batterielektriska 
fordon, som kan utnyttjas för att ge kraftsystemet flexibilitet och integrera mer sol och vind, vilket skapar 
en dygdig cykel med fler förnybara energikällor i kraft och i en gång. Analysen som presenteras i denna 
avhandling täcker både den strukturella utvecklingen av fordonssektorn i Europa och hur övergången från 
bensin till diesel i personbilar skulle påverka efterfrågan på biodiesel i motsats till etanol och påverkan av 
batterielektriska fordon (EVs) på kraftsystemet. I synnerhet tittar denna analys på hur EV: er kan utnyttjas 
för att underlätta integrationen av stora andelar av sol och vind i kraftsystem, med en tillämpning på en 
liten ö-utvecklingsstat (SIDS) som lovar att gå 100% förnybar energi till 2030, Barbados. Sektoriella 
interaktioner, liksom effekterna av elfordon på kraftsektorn, är också avgörande för att bestämma en 
smidig, samordnad övergång av energisektorn bort från fossila bränslen, vilket ytterligare förbättrar 
energitjänsternas överkomliga priser och tillförlitlighet. 

 

Fokus 3: Omvandla kraftsektorn genom snabb användning av sol och vind 

Eftersom kraftsektorn är en grundläggande drivkraft för energiomgången, hanterar denna 
doktorsexamen några av de utmaningar som användningen av sol och vind som huvudkällor för 
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avkarbonisering av kraftsektorn har. Denna doktorand behandlar metodologiska aspekter på hur man 
utför de nödvändiga planeringsstudierna för att transformera kraftsystemet med sol- och vindproduktion. 
Denna metodiska planeringsram tillämpas 1) i kraftproduktionsutbyggnadsplanen för Republiken Cypern, 
som nyckelbidrag till utvecklingen av Cyperns nationella energikartaplan, 2) till Samoa, Pacific Small Island 
Developing State (SIDS), hur olika studier kan översätta politiska mål till förnyelsebaserade, pålitliga och 
prisvärda kraftsystem, och 3) till Karibiska SIDS i Barbados, där kraftsystemanalysen visar hur man kopplar 
kraftsektorn till transportsektorn för att ge ömsesidiga fördelar från avkolning av båda sektorerna. 

Fokus 4: Den institutionella ramen för snabbare distribution av förnybar energi 

För att förändringar ska kunna ske, särskilt i den takt och omfattning som krävs för att uppfylla målen i 
Parisavtalet, krävs den institutionella ramen för energisektorn förändringar. Ökad elektrifiering åtföljd av 
avkolning av kraftsektorn kräver betydande förändringar av hur el anskaffas, regleras, handlas och 
finansieras. I vissa regioner bör politik och marknader anpassas eller omformas, i andra regioner kan 
frånvaron av marknader till en början vara en utmaning men kan förvandlas till en möjlighet till en enklare 
och snabbare övergång. Institutionella ramar är mycket specifika för varje land eller i bästa fall region och 
är svåra att överföra från ett sammanhang till ett annat; de är emellertid ofta det största hindret för en 
acceleration i distributionen av förnybar energi. 

Utöver kraftsektorn är industrin en sektor där förändringar är svåra att uppnå snabbt, eftersom stora 
investeringar som redan finns och globala konkurrenskraft för produkter och tjänster gör övergångar 
särskilt svåra. 

För förnybara energikällor inom transport har biobränslen ett prejudikat, eftersom de i många regioner 
och länder utgör en viktig förnybar energiresurs för avkolning av transport. För att gå vidare, särskilt för 
globala sektorer som sjöfart och luftfart, krävs ett bredare ramverk för att införa koldioxidneutrala 
bränslen i skala. 

Sammantaget är målet med den här avhandlingen att ge beslutsfattare en uppsättning verktyg och 
exempel som kan stödja utvecklingen av effektiv politik och planer för avkolning av energisystemet, 
minskat på global, regional och nationell nivå och spänner över transport, industri och kraftsektorn. 
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1. Introduction 
 

1.1 Context: The road to Paris 
 

This work started in a world where climate change was increasingly recognised as a challenge, yet no 
global agreement was on the horizon to replace the soon-to-expire Kyoto protocol. 
Gaps in literature existed in particular on the potential role of renewable energy for mitigating climate 
change, and how renewables can be deployed in different sectors. 
 
In the meanwhile, wind power started to become increasingly competitive after the turn of the 
millennium, while solar PV was still significantly more expensive than fossil fuels alternatives in many 
jurisdictions. Bioenergy was on the rise as the only likely option to decarbonise transport and industry. 
 
In the 2010s, while wind kept reducing its cost, solar PV also started becoming cheaper very rapidly – 
much faster than many anticipated – and now generates electricity at the lowest cost compared to any 
other source in most countries, closely followed by wind (Figure 1). Bioenergy is now competing with 
electricity in the transport sector (i.e. battery electric vehicles), with a renaissance of hydrogen currently 
underway as a potential solution to decarbonise heavy transport and industry (IRENA, 2018a, 2019b), 
driven once again by the availability of extremely cheap renewable electricity from solar and wind. 
 
The framework under which this work has been conducted suddenly changed in 2015. In September 2015 
the Sustainable Development Goals (United Nations, 2015) were approved by the United Nations to 
replace the Millennium Development Goals. The SDGs include a dedicated goal on climate action (13) as 
well as one on affordable and clean energy (7), with climate change recognised as undermining most of 
them (Fuso Nerini et al., 2019). On 12 December 2015, the twenty-first Conference of Parties (COP 21) of 
the United Nations Framework Convention on Climate Change (UNFCC) adopted by consensus the so-
called “Paris Agreement”, to keep the increase in global temperature well below 2 C, while pursuing 
efforts to limit the increase to 1.5 C (UNFCCC, 2015).  A global agreement that puts targets in place in 
terms of cumulative emissions, signed up by most countries in the world, creates a shared global 
objective. Renewable energy is recognised as a key solution to achieve the goals outlined in the Paris 
agreement and the SDGs. 
 
The next steps are the Nationally Determined Contributions (NDCs), which detail the contributions that 
each country is planning to make towards the shared goal of the Paris Agreement. How the plans put 
together allow to reach the goal is still unclear, as well as how deviations from the plans can be avoided. 
In their first iteration, the combined effect of the NDCs resulted in an increase in ambition compared to 
a pre-Paris scenario. However, they also resulted in a continued increase of emissions (UNFCCC, 2016). 
However, since 2016 there is a global framework for action in place on which the global community can 
build. Academia has a role to play, in informing with science-based insights the debate.  
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Figure 1 - Rapid cost reduction in electricity generation from solar and wind (IRENA, 2019c) 

 

1.2 Scope and aim 
 

This thesis aims to provide tools, methodologies and examples of applications for translating global 
objectives for renewable energy uptake into technically feasible and economically-sound pathways of 
global, regional and national scope for the key emitting sectors. 
 
In primis, this thesis aims at identifying gaps in how we plan for the energy transition in power, industry 
and transport, considering the specificities of renewable energy resources such as bioenergy - in particular 
in transport and industry - as well as solar and wind in the power sector. Through increased electrification 
and sector coupling, decarbonisation of the power sector provides a significant contribution to the 
decarbonisation of transport, industry and other end-use sectors. 
 
This explains the deeper dive this PhD work takes into the power sector. The energy transition implies 
that we are moving very rapidly away from a power sector developed over a century as a large, highly 
interconnected, complex machine based on a non-controllable yet fairly predictable demand, balanced 
with a fleet of controllable power generators. These generators were mostly hydropower plants and 
thermal machines burning fossil fuels. Fossil fuels have been produced by nature from biomass over 
millions of years and turned into easy-to-store, dense energy sources, which however emit CO2 and other 
local pollutants when combusted. To transition away from fossil fuels in the power sector, in addition to 
a further increase in the share of hydropower – historically the backbone of low-carbon power systems 
around the world – solar and wind are expected to become the largest source of power generation in all 
regions (IEA, 2019a; IRENA, 2019a). Unlike hydropower, which can be scheduled (under uncertainty) over 
long periods (thanks to the energy storage in the form of gravitational potential energy of the water 
stored in elevated reservoirs), solar PV and wind are variable in nature, which means that their output 
can change rapidly depending on cloud patterns and wind speed variations. Solar and wind generation is 
also characterised by limited predictability up to a few hours ahead, especially if there is no coupled 
energy storage. The implication is that the rest of the power system needs to become more flexible, with 
demand and electricity storage following generation rather than generation following demand at all 
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the use of different tools, to better capture the key characteristics that underpin the sectoral pathways 
in times of rapid transition and provide confidence among the sectoral experts about the feasibility of the 
proposed solution (Gilbert et al., 1998). 

Among the first studies that looked at the energy sector as a whole, and at its interaction with other 
economic sectors in times of transition was the pioneering study developed by the MIT for the Club of 
Rome in the early 1970s (Meadows et al., 1974). This study looked at how planetary boundaries are being 
reached in terms of resources exploitation and how to change the trajectory of “unlimited growth” 
towards a more planet-compatible or, as it is now more commonly approached, to look at a more 
sustainable model for human development (UNDP, 2015). 

This study used the system dynamics methodology to deal with non-linear, structure-driven, 
interconnected systems’ behaviour. The methodology was first developed by Jay W. Forrester (Forrester, 
1962), also a pioneer in optimisation techniques (Saeed, 2014) which are the most commonly used 
methods in energy system models. 

In later years, a suite of partial equilibrium optimization models has been developed to plan and forecast 
the evolution of the energy sector (ETSAP, 2016; Loulou, 2004), not without challenges in capturing the 
complex dynamics of the energy transition (Trutnevyte, 2016) especially in developing countries (Leopold, 
2016).   

When the focus is narrowed down to a specific sector, though, more details are captured, which allows 
for a thorough feasibility assessment of the proposed pathways. 

The thesis revolves around four research questions, each explored in a focus area, each of which is used 
also in the literature review to classify gaps as well as the work performed to address each of them. Two 
focus areas are related to energy demand sectors, transport and industry. The next focus area goes into 
the detail of the transformation sector that is seeing the most progress in the energy transition, the power 
sector. Finally, the last focus area is cross-cutting, looking at how to devise institutional frameworks to 
accelerate and scale-up renewable energy deployment. 

 

RResearch questions and focus areas 
 

This thesis revolves around one overarching research question, which can be formulated as: 

“How to miminise energy-related GHG emissions through accelerated deployment of 
renewable energy in key emitting sectors”. 

The central research question is declined into four sub-research questions outlined in the foci below. 
 
Focus area 1: decarbonising industry 
When discussing industry, existing and potential future processes have to be taken into account, in 
particular required temperature levels are key to assess energy demand, the potential for increased 
efficiency (Saygin et al., 2011) and which supply options might be suitable for such processes (IEA, 2017; 
McKinsey&Company, 2018; McMillan, 2018). This is often difficult to capture in all-sectors energy system 
models (Kermeli et al., 2019), while better characterised in the sub-sectoral analysis (Beck, M. et al., 2019; 
Favier et al., 2018; Lechtenböhmer et al., 2016; van Ruijven et al., 2016). The gap is particularly severe 
when the focus shifts from electrification to process heat.  
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In particular, industry has been traditionally addressed sectorally in academic literature, due to the 
specificity of each industrial process, with abundant literature at the process-level. Much less so at the 
global level, trying to address multiple sectors in multiple regions at once. 

After the publication of (Taibi et al., 2012), several papers have been produced with a broader scope, such 
as 

1) solar thermal for industrial process heat, with global scale (Farjana et al., 2018; Sharma et al., 2017)

2) biomass for multiple industrial sectors (not all), at the global scale (Daioglou, 2016; Saygin et al., 2014)

3) multiple renewable energy sources for process heat at the global scale, as solar thermal and heat
pumps in (Meyers et al., 2018a) or solar thermal and solar PV in (Meyers et al., 2018b)

4) the policy framework for renewables in industry (Mattes et al., 2014)

It is relevant to note that all the papers above cite  (Taibi et al., 2012), as a way to show the relevance and 
impact of this work in addressing a literature gap on the global renewable energy potential in process 
heat in industry, which to date remains the only global assessment of the potential for solar thermal, heat 
pumps and bioenergy for industrial process heat. 

Gap 1: renewable energy potential for process heat in industry 
Renewable power has been assumed as the default option to for decarbonisation in industry, 
with the expectation that increased electrification jointly with more renewable energy 
deployment in the power sector is the pathway that holds the best promise in terms of resource 
availability and technology readiness, together with the lowest cost. However, direct use of 
renewables without conversion to power has significant and underexplored potential. Some 
coverage of renewable heat in specific industry sectors or in specific regions has been occasionally 
encountered over the years (Al-
Macmichael, 1988; Wallin and Berntsson, 1994; Kumar et al., 2019), while to date no global, all-
sector assessment exists as of 2019. Even looking at the most promising source of renewable heat 
for industry – biomass - its potential was generally assessed with only limited focus on industry 
(Berndes et al., 2003). What is becoming prominent since 2018 is the conversion of renewable 
electricity into (green) hydrogen, as one of the potentially disruptive technologies for the 
decarbonisation of industry, with rapidly growing literature exploring both national and global 
potential for most sectors, although not yet globally with a focus on industry (Burke and Rooney, 
2018; Hydrogen Council, 2017; IEA, 2019b; Ikäheimo et al., 2018). As hydrogen potential to 
decarbonise industry become more prominent in the discourse about decarbonisation, both 
global assessment of its potential (Hydrogen Council, 2017) and sector-specific assessments have 
been growing in recent literature, with iron and steel (Gielen et al., 2020) and fertilisers 
(ammonia) (Ikäheimo et al., 2018; Lamb et al., 2019) being the natural candidates for large-scale 
deployment of green hydrogen in industry. 

Research question 1: What is the global potential for direct use of renewable energy 
for industrial process heat? 

Electrification can potentially be the most cost-effective option to decarbonise end-use sectors 
in many applications, as solar and wind are becoming the cheapest source of renewable energy 
in most regions and can be scaled as required. However, not every process can be electrified 
easily and directly (i.e. without converting electricity into another vector). For buildings and some 
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industrial processes, additional renewable options include solar thermal and heat pumps for heat 
production. While electrification can take care of most of decarbonisation in buildings, the same 
is not the case for industry, where some processes will need carbon-neutral fuels such as the so-
called “electrofuels” (i.e. hydrogen or its derivatives like ammonia, methanol or synthetic 
methane) and biofuels, and some industrial processes require carbon-neutral sources of carbon 
(e.g. materials) where biofuels are the only renewable option, which can be augmented by direct 
air capture of CO2. What is the potential for renewable energy to decarbonise industry? 

 

Focus area 2: decarbonising transport 
Moving into transport, in particular personal transport like passenger cars, the combination of consumer 
preferences, increases in vehicle weight and fuel efficiency of engines combined with fuel shifts due to 
economic and policy drivers create complex combinations of effects difficult to capture using optimisation 
models or accounting frameworks. However, although significant work has been done to improve the 
characterization of the transport sector in such models (Baruah et al., 2014; Colbertaldo et al., 2018; 
Dodds and McDowall, 2014), linear or mixed-integer optimisation, as well as accounting framework and 
econometric models are not able to capture feedback loops and non-linearities that underly the complex 
interaction of the different factors affecting the evolution of the passenger cars sector. At the time of 
writing of the relevant paper appended to the thesis (Armenia et al., 2010), no system dynamics models 
for the passengers' cars sector were available. See Gap 2. 

 

With the rapid growth of electricity use in passenger cars due to the rise of (battery) electric vehicles 
(EVs), the passenger car sector is experiencing another increase in complexity, becoming closely 
interlinked with the power sector, in what is commonly called “sector coupling” (from the German 
Sektorkupplung) between power sector and transportation sector. Given the significant electricity 
demand associated to the electrification of personal mobility, the rise of EVs poses challenges for the 
power sector, while at the same time presenting opportunities for the provision of flexibility to the power 
system through smart use of the battery storage inside the vehicle (Coffman et al., 2017; Dechert, 2014; 
IRENA, 2019d; O’Connell et al., 2012; Sioshansi and Denholm, 2010; Zareen et al., 2015). Although this is 
a very active area of research, the focus of many studies is on the impact of electric vehicles at the 
distribution system level. Some studies look at the value for the system, but there is a lack of literature 
on how electric vehicles charging strategies can turn the generation adequacy challenge of uncontrolled 
charging into an opportunity for providing flexibility to the power system and integrate more solar and 
wind, effectively decarbonising transport. It is important to note that simply increasing electricity demand 
to charge EVs without increasing renewable generation leads to more fossil fuel generation (Walton, 
2018), therefore EVs should be jointly deployed with renewable energy or accept that they are going to 
be charged mostly from fossil fuels. There is also limited knowledge available for the application of such 
system-level studies to island systems, where the need for flexibility is more pressing and the applicability 
of EVs is the highest due to short driving distances and fragile environment. See Gap 3. 

 

Gap 2: using System Dynamics to model the European passenger cars sector 
Coming to another difficult sector to decarbonise, transport is one of those with significant 
challenges. As shown by Figure 6, the transport sector is not only almost exclusively dependent 
on fossil fuels, but also the least electrified sector, making the pathway of decarbonisation 
through increased electrifications both challenging as well as crucial. Biofuels are the main option 
for decarbonisation of transport to date, although falling short of what would be necessary for a 
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Paris-compliant scenario1, and for which the sustainable potential is, although significant, limited 
(Berndes et al., 2003; Faaij, 2016). 

Renewable electricity makes its way in railways, be underground, light rail as well as long-distance 
rail. Road, shipping and aviation remain mostly entirely reliant on oil products, with the exception 
for some biofuels that made their way into road transport due to government mandates in several 
countries and remain a key option to assess for the decarbonisation of transport. Most of the 
work found in literature uses accounting-framework approaches to passenger cars models, 
mostly developed for a single country and ignoring biofuels (He et al., 2005; Kudoh et al., 2004; 
Storchmann, 2005). However, the complex interactions of policy, technology and consumer 
behaviour require complex modelling capable of managing the interaction of such non-linear 
phenomena. No evidence in literature existed until 2019 of the use of methodologies such as 
system dynamics to account for the complexity of the energy transition in the transport sector. 
Recent publications do start using such an approach for national-level studies (Gupta et al., 2019) 
or regional-level studies that look at issues such as the impact of consumer behaviour and travel 
policies on long-distance travel demand (Shepherd et al., 2019). No regional studies that use such 
methodologies are found in literature, in particular when it comes to the energy transition in the 
road transport sector.   

 

 Gap 3: electric vehicles’ role in facilitating the integration of solar and wind power in islands 
In addition to biofuels, electric vehicles are becoming a key technology for both the 
decarbonisation of transport as well as to facilitate the integration of solar and wind into the 
power system, essentially linking the power system with the transportation sector and providing 
flexibility to the first. EV studies tend to focus on distribution grid congestion, where the 
connection with RE deployment is generally weak or absent (He et al., 2005; O’Connell et al., 
2012; Pleat, 2012). When such a connection is present, it is mostly  considered at the building 
level rather than at the system level (Coffman et al., 2017). EVs are increasingly considered as a 
flexibility option for the power system (Zareen et al., 2015), although often with a focus on part 
of the US power system (Denholm et al., 2013; Denholm and Hand, 2011; Sioshansi and Denholm, 
2010). In isolated power systems, electric vehicles can be a suitable option due to the limited 
driving distances as well as an important provider of flexibility in small, isolated power systems, 
which generally have limited options for balancing rapid changes in solar and wind generation 
(Critz et al., 2013; De Vos et al., 2013). At the time of writing, no study on flexibility provision from 
EVs was performed for small islands, and in particular not for Barbados. No study looked in detail 
at how different charging strategies can affect system reliability using detailed metrics such as 
unserved energy at the time of writing this thesis. 

Research question 2: How can EVs and biofuels contribute to the decarbonisation of 
the passenger cars sector? 

The nature of long-distance and high-utilisation transportation requires high-energy-density 
fuels, like biofuels, hydrogen and their derivatives. For short distance and low utilisation, batteries 
are currently experiencing a rapid scale-up especially for small passenger cars, moving into the 
medium segment and potentially into trucks. Biofuels, through mandates and other mechanisms, 
have been historically the main source of renewable energy in passenger cars. While green 
hydrogen might play a role also in passenger cars, the vast majority of the progress is through the 

                                                           
1 https://www.iea.org/tcep/transport/biofuels/ 
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deployment of battery electric vehicles, provided their deployment is done in conjunction with 
rapidly increasing shares of renewable energy in power generation. How to leverage both biofuels 
and electric vehicles – jointly with an increasingly renewable power sector – to decarbonise the 
mobility service provided by passenger cars? 

 

 Focus area 3: Transforming the power sector through rapid deployment of solar and wind 
As discussed in the introduction, renewable energy deployment has accelerated mostly in the power 
sector thanks to rapid cost reduction and great scalability of renewable energy technologies like solar and 
wind. Both solar and wind, though, are variable resources (Abdel-Karim et al., 2016) and suffer from 
limited predictability (Lowery and O’Malley, 2012). This requires careful assessment of the implications 
of solar and wind’s specific characteristics on traditional electricity planning and operations. Among 
others, the International Renewable Energy Agency, driven by requests from policy makers around the 
globe, has dedicated significant attention to this issue (Denholm and Hand, 2011; IRENA, 2015a, 2017a, 
2018b, 2018c; NREL et al., 2017; Welsch et al., 2014). A first element to consider is that often increased 
electrification combined with the increased deployment of solar and wind is the cheapest strategy for 
decarbonising the energy sector (American Council for an Energy-Efficient Economy (ACEEE), 2019; 
Baruah et al., 2014; den Ouden et al., 2017; EPRI, 2018; Gerdes, 2018; Lechtenböhmer et al., 2016; 
McMillan, 2018). Increased electrification can be both a challenge to the power system, as increasing 
demand can outpace the increase in generation capacity, causing adequacy challenges (ENTSO-E, 2016; 
Welsch et al., 2015). Similarly, electrification jointly with solar and wind deployment, due to the 
uncertainty related to the availability of solar and wind at any given time – in particular times of highest 
demand – increases the complexity of performing adequacy assessments (Gafurov et al., 2015; Gil, 2012; 
K. Heising et al., 2014; Müller, 2013; NERC, 2011; Sheehy et al., 2016). This increases the need for careful 
accounting of variability of generation resources in a rapidly electrifying world with increasing shares of 
variable resources. The key answer is to increase flexibility in all part of the power system, beyond 
generation: more storage, stronger grids, more flexible demand, smart charging of electric vehicles and 
hydrogen production from flexible electrolysers (IRENA, 2018c). When it comes to planning, the increase 
in complexity and the need to capture the value of flexibility leads to an increase in resolution of long 
term models, or more generally to a coupling of energy system models with power system models (Collins 
et al., 2017b; Deane et al., 2012; P. Deane et al., 2015; Welsch et al., 2014). However, in specific 
conditions, like those of small non-interconnected power systems, other challenges emerge with 
deployment of large shares of variable, inverter-based generation, such as lack of system inertia (Thiesen 
et al., 2016) which can lead to stability issues (Markovic et al., 2019; Milano et al., 2018) and lack of short 
circuit current (Tzelepis et al., 2019), which can lead to inability to clear faults in the system. While 
solutions start to emerge (Ackermann et al., 2017; Raisz et al., 2018), more work is necessary and, 
especially in island conditions, multiple type of studies are necessary to ensure technical viability of the 
proposed scenarios in operational conditions (IRENA, 2018b). A lack of clear methodological blueprints to 
link power system optimisation studies with electrical studies able to tackle issues like low-inertia and low 
short circuit current remains a significant gap for conducting such studies, and – especially where most 
relevant like in small Pacific islands – such comprehensive studies are missing. See Gap 4: a methodology 
for soft-linking capacity and dispatch optimization studies with grid stability studies and application to 
Samoa. 

Moving from small islands back to global scale and to the initial focus – the decarbonisation of the energy 
sector in line with the Paris agreement, and the role of the power sector in the energy transition, several 
scenarios have been produced to show how a 2050 Paris-compliant power system would look like. In such 
scenarios, electricity is around 50% or more of total primary energy supply (TPES), and most of it – if not 
all of it – is from renewable sources (75% to 100% depending on scenario). A comparison of scenarios 
based on TPES and renewable share in TPES is in Figure 3. 
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Figure 3 - comparison of Paris-compliant scenarios for 2040 and 2050 Source: (IRENA, 2019a) 

However, some high-renewables scenarios have been criticised for the lack of consideration in their 
modelling of the technical constraints related to operating the power systems outlined in the study (Clack 
et al., 2017b, 2017a; Jacobson et al., 2015a; Jacobson, 2019). 

Computational complexity limits the number of power system operational models with a global scope 
that can take into account fundamental technical constraints at high temporal resolution. One recent 
example of high-performance power system modelling tool applied at global scale managed to be 
computationally-feasible while taking into account most individual power plants around the world, using 
integer unit commitment and economic dispatch, at granular geographical resolution (i.e. 240 nodes to 
represent the whole world, with larger countries divided in multiple nodes) and high temporal resolution 
(Brinkerink et al., 2018; Brinkerink and Deane, 2019). However, such models for a 2050 time horizon are 
scarce, with some of those with high temporal resolution still limited in terms of technical constraints 
represented (Ram et al., 2017)  

A literature gap remains for global power system models with high-renewables and high-VRE, both 
compliant with the Paris agreement pathway and explicitly accounting for power system constraints and, 
most importantly, modelling all sources of flexibility on the supply side, as well as demand side, storage, 
grid and sector coupling (e.g. EVs, hydrogen production from electrolysis), as discussed in (IRENA, 2019c, 
2018c, 2018d), where I was the lead author. See Gap 5: a global Paris-compliant power system model 
accounting for operational constraints 

Gap 4: a methodology for soft-linking capacity and dispatch optimization studies with grid stability 
studies and application to Samoa 
The next gap in the power sector is related to some of the physical challenges related to 
operating a power system with large shares of converter-based resources such as solar PV and 
wind. The optimisation approaches used for capacity expansion in (Taliotis et al., 2017) and in 
power system dispatch in (Taibi et al., 2018) are generally disconnected from power system 
electrical models that assess physical issues such as power system stability. Studies describing 
soft-linking exist mostly between energy system models and power system models (Deane et al., 
2012; J. P. Deane et al., 2015; P. Deane et al., 2015), however not between optimization-based 
power system models and electrical-based grid models. The latter is the domain of commercial 
grid-simulation software such as Siemens PSSE, DigSilent PowerFactory, General Electric PSSF and 
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the likes. Although grid-simulation studies such as load flow or dynamic stability studies require 
a power system dispatch as a starting point, to be able to identify particular events in different 
system operational configurations for which system reliability is studied, such studies are not 
generally linked with dispatch studies but rather performed in short term operational planning. 

Similarly, production cost modelling studies rely on optimisation techniques and do not have the 
necessary data and the appropriate methodology to assess issues such as physical AC power flows 
and system stability.  

However, for high shares of power electronics, a link between optimal dispatch studies and 
system stability is useful when planning the evolution of the power system, especially in small, 
isolated power system like those of islands. 

Research question 3a: How to link different power system studies to ensure that high-
VRE systems are sufficiently flexible as well as stable? 

 
The heavy reliance on solar and wind power for the energy transition comes with challenges that 
require significant changes, from policy and regulatory frameworks to market design and power 
system operation, all the way to how mathematical models are designed and used for planning 
the power system of the future and ensuring its technical soundness.  
 
The main challenges lie in the variability of solar and wind, in their limited predictability and in 
their near-zero short-run marginal generation cost due to the free fuel. All this, however, can be 
mitigated by increasing power system flexibility. 
 
While in large interconnected power systems the increasing penetration of solar and wind has 
been traditionally planned by looking at its impact on dispatch, with frequency and voltage 
consideration addressed in operational planning and connection studies (i.e. studies performed 
to assess the impact of connecting a new power plant to the system, would it be a wind or solar 
farm as well as a thermal power plant) (Bloom et al., 2016; Holttinen et al., 2013; IEA Wind Task 
25, 2018; Lew et al., 2013). In smaller, non-interconnected power systems considerations on 
system stability become a fundamental component of system reliability assessment and should 
be included at the planning stage (IRENA, 2018b, 2016; Markovic et al., 2019; Miller, 2017; 
O’Sullivan et al., 2014). 
 
This thesis will propose how to link different types of studies to ensure the reliability of a power 
system with high shares of converter-based generation, in particular solar PV and wind, with a 
focus on small island power systems. In this context, reliability will be discussed both in terms of 
unserved energy resulting from dispatch optimisation as well as stability issues, in particular 
focusing on the ability of the power system to continue its operations reliably following a large 
contingency. 

 

Gap 5: a global Paris-compliant power system model accounting for operational constraints  
Lack of consideration for technical constraints in power system optimisation models led to heated 
academic debates on the viability of high renewable scenarios (Jacobson et al., 2015b; Clack et 
al., 2017b). While detailed technical models have been developed for small and large power 
systems, none of them is in line with the objectives of the Paris-agreement but rather with 
individual country plans, normally with shorter time horizons. Examples include: the detailed 
work performed for the US Western Electricity Coordinating Council power system, which shows 
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that achieving an 85% reduction of emissions compared to 1990 is feasible under a wide range of 
assumptions, with the main uncertainties around cost rather than technical viability (Mileva et 
al., 2016); or the high-renewables scenarios for Europe developed by the German Aerospace 
Centre (DLR), looking at both investments in flexibility and hourly power system dispatch, but 
only for Europe and without a direct link to climate objectives (Scholz et al., 2017). Such a model 
needs to have a global scale by definition, as only a global effort can lead to compliance with 
climate change mitigation objectives (IPCC, 2018; UNFCCC, 2016). In the range of global models, 
the completeness of technical constraints is an open challenge, with simplified models (e.g. based 
on load duration curves (Ueckerdt et al., 2016) or annual values (Blok et al., 2018)) useful to 
highlight challenges but less to showcase the effectiveness of solutions. Models for 100% 
renewable energy at the global level are an important starting point for the discussion on a 
decarbonised power system, beyond what is expected by 2050 in a Paris-compliant scenario, as 
net-zero emission has to be reached not long after 2050 in any scenario. So far the academic 
debate on such models (Jacobson et al., 2015b) has been polarised by a discussion on how some 
of the technical constraints have been included (Clack et al., 2017b). Significant methodological 
advances on how to represent specific technical constraints in power system dispatch 
optimisation models have been achieved in recent years, as discussed in (Collins et al., 2017b; J. 
P. Deane et al., 2015; Welsch, 2013; Welsch et al., 2014, 2015). Some of these methodologies 
have been applied for timeframes such as 2030 and jurisdictions such as the European Union 
(Collins et al., 2017a), but never at the global level for a 2050 Paris-compliant scenario. 

 

Research question 3b: How to ensure that power system flexibility in global 
decarbonisation scenarios is sufficient? 

 
The need for rapid decarbonisation beyond the power system is significant, as today electricity is 
only 20% of final energy consumption. To achieve the objectives of the Paris agreement, a 
significant acceleration of electricity uptake in end uses is necessary. IRENA estimates ca. 50% of 
final energy consumption to be electricity in 2050 in a Paris-compliant scenario (IRENA, 2019a). 
This means that while the share of renewable energy in the power system has to grow rapidly, so 
the power system has to grow significantly in size: this is a challenge in terms of financing as well 
as planning. Under this new context of decarbonisation, solar and wind will represent the vast 
majority of new power generation capacity, as well as increasingly replace carbon-intensive 
generation such as coal. Increasing shares of solar and wind into power systems calls for planning 
for the associated power system flexibility necessary for maintaining reliable and economic 
power system operation. Such an assessment at global scale should focus on exploring whether 
or not the plans have sufficient flexibility investments associated and, if not, come up with a least-
cost mix of flexibility options that are cost-effective (IRENA, 2018c, 2018d). How would a 2050 
power system in line with the Paris agreement perform in terms of technical-constraint unit 
commitment and economic dispatch? Would it have sufficient flexibility? 

 

Focus area 4: the institutional framework for accelerated renewable energy deployment 
As important as the sectoral analysis is for understanding how to transition industry and transport away 
from fossil fuels towards renewable, accelerated renewable energy deployment requires a revision of the 
institutional energy frameworks. While this has been the focus of significant efforts in OECD countries 
and G20 countries, with countless studies in this area (European Commission, 2015; IFC, 2011; Jacobs et 
al., 2016), smaller and less affluent countries still struggle with developing conducive frameworks for the 
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deployment of renewable energy. This is particularly true for small island developing states (SIDS), where 
scarce literature for the Caribbean exist and almost no literature is available on conducive institutional 
frameworks for renewable energy in the Pacific (Dornan and Shah, 2016; Ince et al., 2016; Shah and Niles, 
2016; Timilsina and Shah, 2016). See Gap 6. 

While the situation is most severe in the Pacific, some gaps still exist in many countries across the globe. 
This was the case for the Republic of Cyprus, where a model-based analysis to support the national policy 
framework for renewables was missing. See Gap 7. 

Based on the analysis performed, the institutional framework requires updates in all sectors and regions 
to adjust to rapidly changing structure of energy supply.  

At the global level, policy makers have the opportunity to increase the focus on policies to decarbonise 
industrial heat, as it is a large source of CO2 emissions often neglected compared to power and transport 
(Taibi et al., 2012). 

In the transport sector, regions and countries such as Europe and US have strong frameworks to control 
emissions from road transport by increasing efficiency targets, reducing maximum emissions per unit of 
distance and mandating the introduction of renewable fuels in the supply mix (Bulgheroni et al., 2019; 
European Commission, Directorate-General for Energy and Transport, 2004; Whistance and Thompson, 
2014). However, in large parts of the world, the transport sector lacks an institutional framework that 
would support an acceleration in emission reductions, rather facing a constant growth in mobility demand 
as well as associated consumption of oil products and emissions of GHGs and local pollutants. 

At global level, the competitiveness of renewable power generation sources is often undermined by 
outdated market design (IRENA, 2017b) and incumbent vertically-integrated utilities that lack incentives 
for change. The case of small vertically integrated utilities in the Pacific region is the first literature gap 
identified in this thesis under the institutional framework focus area. Once the initial steps to decarbonise 
transport, industry and power have been taken, the framework will have to be open to additional options 
to continue decarbonising these sectors, increasing the role of electricity in end uses while opening the 
door for green electrons to produce green molecules. This will be necessary at different stages in different 
sectors and countries; however, no full decarbonisation will be possible only with green electrons. 
Hydrogen from renewable power and fuels derived from it will be essential to fully decarbonise transport, 
industry and buildings (Burke and Rooney, 2018; Hydrogen Council, 2017; IEA, 2019b, 2019b; IRENA, 
2018a). 

 

Gap 6: a regional framework for renewable energy deployment in the Pacific 
Having covered industry, transport sector and the power sector, the remaining part of this 
literature review will focus on the institutional framework for renewable energy deployment. The 
first identified gap is at the regional level, in particular on the framework for renewable energy 
deployment in the power sector in the Pacific. While such topic is covered by abundant and 
comprehensive literature in some parts of the world, e.g. Europe (Carley, 2009; Collins et al., 
2017a; European Commission, 2015), it is not the case for many other regions. As I worked for 
several years in supporting policy makers in accelerating renewable energy deployment in islands, 
where the policy framework was largely supportive of a rapid shift towards renewable energy, I 
noted that in practice most efforts were limited to setting targets for the power sector. Key gaps 
in literature were the scarce and outdated availability of research on energy in the Pacific, focused 
on more practical challenges (Yu et al., 1996) and the lack of literature on policy frameworks for 
renewables that was applicable for Pacific islands (Painuly, 2001; Yu et al., 1996). To date, the 
literature on institutional frameworks for renewable energy in the Pacific remains scarce. A 
notable exception was the Special Section on Energy Policy for the Future of Small Island 
Developing States (SIDS) in the journal Energy Policy, volume 98 from November 2016. In this 
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special section, new insights were presented on the policy framework for Small Islands 
Developing States (SIDS) in general (Dornan and Shah, 2016; Timilsina and Shah, 2016) and with 
a specific focus on the Caribbean (Ince et al., 2016; Shah and Niles, 2016). However, the lack of 
focus on the Pacific region remained unaddressed in literature. 

Gap 7: a national roadmap for the power sector of Cyprus 
Having covered end-use sectors and linked some of them to the power sector, my focus shifted 
to accelerating the already well-underway deployment of renewables in the power sector, with a 
focus on those renewable resources that are more challenging to integrate, yet more affordable 
and widely available: solar PV and wind. Coming down from global and regional work, we now 
move to the national level, focusing on an EU-Member island country, Cyprus. At present, only a 
few technology-specific studies for Cyprus are available, often focused on CSP technologies 
(Alexopoulos and Hoffschmidt, 2010; Kalogirou, 2013; Poullikkas et al., 2013), with no system-
level planning studies comparing all technology options for power generation. The focus of 
renewable energy studies for Cyprus has often been on grid impacts rather than system-level 
techno-economic analysis (Papantoniou, 1998; Patsalides et al., 2012; Poullikkas et al., 2013).  

To be able to perform techno-economic system-level planning studies, comparing all technology 
options and assessing the optimal capacity expansion of the power sector, it is necessary to have 
a solid electricity demand forecast. Such studies are also not available in the literature for Cyprus, 
with a particular gap on demand forecasts that leverage bottom-up survey data for more accurate 
characterization of demand and its potential evolution over time. Previous demand forecasts for 
Cyprus relied on top-down data only (Katircioglu et al., 2014; Pilavachi et al., 2009), without a 
characterization of the technical potential for energy efficiency in key consumption sectors. 

Research question 4: How to devise conducive institutional frameworks for renewable 
energy deployment at regional level and translate them into national plans? 

Once the tools are updated to correctly represent the challenges and opportunities brought 
about by renewable energy in power generation, as well as in end-use sectors such as transport 
and industry, the main obstacle to accelerated deployment of renewables is the existing 
institutional framework, designed for fossil fuels and in need for significant revision to move 
towards a decarbonised energy system with the pace and scale required by the urgency of the 
unfolding climate crisis. This thesis keeps the focus on impact throughout the analysis, seeking to 
provide policy recommendations for achieving the transformational change required in each 
sector, many of which touch upon the necessary change of the institutional framework. How can 
a regional framework look like for a region that never had one like the Pacific? How can such a 
proposed framework be used to assess and compare individual countries in terms of readiness of 
their institutional framework to accelerate the deployment of renewable energy? How can a 
regional framework, combined with country-specific challenges and opportunities in the energy 
sector, be combined to devise a national plan that answers national questions while following the 
direction set in the regional framework?  

In Figure 4 a summary of the research questions is presented, to map each literature gap to the 
respective research question in a concise manner. 
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Gap 3: 
electric 
vehicles’ role 
in facilitating 
the 
integration 
of solar and 
wind power 
in islands 

Taibi, E., Fernandez del 
Valle, C., Howells, M. 2018 
“Strategies for solar and 
wind integration by 
leveraging flexibility from 
electric vehicles: The 
Barbados case study”, 
Energy 164, 65-78 
https://doi.org/10.1016/j.e
nergy.2018.08.196 

Built the initial model for 
Barbados, incl. EVs, and 
defined the further 
research questions (i.e. 
V2G impact, reserve 
provision from EVs and 
their impact on reliability 
analysis). Fernandez 
helped in the 
implementation of the 
additional research 
questions in the model and 
with the drafting of the 
paper. Prof. Howells 
provided guidance on the 
paper messaging and 
strategic presentation. 

Focus 3: 
Transfor
ming the 
power 
sector 
through 
rapid 
deployme
nt of solar 
and wind 

Gap 4: a 
methodology 
for soft-
linking 
capacity and 
dispatch 
optimization 
studies with 
grid stability 
studies and 
application 
to Samoa 

Research 
question 3a: 
How to link 
different 
power 
system 
studies to 
ensure that 
high-VRE 
systems are 
sufficiently 
flexible as 
well as 
stable? 

Taibi, E., Gafaro, F., 
Portugal, I., Journeay-Kaler, 
P., Fernandez, F., Gomez, J., 
2016 “Linking Technical 
Grid Integration Studies 
with   Long-Term Techno-
Economic Planning Studies 
for Isolated Power Grids - 
Methodological Issues 
Meet Practical Experience 
in Small Islands”, Solar 
Integration Workshop, 
2016 
https://www.researchgate.
net/publication/325425813
_Linking_Technical_Grid_In
tegration_Studies_with_Lo
ng-Term_Techno-
Economic_Planning_Studie
s_for_Isolated_Power_Grid
s_Methodological_Issues_
Meet_Practical_Experience
_in_Small_Islands 

Led the paper development 
and the HOMER analysis, as 
well as the synthesis of the 
methodology, which is the 
main literature 
contribution. Other 
authors worked on the 
PowerFactory analysis, 
contributed to the paper 
drafting and to the review 
of the methodology. 

Gap 5: a 
global Paris-
compliant 
power 
system 
model 
accounting 
for 
operational 
constraints  

Research 
question 3b: 
How to 
ensure that 
power 
system 
flexibility in 
global 
decarbonisat
ion scenarios 
is sufficient? 

Taibi, E. 2020. “The role of 
flexibility in achieving a 
Paris-compatible power 
system in 2050” (submitted) 

Single author paper: 
developed all the analysis 
and modelling, based on 
quoted sources and with 
suggestions from the 
acknowledged colleagues. 

Focus 4: 
The 
institutio

Gap 6: a 
regional 
framework 

Research 
question 4: 
How to 

Taibi, E., Gualberti, G., 
Bazilian, M., Gielen, D., 
2016. A framework for 

Developed the framework 
and performed the policy 
analysis. Gualberti 
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nal 
framewor
k for 
accelerat
ed 
renewabl
e energy 
deployme
nt 

for 
renewable 
energy 
deployment 
in the Pacific 

devise 
conducive 
institutional 
frameworks 
for 
renewable 
energy 
deployment 
at regional 
level and 
translate 
them into 
national 
plans? 

technology cooperation to 
accelerate the deployment 
of renewable energy in 
Pacific Island Countries. 
Energy Policy 98, 778–790. 
https://doi.org/10.1016/j.e
npol.2016.03.009 
 

analysed the ODA flows. 
Bazilian and Gielen 
provided strategic 
guidance and messaging 
advice. 

Gap 7: a 
national 
roadmap for 
the power 
sector of 
Cyprus 

Taliotis, C., Taibi, E., 
Howells, M., Rogner, H., 
Bazilian, M., Welsch, M., 
2017. Renewable energy 
technology integration for 
the island of Cyprus: A cost-
optimization approach. 
Energy 137, 31–41. 
https://doi.org/10.1016/j.e
nergy.2017.07.015 
 

Led the project, incl. the 
engagement with the 
country, the discussions 
and definition of modelling 
assumptions and modelling 
supervision and review of 
results. Provided relevant 
policy messaging for the 
papers. Taliotis developed 
the model and led the 
drafting of the paper. The 
other authors provided 
guidance and advice on 
messaging. 

 

 

Addressing gap 1: (Taibi et al., 2012) covered all industrial sectors, all regions and the main sources of 
renewable heat for industry, namely biomass, heat pumps and solar thermal. The use of hydrogen from 
renewables is potentially a key measure to decarbonise industry. Hydrogen and biomass can be 
complementary in providing renewable high-temperature heat and renewable feedstocks, with biomass 
having the added value of being the only renewable source of carbon for feedstocks. On renewable 
hydrogen for industry, I was the lead author for the two IRENA reports on the subject where the 
importance of hydrogen for the decarbonisation of heavy industry is discussed at the global level and with 
practical examples (IRENA, 2019b, 2018a). I am also co-author of a paper on renewable hydrogen to 
decarbonise iron making and potentially replace exports of iron ore with direct-reduced iron produced 
using green hydrogen (Gielen et al., 2020), a key sector in terms of CO2 emissions. 

Addressing gap 2: (Armenia et al., 2010) looked at the interplay between technological evolution, policy 
frameworks and biofuels for the reduction of emissions from EU passenger cars, using the methodology 
of system dynamics to capture the evolution of the car stock as a function of several ongoing phenomena, 
like the introduction of biofuel mandates and the rapid uptake of diesel as the technology of choice for 
internal combustion engines in passenger cars. While simple spreadsheet models can capture such 
phenomena one at a time, capturing the interplay of several non-linear phenomena at once requires a 
different methodology, with system dynamics being one of them, developed in the second half of the 20th 
century to model global changes, most prominently presented in the work of the Club of Rome on the 
Limits to Growth (Meadows et al., 1974). Our approach has only been used again by other authors in 
recent years, with one example at country level for India, rather than regional for Europe like our 2010 
paper (Gupta et al., 2019). 

Addressing gap 3: (Taibi et al., 2018) takes the original approach of looking at how to best leverage electric 
vehicles not only to benefit the power system by providing additional flexibility but also as a way to 
increase the amount of solar and wind power that can be economically integrated into the power system, 
effectively decarbonising both power and transport at once. The paper also developed a policy-relevant 
country-specific application, which can be used to derive a blueprint for more general application, as 
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illustrated in (IRENA, 2019d). Additionally, the paper outlines the first-of-its-kind methodology to assess 
reliability impacts of electric vehicles depending on the different charging strategies adopted. 

Addressing gap 4: (Taibi et al., 2016a) discusses in detail a methodology for linking fundamentally 
different types of models like capacity and dispatch optimisation with grid models that can assess issues 
such as dynamic power system stability. This methodology can be used to develop studies – like the one 
developed for Samoa – which can provide a validation of the results of power system studies focused on 
integrating large shares of solar and wind. In particular, results are not only economically optimal in face 
of constraints to the dispatch, but also describing a system that remains stable in a variety of challenging 
operational scenarios and contingencies. To test the methodology using real data, we applied it in a real 
case study where actual data were used for capacity expansion, dispatch and stability modelling using 
two different tools (HOMER for capacity and dispatch optimization and PowerFactory for the grid 
simulation model). The recommendations of this study have been received by the power utility company 
of Samoa, EPC, which procured a battery in line with the recommendations made in this study to ensure 
reliable operations of their power system (Samoa Observer, 2018). 

After our paper was released, good new approaches were discussed in how to incorporate technical grid 
constraints into optimisation-based power system models (Collins et al., 2017b), which is especially 
relevant as it is often impractical to develop detailed technical network models for continental or global 
scale, unlike for small islands. Our paper filled in both a methodological gap on soft linking power system 
optimisation models with electrical simulation models, as well as a country-specific gap, whereby power 
system studies for Samoa are almost absent in literature (Taema Imo-Seuoti et al., 2010). A recent IRENA 
report also builds on the methodology presented in this paper to provide a blueprint for such soft-linked 
studies that include both optimization and grid simulation modes, with a particular focus on small isolated 
power systems (IRENA, 2018b). 

Addressing gap 5: (Taibi, submitted) describes a global power system model that performs integer unit 
commitment and economic dispatch for a Paris-compliant 2050 scenario based on IRENA’s REmap (IRENA, 
2019a). The model is based on a well-established global scenario which has explicit consideration of 
multiple sources of flexibility and assesses the operability of such system with detailed representation of 
each source of flexibility, taking it down to hourly optimization. By doing so, the paper shows that such 
an ambitious scenario, with 86% renewable share in electricity, is technically viable. The model is broken 
down in 28 regions, in line with the IRENA disaggregation which models each G20 country individually 
and aggregates the remaining countries in each region. This paper shows that an optimal dispatch of all 
sources of flexibility in the power system is compatible with a reliable and affordable power system. The 
main sources of flexibility modelled are: 

- thermal generation and hydropower, with standard characteristics (no assumption of highly
flexible generators). Ramping rates, minimum operating levels and start-up times are all
considered as technical constraints

- battery storage (split into utility-scale and distributed)
- electric vehicles (split into smart charging and vehicles capable of feeding back electricity into the

power system – so-called V2G)
- demand response, capable of shifting demand by increasing it and decreasing it later or vice-

versa, responding to price signals
- Interconnection, based on 2015 aggregated capacity, slightly incremented in two regions to

facilitate balancing in regions where a plan for increased interconnection exist (e.g. the ten-year
network development plan of ENTSO-E for Europe (ENTSO-E and ENTSO-G, 2018)) or where it
might be of particular value, based on the shadow price of existing interconnector (i.e. in the
MENA region and in North America).
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This paper shows how such a Paris-compliant power system would operate, creating confidence that 
such ambitious yet necessary transformation is not only economically viable but also technically 
sound. 

Addressing gap 6: (Taibi et al., 2016b) proposes a regional framework for better allocation of 
development finance and accelerated renewable electricity deployment in the Pacific. We started by 
assessing the present allocation of development finance for energy in the Pacific using statistics for SIDS 
(OECD), to better understand how this could be made more effective for addressing the needs in the 
region. This paper draws on a mix of theory of technology cooperation, ODA statistics and hands-on 
experience in working with energy policy makers in the region in identifying sub-optimal allocation of 
ODA and develop recommendations for a more effective allocation, for the institutional framework to 
become a facilitator for private sector participation in the transformation of the electricity sector in the 
region through the cost-effective deployment of renewable power. The paper was published on the 
special section of the Energy Policy journal on SIDS, together with other relevant papers on the policy 
framework for renewables in SIDS, and it was the only paper specifically focusing on the Pacific. 

Addressing gap 7: (Taliotis, Taibi et al., 2017) highlighted some of the potential pathways for accelerating 
the deployment of renewables while minimizing total system cost for electricity supply and fed into the 
policy framework of the country, while at the same time filling in a significant literature gap. This paper 
focused on a concrete policy-relevant set of scenarios, developed as part of the national energy 
roadmap of Cyprus, for which I was the project lead. The paper used a well-established long-term energy 
planning software, MESSAGE, to develop optimal power sector investment pathways for six different 
scenarios defined together with key policy makers in the Ministry of Energy, Commerce, Industry and 
Tourism of Cyprus. The different scenarios helped in exploring the optimal outcomes under different 
uncertain external factors affecting the energy future of Cyprus.  

The supply optimization paper was complemented by a demand forecast study, the first that used 
detailed data on energy use from national surveys for Cyprus (Zachariadis and Taibi, 2015). The study 
looked at demand evolution under different circumstances, with a particular focus on the role that energy 
efficiency can play in reducing electricity demand by adopting best-in-class technologies for buildings. 
This was possible thanks to the data from the survey, which gives a benchmark for the starting point in 
energy efficiency and helps in estimating the potential for energy efficiency improvements.  

The combination of the two studies filled in a significant literature gap in the power sector of Cyprus, 
making publicly available policy-relevant information about the characterization of demand and the 
matching optimal evolution of the power sector, which fed into the policy framework for Cyprus (IRENA, 
2015b). 

 

OOverview of attached papers 

Focus 1: Decarbonising industry 

1. Taibi, E., Gielen, D., Bazilian, M., 2012. The potential for renewable energy in industrial 
applications. Renewable and Sustainable Energy Reviews 16, 735–744. 
https://doi.org/10.1016/j.rser.2011.08.039  
 

The first piece of analysis was developed to look at the role of renewable energy in industrial applications. 
This was developed while working at the United Nations industrial development organization (UNIDO) 
and was further published as a peer-reviewed paper on Renewable and Sustainable Energy Reviews in 
2012, which is the second contribution for this PhD thesis. The importance of this analysis was in filling a 
gap in literature about options that exist beyond electrification of industrial sectors, looking at the role 
that renewable energy can play in the decarbonisation of the manufacturing sector. In particular, different 
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temperature levels calls for different solutions with biomass taking the higher temperature processes 
through different pathways (i.e. direct use of solid biomass, transformation into liquids, gas or 
torrefaction) while solar thermal and heat pumps playing an important role in decarbonising low-
temperature heat demand in industry. The paper is been widely referenced as one of the key publications 
in this area. 

 

Focus 2: Decarbonising transport 

2. Armenia, S., Baldoni, F., Falsini, D., Taibi, E., 2010. A system dynamics energy model for a 
sustainable transportation system, in: 28th International Conference of the System Dynamics 
Society. 
https://www.researchgate.net/publication/257920548_A_System_Dynamics_Energy_Model_f
or_a_Sustainable_Transportation_System  

The next paper presented for this PhD uses the system dynamics modelling methodology, and it is focused 
on the passenger car transportation sector. I modelled the entire European passenger car stock looking 
at different structural changes such as the shift from gasoline to diesel, the development of biofuels and 
the impact of the combination of different trends on the demand for different fuels. It was of particular 
relevance as at that time European mandates on biofuels were developed and subsequently adopted, 
and this model informed the board of directors of Eni on the possible impact of such trends on the 
demand for gasoline, diesel, LPG and biofuels that should be expected. An article describing this model 
was peer-reviewed and presented as part of the system dynamics conference proceedings in 2010.  

 

3. Taibi, E., Fernandez del Valle, C., Howells, M. 2018 “Strategies for solar and wind integration 

by leveraging flexibility from electric vehicles: The Barbados case study”, Energy 164, 65-78 
https://doi.org/10.1016/j.energy.2018.08.196 

The next paper presented for this PhD under focus area 2 takes a fresh look at new options to decarbonise 
passenger vehicles. Compared to the discussions that were taking place up until 2010, when the previous 
paper was published, the landscape for passenger car decarbonisation changed significantly. In addition 
to biofuels, battery electric vehicles emerged as a very important pathway for decarbonising the 
passenger car sector. This additional analysis requires a more detailed representation of the power 
system, to capture the significant interactions between different electric vehicle charging strategies and 
the power system. Different strategies can have a widely different impact – from very positive to very 
negative - for power system operations cost and reliability. This paper has been accepted and presented 
at the very first Electromobility Integration Workshop in 2017. An expanded and further improved version 
of the paper is currently under peer review for a journal. The paper relies on state-of-the-art power 
system production cost modelling tools to look at impacts of deployment of passenger cars, with a focus 
on the island country of Barbados, and suggested strategies for maximising the benefits of such 
deployment. 

 

Focus 3: Transforming the power sector through rapid deployment of solar and wind 

4. Taibi, E., Gafaro, F., Portugal, I., Journeay-Kaler, P., Fernandez, F., Gomez, J., 2018 “Linking 
Technical Grid Integration Studies with   Long-Term Techno-Economic Planning Studies for 
Isolated Power Grids - Methodological Issues Meet Practical Experience in Small Islands”, 
Solar Integration Workshop, 2016 
https://www.researchgate.net/publication/325425813_Linking_Technical_Grid_Integration_S
tudies_with_Long-Term_Techno-
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Economic_Planning_Studies_for_Isolated_Power_Grids_Methodological_Issues_Meet_Pract
ical_Experience_in_Small_Islands  

Moving to the power sector (focus 3), the first of two papers aims at improving the mapping of the 
interaction between different power systems studies, from long-term capacity expansion, to hourly and 
sub-hourly dispatch, all the way down to looking at frequency and voltage stability. This paper focuses on 
the linkages between the different power system studies, describing the soft linking of different models 
at different time scales. This methodology is applied by taking as an example a real case where the authors 
assisted a country in planning for the transition to renewable energy future and identify technical 
measures to ensure operability of the power system with large shares of solar and wind. The paper has 
been peer-reviewed, accepted and presented in the Solar Integration Workshop in 2016 by the author of 
this thesis. 

5. Taibi, E. 2020 (submitted) “The role of flexibility in achieving a Paris-compatible power system in 2050” 
forthcoming 

The most recent paper for this PhD is taking a global look at the power sector, having now a global climate 
agreement in place and various scenarios for the energy sector that translate climate targets into power 
generation mix. This power generation mix has been used, together with all sources of flexibility, to assess 
the feasibility of operating such a high-renewable power system globally. Taking a fresh look at technical 
constraints as well as flexibility sources allows for a radically different power system operation pattern to 
emerge, with sector coupling options such as electric vehicles and hydrogen not only being useful to 
decarbonise transport and industry, but also to make the power system operable, reliable and cost-
effective. This paper concludes a research journey that spanned most energy sectors with multiple 
methodologies and geographical scales. From individual countries to regional frameworks, to global 
analysis, all sectors and geographical scopes have to be tackled with appropriate tools, if we want to see 
the necessary acceleration in renewables deployment that can bring CO2 emissions from the energy 
sector on track to meet the objectives of the Paris agreement. It is feasible in all sectors, more affordable 
in some than others, but yet significantly cheaper than bearing the costs of adaptation to a world well 
beyond 2 degrees. 

 

6. Focus 4: The institutional framework for accelerated renewable energy deploymentTaibi, E., 

Gualberti, G., Bazilian, M., Gielen, D., 2016. A framework for technology cooperation to 
accelerate the deployment of renewable energy in Pacific Island Countries. Energy Policy 98, 
778–790. https://doi.org/10.1016/j.enpol.2016.03.009 

Moving to the last focus area, the first of the two papers looked at the enabling conditions for renewable 
energy to be deployed and focuses on the small island developing states as frontrunners in the transition 
to renewable energy. The paper looks at different aspects that may represent barriers or enablers for 
renewable energy deployment, to underline the important role of that institutional framework and 
market conditions can play in facilitating the transition towards a renewable energy future. This was 
published in Energy Policy at the beginning of 2016, and also represents an important contribution to this 
PhD thesis, as often the most cost-effective integration measures for renewable energy are no-cost 
measures to improve the institutional framework, market setting and operational practices for the power 
sector. Investments in new infrastructure should take place once the best use of existing infrastructure is 
made by removing institutional, market and operational barriers.   

 

7. Taliotis, C., Taibi, E., Howells, M., Rogner, H., Bazilian, M., Welsch, M., 2017. Renewable 
energy technology integration for the island of Cyprus: A cost-optimization approach. Energy 
137, 31–41. https://doi.org/10.1016/j.energy.2017.07.015 

This paper looks at the key policy scenarios for Cyprus and performs a quantitative analysis of supply 
options, with a strong focus on the role of renewable energy in electricity generation. This was developed 
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for the Republic of Cyprus based on a long-term capacity expansion optimisation that looks at options for 
reduction of the total system cost for power generation in Cyprus, with a strong focus on renewable 
energy deployment in the power sector. This has been developed jointly with the demand analysis 
(Zachariadis and Taibi, 2015). This paper is also connected to a set of subsequent technical studies: in 
particular, a power system dispatch analysis and a grid integration study, both developed by the Joint 
Research Centre of the European Commission. The long-term capacity expansion plan was further 
published in 2017 in the peer review journal “Energy” and is the next contribution to the PhD thesis. 

 

1.5 Geographical scope 
 

This thesis addressed gaps in 1. Methods 2. Application 3. Datasets 4. Impact. While methods are 
mostly global in nature, their application requires a well-defined geographical scope. The same 
is true for datasets, which are rarely global, yet more detailed as the geographical scope is 
narrowed. The impact can be at all scales, but most likely achieved when policies and regulations 
are adjusted at the national level, the regional level at best (where applicable). A balance 
between global applicability and impact at the national level has been sought in this thesis, with 
applications to different sectors and at all geographical scales, from national to global. 
 

All the papers presented in this thesis are targeted at informing policy makers. The main criterion 
for selecting both the topic and the geographical scope was its policy relevance in addressing a 
subject under discussion in the energy policy community or in a specific country or region, and 
provide insights that can be used to accelerated deployment of renewable energy. The national-
level papers were developed working closely with key national decision makers in Barbados, 
Cyprus and Samoa. The regional paper was developed while working for the lead regional 
intergovernmental organisation for energy (SPC). The global papers, while working for the global 
intergovernmental agencies responsible respectively for industry (UNIDO) and renewable energy 
(IRENA). 

 
 
Global scope 
Due to globalisation, industry has a global dimension in many sub-sectors. This was the rationale 
for having a global scope in the assessment of the potential for renewable energy in industrial 
applications. Today renewable options for industry are being expanded from bioenergy, solar 
thermal and heat pumps to incorporate hydrogen from renewables (Gielen et al., 2020; IRENA, 
2019e), which may have significant impacts on location and competitiveness of industry at the 
global scale, impacts that are difficult to capture performing national-level analysis. 
As the Paris agreement has significant implications for the power sector, a global perspective on 
how such a low-carbon global power system would work was necessary. In this thesis, we present 
one of the first global power system models to explicitly account for operational constraints and 
how these are satisfied beyond national borders through the use of interconnection, in addition 
to domestic sources of flexibility. 
 
Regional scope 
For the Pacific institutional framework, a large body of literature on renewable potential and 
competitiveness exists, yet most of the deployment was supported through development 
finance, with little evidence of destination, effectiveness, leverage (i.e. focus on grant-funded PV 
systems) of development finance 
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The main regional gap was the lack of a framework that not only looked at potential but also at 
the mean to tap into it at scale, starting from more effective use of development finance in the 
region 
 
At European level, where literature is abundant, the passenger car industry was facing a double 
transformation: gasoline cars were being replaced by diesel car, reducing CO2 emissions faster 
than by simply increasing efficiency over time, and part of the fossil fuels were replaced with 
biofuels through mandates, This led to the development of a model that can support a better 
understanding of where biofuels will be most needed, in which type (e.g. replacing gasoline or 
diesel) and quantity. Today one more transition is ongoing for passenger cars, with the rapid 
introduction of battery-electric vehicles, as presented in the national analysis for Barbados, which 
not only link the evolution of the car stock to the fuel demand, but also to the development of 
the power sector and the procurement of the necessary flexibility. 
 
National scope 
If policy impact is the main objective, the analysis needs to be translated at the national level. 
The work presented in this thesis focused in many cases on a gap identified while working with a 
national government (i.e. Samoa, Barbados, Cyprus). 
In the global and regional analysis, I used national datasets wherever available, either aggregated 
by region (e.g. for industry) or left at the national level (i.e. for the Pacific and for Europe), or a 
mix of the two (e.g. for the global power system model, where G20 countries are detailed at the 
national level and other countries aggregated by region).  
 

A summary of the geographic scope chosen in addressing literature gaps for each focus area is presented 
in Table 2 

 

Table 2 - mapping of literature gaps by geographic scope 

Focus area Literature gap Geographic 
scope 

Rationale 

Focus 1: 
Decarbonising 
industry 

Gap 1: renewable 
energy potential for 
process heat in 
industry 

Global Manufacturing/Industry. The geographical 
scope has been set as global, as for many 
industrial sectors the market is global, therefore 
solutions have to be applied internationally to 
avoid carbon leakage and efficiently allocate 
limited biomass resources. 

Focus 2: 
Decarbonising 
transport 
 

Gap 2: a system 
dynamics model for 
the European 
passenger cars 
sector and its fuel 
demand 

Europe (16 
individual 
countries) 

Road transportation (passenger vehicles). The 
geographical scope has been chosen for two 
primary reasons: 1) increasingly the approach 
to emissions and decarbonisation of passenger 
vehicles in Europe has been regional, with the 
European Commission drafting key regulations 
(e.g. Euro 1-6) and setting mandates (e.g. 
biofuels) 2) Availability of consistent and 
comprehensive datasets is scarce, with the 
largest European economies having 
significantly more data than other countries, 
especially outside of OECD. 
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Gap 3: electric 
vehicles’ role in 
facilitating the 
integration of solar 
and wind power in 
islands 

National 
(Barbados) 

Power sector and transportation sector 
(passenger cars) through sector coupling. The 
geographical scope has been set to Barbados as 
one of the first countries in the world to 
explicitly link electromobility with the 
aggressive power sector transformation policy 
targets, now set at 100% renewable energy by 
2030. This work is both a contribution to the 
establishment of a national framework as well 
as to a blueprint for jointly transitioning power 
and transport towards renewables. 

Focus 3: 
Transforming 
the power 
sector through 
rapid 
deployment of 
variable 
renewable 
energy 

Gap 4: a 
methodology for 
soft-linking 
capacity and 
dispatch 
optimization 
studies with grid 
stability studies and 
application to 
Samoa 

National 
(Samoa) and 
global 
(methodology) 

The methodology is global in nature, although 
more tailored to the challenges of small power 
systems. Samoa has been chosen as case study 
given its extremely rapid power sector 
transformation, which somehow outpaced the 
necessary adjustments to the institutional 
framework and the planning studies. For this 
reason, it represented a relevant and impactful 
case, as the results of the recommendations 
coming from this work have been applied right 
away to address the challenges predicted in the 
study and shortly after already experienced in 
power system operations. 

Gap 5: a global 
Paris-compliant 
power system 
model accounting 
for operational 
constraints  

Global Power sector, incl. EVs charging and hydrogen 
production. As the power sector changes its 
structure rapidly across the world, the need for 
leveraging all sources of power system 
flexibility becomes significant and difficult to 
assess without a formal model. The assumption 
that relying on the neighbouring countries to 
support the operation of the power systems is 
also in need for testing though modelling, 
showing how many interconnected power 
systems, heavily reliant on solar and wind 
generation, can operate and exchange 
efficiently energy and services, demonstrating 
how such a Paris-compliant global power 
system would be operating from a technical and 
economic perspective.  

Focus 4: 
The 
institutional 
framework for 
accelerated 
renewable 
energy 
deployment 

Gap 6: a regional 
framework for 
renewable energy 
deployment for the 
Pacific 

Regional 
(Pacific) 

Institutional frameworks and often national in 
nature, with limited examples of regional 
frameworks effectively implemented for the 
energy sector. The European Union has been 
working on such frameworks for decades, with 
large bodies of literature produced on the 
subject. Other regions like the Pacific have 
started such efforts (e.g. through the Framework 
for Action on Energy Security in the Pacific – 
FAESP), however with no academic literature 
on the subject. 
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modelling approaches have been used. Sector coupling between power and EVs has been modelled in 
detail, looking at the deployment of EV and the impact on power system planning and operation, linking 
focus 2 and 3. The Pacific regional framework provides recommendations on the institutional setup for 
an effective enabling environment for RE deployment, with a particular angle on the power sector (linking 
focus 4 with focus 3).  

 

Figure 6 - global energy balance 2017 (Source: IEA, 2019) 

 

Figure 6 shows current energy flows, from primary to final energy, accounting for all transformations. As 
it is evident, the key consumption sectors are industry and transport (note: other includes mainly 
buildings), while the largest transformation sector is power. The Sankey diagram above also shows how 
electricity plays a significant role already in industry and „other“, while only marginal in transport, 
comparable to that of bioenergy. This thesis discusses individually these two consumption sectors 
(industry and transport, focus 1 and 2) and the key transformation sector (power, focus 3), using carefully-
selected methodologies to study each of the three. In particular, the objective is to scale up the use of 
renewable energy in power to decarbonise electricity, using largely bioenergy for industry2 and a 
combination of both for transport. 

Buildings are not a focus area in this work, as to a large extent increased electrification combined with 
the decarbonisation of power will reduce most of the emissions from the building sector. For the 
remaining emissions, a combination of biomass, solar thermal and, to a lesser extent, geothermal energy 
can complete the decarbonisation. However, the main challenge in buildings remains energy efficiency, 
which is outside of the scope of this thesis. 

Finally, a conducive institutional framework is necessary for delivering the transformation outlined in 
industry, transport and power. 

This chapter is split into two parts. Part 2.1 discusses the different methods used in each focus area. Part 
2.2 discusses the different methodologies used for the various pieces of analysis. 

 

 

                                                           
2 with some additional contribution from direct solar heat in industry 
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2.2 Choosing the right tool for each task 
 

As mentioned at the beginning of this chapter, this thesis uses a variety of methodologies to try to best 
address the research questions in each of the sectors under analysis. This is a common practice in science 
(Gilbert et al., 1998), although not often adopted due to the challenges for an individual analyst to master 
multiple methodologies. This often leads to the opposite problem, summarised by the so-called 
“Maslow’s Hammer”, from the psychologist Abraham Maslow, who stated that “I suppose it is tempting, 
if the only tool you have is a hammer, to treat everything as if it were a nail." (Maslow, 1966). 

The majority of the modelling approaches used to fill-in literature gaps in this thesis are based on 
optimization methods (2.2.1), either focused on the long term, multi-year planning of the optimal 
evolution of the power system or annual optimisation of the economic dispatch of fixed generation 
capacity at hourly or sub-hourly resolution. However, for some of the literature gaps, this was not the 
right approach. 

To assess the potential for renewable energy for process heat in industry it is necessary to have an 
understanding of the individual industrial processes, their temperature level and the potential for 
different renewable energy resources to replace fossil fuels in such processes. This led to an accounting 
framework approach (2.2.3) that, starting from the sectoral energy use and the different temperature 
levels required by each sector, identified the total amount of renewable heat potentially available for 
each region and sector at different temperature levels and matched it with the availability of biomass (in 
particular for higher temperatures and for materials), direct solar irradiance (for concentrated solar 
thermal) as well as global horizontal irradiance (for low temperature solar thermal). While this could 
potentially be done with an energy system model based on optimisation, the idea was to separately assess 
the potential for renewable heat and the demand for heat at different temperature levels, coming up 
with a bottom-up assessment of the potential, not an optimisation problem but rather an accounting one, 
although complex. 

For the Pacific, the literature gap was both on understanding the destination of the flows of Overseas 
Development Assistance to the region in the various parts of the energy sector – which is based on a 
statistical analysis of ODA databases – as well as on a solid understanding of the current policy frameworks 
and their gaps – which was filled in based on detailed surveys and discussions with policy makers in most 
countries of the region. The assessment of the mismatch between areas that require additional effort and 
the status of ODA flows – namely, inadequate institutional frameworks not aligned with ODA being 
focused on hardware – allowed for the development of a comprehensive policy framework to improve 
the situation in the region on renewable energy deployment readiness, as well as the expected 
effectiveness of ODA. Tools such as questionnaires and data analysis were used, with optimisation 
providing little value-added. 

Finally, to understand how the structure of the passenger car stock and its evolution affects the demand 
for energy and how it is broken down by fuel, a methodology able to capture the non-linear dynamics of 
different transitions was necessary. The system dynamics methodology (2.2.2) was initially developed to 
capture the dynamics of global change, and it has been applied for the first time to the passenger cars 
sector. For this thesis, it has been utilised to capture the complex interactions of policies and decisions in 
a non-linear transition process, better captured by a simulation model based on integral equations (i.e. 
integrating flows into stocks over time) rather than optimising the evolution of the passenger car sector, 
as it does not necessarily evolve based on the optimal pathway but based on its structure and consumer 
preferences. A complementary approach could have been to use agent-based modelling to capture 
consumer behaviour and system dynamics to capture the structural evolution of the system, placing 
agents into an environment whose dynamics is defined by a system dynamics structure, as illustrated in 
(Swinerd and McNaught, 2014).  



38 

While certain sectors have strong incentives to pursue cost minimization – therefore well suited for the 
use of optimisation methods and tools – other sectors evolved based on their structure, as determined 
by nature, economics and policies. For those sectors, optimisation might not replicate the past behaviour 
adequately, therefore other approaches like system dynamics might be more appropriate. While 
optimisation models allow devising optimal pathways for different scenarios, for policy makers’ 
consideration, system dynamics models allow building so-called “decision support systems” that allow 
policy makers to test the impact of different policies under consideration, in particular their potential 
unintended consequences (Sterman, 2014; Sterman et al., 2013). Finally, not everything requires to be 
optimised or simulated, especially in the domain of institutional framework design, where interviews and 
questionnaires with decision-makers are a fundamental tool to understand how the frameworks are 
currently set up, possibly why they are set up in such way, and ultimately how they can be improved. 

Table 3 - Methodologies applied for each focus area 

Focus area Paper title Methodology/tool 

Focus 1: 
Decarbonising 
industry 

The potential for renewable energy in 
industrial applications 

Accounting frameworks. 
Logistic Substitution/IIASA 
LSM II. Supply cost curves. 
Learning curves. 

Focus 2: 
Decarbonising 
transport 

A system dynamics energy model for a 
sustainable transportation system 3 

System 
dynamics/Powersim. 

Strategies for solar and wind integration by 
leveraging flexibility from electric vehicles: 
The Barbados case study 

Optimisation, power system 
dispatch/PLEXOS. 

Focus 3: 
Transforming the 
power sector 
through rapid 
deployment of 
variable 
renewable energy 

The role of flexibility in achieving a Paris-
compatible power system in 2050 

Optimisation, power system 
dispatch/PLEXOS. 

Linking Technical Grid Integration Studies 
with   Long-Term Techno-Economic Planning 
Studies for Isolated Power Grids - 
Methodological Issues Meet Practical 
Experience in Small Islands 

Optimisation, optimal 
system configuration and 
power system 
dispatch/HOMER Pro. Static 
and dynamic network 
study/PowerFactory. 

Focus 4: 
The institutional 
framework for 
accelerated 
renewable energy 
deployment 

A framework for technology cooperation to 
accelerate the deployment of renewable 
energy in Pacific Island Countries 

Policy analysis based on 
indicators from multiple 
sources and ODA flows data. 

Renewable energy technology integration for 
the island of Cyprus: A cost-optimization 
approach 

Optimisation, capacity 
expansion/MESSAGE. 

3 Although not the first author for this paper, as authors were listed simply in alphabetical order, I was the person that developed the model, 
from the idea to the fully-functional system dynamics model used by an international oil company to forecast fuels’ demand (incl. biofuels) for 
Europe. 
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3. Results

The work in this PhD focuses on the deployment of renewable energy in key sectors: electricity 
generation, transport and industry. For each sector, different modelling approaches have been used, to 
best represent the specificities of renewable energy in that sector. As a cross-cutting theme, the 
institutional framework for the deployment of renewables has been analysed to come up with proposals 
for a more conducive set up for accelerated renewable energy deployment. 

Different system boundaries have been used depending on the research question. As the main sectoral 
boundary is defined as per focus area, cross-sectoral connections are becoming more frequent in the 
energy transition. In particular, the boundary between the electricity sector and end-use sector is getting 
further blurred. Although the analysis presented here on industry focuses on process heat from 
renewables, heat pumps are already connecting industry with the power sector. Additionally, the multiple 
references to the growing importance of green hydrogen for industry are making a strong link to the 
power sector, as the production of hydrogen from renewable power to decarbonise industry has major 
implications for the power sector (IRENA, 2019e; REcharge news, 2020). Similarly, the connection 
between transport and power has been historically limited to electrified trains and trams. With the rapid 
rise of battery electric vehicles, this is changing. As the focus for the transport analysis here presented is 
on passenger cars, the importance of the connection between power sector and passenger car sector is 
particularly important, as discussed in detail in (Taibi et al., 2018). Finally, the institutional framework for 
renewables discussed in this thesis covers all sectors.  

Table 5 - Table of academic contributions presents, for each paper, its contribution to science in terms of 
methods, application, datasets and impact (MADI). Although the overall goal of my work has been to 
achieve impact through policy change, each paper made contributions also in terms of methods, as well 
as application and associated new datasets made available. This will be discussed in more detail in the 
concluding chapter of this thesis, while this chapter aims at presenting some of the key results and how 
they addressed the literature gaps. A summary of the results organised by focus area and literature gap 
is presented in Table 4. 

Table 4 - summary of literature contributions to address the gaps 

Focus area Literature gap Paper to address the gap How the gap was addressed 
Focus 1: 
Decarbonising 
industry 

Gap 1: 
renewable 
energy 
potential for 
process heat 
in industry 

Taibi, E., Gielen, D., Bazilian, M., 2012. 
The potential for renewable energy in 
industrial applications. Renewable and 
Sustainable Energy Reviews 16, 735–
744. 
https://doi.org/10.1016/j.rser.2011.08.
039 

Developed the first global 
assessment of the potential 
for direct use of renewable 
energy in process heat for 
industry 

Focus 2: 
Decarbonising 
transport 

Gap 2: a 
system 
dynamics 
model for the 
European 
passenger 
cars sector 
and its fuel 
demand 

Armenia, S., Baldoni, F., Falsini, D., Taibi, 
E., 2010. A system dynamics energy 
model for a sustainable transportation 
system, in: 28th International 
Conference of the System Dynamics 
Society. 
https://www.researchgate.net/publicat
ion/257920548_A_System_Dynamics_E

Developed the first system 
dynamics model for 
passenger cars at European 
level, using the model to 
estimate the impact of the 
ongoing transitions in the 
transport sector, as well as 
the possible policies under 
consideration, on the 
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nergy_Model_for_a_Sustainable_Trans
portation_System   

consumption of fuels. A 
particular focus was given to 
biofuels. 

Gap 3: electric 
vehicles’ role 
in facilitating 
the 
integration of 
solar and wind 
power in 
islands 

Taibi, E., Fernandez del Valle, C., 
Howells, M. 2018 “Strategies for solar 
and wind integration by leveraging 
flexibility from electric vehicles: The 
Barbados case study”, Energy 164, 65-
78 
https://doi.org/10.1016/j.energy.2018.
08.196 

Developed the first 
roadmap for a country that 
explicitly takes into account 
electric vehicles as a source 
of flexibility for the power 
system, helping to integrate 
solar and wind and 
increasing system reliability. 
Different charging strategies 
have been assessed to 
highlight the value of smart 
charging and V2G. 

Focus 3: 
Transforming 
the power 
sector through 
rapid 
deployment of 
solar and wind 

Gap 4: a 
methodology 
for soft-
linking 
capacity and 
dispatch 
optimization 
studies with 
grid stability 
studies and 
application to 
Samoa 

Taibi, E., Gafaro, F., Portugal, I., 
Journeay-Kaler, P., Fernandez, F., 
Gomez, J., 2016 “Linking Technical Grid 
Integration Studies with   Long-Term 
Techno-Economic Planning Studies for 
Isolated Power Grids - Methodological 
Issues Meet Practical Experience in 
Small Islands”, Solar Integration 
Workshop, 2016 
https://www.researchgate.net/publicat
ion/325425813_Linking_Technical_Grid
_Integration_Studies_with_Long-
Term_Techno-
Economic_Planning_Studies_for_Isolat
ed_Power_Grids_Methodological_Issu
es_Meet_Practical_Experience_in_Sma
ll_Islands 

Developed a formal soft-
linking methodology 
between power system 
dispatch optimisation 
models and electrical model 
that account for issues like 
stability. 

Gap 5: a global 
Paris-
compliant 
power system 
model 
accounting for 
operational 
constraints  

Taibi, E. 2020. “The role of flexibility in 
achieving a Paris-compatible power 
system in 2050” (submitted) 
 

Developed a global power 
system dispatch model 
based on a Paris-compliant 
scenario, looking in detail at 
operational constraints and 
the role of different sources 
of flexibility, including sector 
coupling (power to 
hydrogen and EVs) 

Focus 4: 
The 
institutional 
framework for 
accelerated 
renewable 
energy 
deployment 

Gap 6: a 
regional 
framework for 
renewable 
energy 
deployment 
for the Pacific 

Taibi, E., Gualberti, G., Bazilian, M., 
Gielen, D., 2016. A framework for 
technology cooperation to accelerate 
the deployment of renewable energy in 
Pacific Island Countries. Energy Policy 
98, 778–790. 
https://doi.org/10.1016/j.enpol.2016.0
3.009 
 

Developed the first regional 
framework for the Pacific 
aimed at improving the 
institutional framework for 
renewables development 
and provide 
recommendations to policy 
makers as well as 
development partners on 
how to increase the 
effectiveness of 
development finance to the 
region. 
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Gap 7: a 
national 
roadmap for 
the power 
sector of 
Cyprus 

Taliotis, C., Taibi, E., Howells, M., 
Rogner, H., Bazilian, M., Welsch, M., 
2017. Renewable energy technology 
integration for the island of Cyprus: A 
cost-optimization approach. Energy 
137, 31–41. 
https://doi.org/10.1016/j.energy.2017.
07.015 
 

Developed the national 
energy roadmap for Cyprus, 
together with the 
government and key 
stakeholders. This analysis 
fed into the institutional 
framework for renewable 
energy in the country by 
providing inputs for the 
national renewable energy 
action plan as well as for the 
revision of the policies for 
solar PV promotion (e.g. 
moving from net metering 
to net billing). 

 
 

3.1 Focus 1: key results on the decarbonisation of industry 
 
Gap 1: renewable energy potential for process heat in industry  
 Decarbonising process heat is a significant challenge, as especially energy-intensive industry has 
been relying for decades on the cheapest available sources of energy to maximise its 
competitiveness. This has resulted in industrial processes designed around cheap fuels such as 
coal and petroleum coke, even spent tires (for cement). This has led to high carbon intensity of 
heavy industry. Solutions for other industrial sectors exist, yet very limited in deployment (e.g. 
solar thermal and heat pumps), however for heavy industry, which requires often high 
temperatures, biomass is the only technically-viable option that has seen some deployment to 
date, including for materials and processes that require carbon.  
 
Limited potential for sustainable biomass and often significant cost gap limit the potential for 
biomass in industrial applications, although it remains significant at ca. 50 EJ as shown in Figure 
16. The figure is the result of a global analysis, by region and by industry sub-sector, that looks at 
biomass potential at the global level and defines a certain amount of cost-competitive biomass 
potential by manufacturing sector for feedstock and high-temperature process heat. This is likely 
to be complemented by green hydrogen and its derivatives, in a Paris-compliant world (IRENA, 
2018a). For medium-temperature heat, concentrated solar thermal has the potential to help 
decarbonise industry in regions where the concentrated solar resource (i.e. Direct normal 
Irradiance or DNI) is enough for the economic viability of the technology. For low-temperature 
heat, heat pumps and solar thermal have good potential in many regions.  
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effective, it also requires a change of processes that translates into important investments in 
some of the more energy-intensive sectors. Where direct electrification is not technically viable, 
green hydrogen and its derivatives (e.g. green ammonia, green methanol, green synthetic natural 
gas) are the only remaining technically viable carbon-neutral options to decarbonise heavy 
industry, in addition to biomass. The main challenge is the significant cost gap between green 
hydrogen and currently used fuels in heavy industry. However, a rapid scale-up is in the plans of 
an increasing number of countries, with significant cost reductions expected in the next 5-10 
years (IRENA, 2019b).   
 
The analysis presented addresses Research question 1: What is the global potential for direct 
use of renewable energy for industrial process heat? by better qualifying and quantifying the 
potential role of renewable energy in providing process heat in industry, looking at each region 
and sub-sector and matching it with the potential for renewable heat production by 
temperature level in each region. This has been answered at the global level, using as key 
technologies solar thermal, heat pumps and biomass. 
 

3.2 Focus 2: key results on the decarbonisation of transport 
 
Decarbonisation of transport requires a combination of increased efficiency and renewable fuels. 
The focus of this thesis is on passenger cars, because of their importance in absolute terms for 
transport emissions, the complexity of determining the evolution of consumer preference on the 
selection of vehicles and their usage, as well as the several transitions ongoing: tighter efficiency 
standards offset by increasing weight, fuels switch from gasoline to diesel, and the emergence of 
mandates for biofuels. 
To these, a new technology transition is now starting, from internal combustion engines running 
on gasoline and diesel to battery electric vehicles that store electricity in batteries and use it to 
run (highly efficient) electric motors. EVs present an opportunity to link the transport sector to 
the power sector and provide additional flexibility to accelerate deployment of renewables in the 
power sector, decarbonising power and transport jointly. 
 
Gap 2: a system dynamics model for the European passenger cars sector and its fuel demand 
 
The switch from gasoline to diesel was estimated to reduce overall CO2 emission in face of the 
increase in transportation demand overall. The model correctly forecasted this trend, which 
jointly with biofuel mandates led to a net reduction of emissions from the passenger car sector 
which was not expected by many analysts at the time of writing the paper. Figure 18 shows the 
decrease of CO2 emissions from gasoline cars, which is a combination of increased efficiency and 
reduction of gasoline car stock due to a switch of consumer preference towards diesel, mainly 
due to the lower fuel consumption. The model correctly predicted a change in the trend of 
increasing emissions which was barely noticeable from historical data for most countries. 
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smart charging, as V2G requires more expensive chargers, more complex control systems and 
ultimately it accelerates the degradation of the battery of the EV (Ortega-Vazquez, 2014). As the 
EV battery has the primary objective to provide mobility services to the vehicle owner, the 
accelerated degradation associated with the provision of V2G services has to be offset by more 
than proportional benefits for the EV owner. In this analysis, when the increase in battery 
degradation due to V2G is taken into account, energy arbitrage is reduced by 65%. This means 
that 2/3 of the time the cost of providing energy arbitrage through V2G is higher than its value, 
therefore is a signal that V2G has to be carefully assessed in terms of cost vis-à-vis its benefits, 
before being promoted at scale. 

 

The combination of the analysis to address gap 2 and gap 3 contributes to providing answers to 
research question 2: How can EVs and biofuels contribute to the decarbonisation of the 
passenger cars sector? While the car stock moves gradually towards battery electric vehicles, 
biofuels have an important role to reduce the carbon intensity of internal combustion engines. 
In the long term, most passenger cars will be charged with renewable electricity, with the 
remaining internal combustion engines relying on a combination of biofuels and synthetic fuels 
(e.g. green hydrogen combined with carbon from biomass or from the air). The passenger car 
sector has been addressed in 16 EU countries with a focus on biofuels and in Barbados with a 
focus on EVs charged from solar and wind, replacing fuel oil in power generation. On the latter, 
the charging strategy also affected significantly the share of renewable electricity ending up in 
the EVs. 

   

3.3 Focus 3: key results on transforming the power sector through rapid deployment 
of solar and wind 
 

The power sector is the one that has shown the most progress on deployment of renewables in the 
last decade, yet it is still facing a set of challenges on technical, market, regulatory and institutional 
aspects to achieve further progress and accelerate deployment 
 
This thesis addresses the techno-economic challenges for the power sector in focus 3, covering some 
of the institutional and policy challenges under focus 4. 
 
Under focus 3, the starting point is to present a methodology to address all the key challenges by 
linking different tools and type of studies. Once the approach is defined and demonstrated with an 
application to the Pacific island country of Samoa, a close look at the dispatch of a global Paris-
compliant scenario with high technical detail and temporal resolution shows how multiple sources of 
flexibility can interact to achieve a cost-effective, low carbon and technically operable power system 
in 2050.  

 
 
Gap 4: a methodology for soft-linking capacity and dispatch optimization studies with grid 
stability studies and application to Samoa  
The methodology presented in Figure 11 has been applied to the small island developing state 
(SIDS) of Samoa. With this approach, starting from the generation capacity under procurement 
by the local power utility (step 1, the expansion plan), we looked at how such mix would operate 
and respond to contingencies such as loss of a generator, identifying challenges and solutions to 
ensure that such system would be operable (step 2, grid integration study). Once the possible 
additional investments are identified, their techno-economic performance is compared (step 3) 
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In this thesis, the last focus area takes a step back from sector-specific model-based analysis and looks at 
the enabling conditions that need to be in place at the institutional level for the deployment envisioned 
in the other focus areas to take place. 

When it comes to the institutional framework for decarbonisation of industry (Focus 1), there are two 
fundamental changes required. First of all, an increase in the use of electricity can allow for a shift from 
high-carbon fuels towards low-carbon electricity and an increase in efficiency at once. Second, changing 
processes and equipment will require a conducive framework for industry to invest in low-carbon 
technologies and get the right financing for this transition, which in many developing countries has not 
been historically the case, with the high cost of financing leading to no investment in efficient and low-
carbon technologies. A suitable financial environment needs to be in place for industry to make cost-
effective investments in climate-friendly technologies and start to decarbonise. 

When it comes to the institutional framework for decarbonisation of transport (Focus 2) and its 
relationship with power (Focus 3), some institutional elements are related to the involvement of both 
energy and transport ministries in the countries, opening a dialogue quite different from what fossil-
fuelled vehicles require. While until now the transport sector’s interest in energy has been mostly 
concerned about the availability of affordable diesel and gasoline for passenger cars, in turn providing 
revenues to the ministry of finance through the excises on fuels, this is due to change in a context where 
an increasing share of passenger cars are fuelled from electricity. In this case, the institutional linkage 
with the power market will have to be developed, also accounting for the fact that initially a loss in 
revenues should be expected from reduced sales of fossil fuels for transport. As the rationale for excises 
is to increase the efficiency of use and reduce environmental impacts from the combustion of fossil fuels, 
such a switch of passenger cars to electricity – which is produced increasingly from renewables which 
have a very low environmental impact, hence taxation – will lead to a shortfall in the government budget, 
which requires institutional adjustments. Other elements must also be considered, such as different 
electricity tariff for electric vehicles to encourage a system-friendly interaction between the transport and 
the power sector, avoiding power system adequacy challenges and increasing system flexibility instead. 

Finally, biofuels require solid sustainability criteria and monitoring and verification to ensure that they 
are indeed carbon-neutral. This is more developed in some parts of the world than others, posing a 
challenge for countries that do not have the necessary institutional setup to ensure sustainable 
production as well as establishing the necessary tracking and certification. 

Gap 6: a regional framework for renewable energy deployment for the Pacific 

in (Taibi et al., 2016b) the authors present an analysis based on the review of the policy and 
regulatory framework of Pacific island countries. The framework developed in this paper allows 
to track the current situation, assess why the existing institutional setup is not effective for 
renewable deployment in the power sector and devise recommendations for increased 
effectiveness. A selection of key indicators related to the institutional framework is presented in 
Figure 26. For instance, it appears clear that policies are in place, but the means for those to be 
implemented are lagging behind in many countries, also due to the lack of independent 
regulators.  
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4. Conclusions 
 

This thesis concludes and brings together an academic journey that spans key energy consumptions and 
transformation sectors using a variety of methodologies to best address the impacts of the energy 
transition in each sector. The role of renewable energy is key for decarbonisation of the energy sector 
currently heavily reliant on fossil fuels. As fossil fuels combustion is the primary source of anthropogenic 
greenhouse gas emissions - in particular, carbon dioxide but also methane - replacing these energy 
sources with carbon-free or carbon-neutral sources that are naturally replenished is a key pillar of a 
decarbonisation strategy to limit global average temperature growth (IPCC, 2007). In conjunction with 
energy demand reduction through energy efficiency, renewable energy can provide the same or better 
modern energy services in all sectors, without significant changes to the affordability of such services and 
creating new qualified jobs (IRENA, 2019a, 2020a). 

This thesis brings together the research performed in seven annexed papers and over a dozen of 
additional publications authored over several years, spanning multiple sectors, using different 
methodologies, but all revolving around the accelerated deployment of renewable energy and with a 
strong focus on impact and policy advise. 

Different sources of renewable energy come with different challenges when substituting fossil fuels.  

Bioenergy was the focus for the analysis of industrial process heat and biofuels in Europe, where key 
considerations are availability and competitiveness of supply, as well as sustainability criteria to ensure 
that their production and use are indeed carbon neutral or at least a significant net GHG reduction 
compared to the fossil fuels they replace (“Biofuels for Transport,” 2008). 

Geothermal energy is very site-specific and capital intensive in terms of exploration, which limits its 
potential compared to other sources (Dumas and Bartosik, 2014), therefore it is not part of the focus of 
this thesis. 

Ocean energy is still nascent in terms of technology readiness. Although the potential is theoretically vast, 
technology has been far from commercial viability at scale and currently remains limited in terms of 
economic potential (IRENA, 2014b, 2014c, 2014d), therefore being also beyond the scope of this thesis. 

Hydropower is a well-established carbon-free source of power generation. It is flexible, it often comes 
accompanied by significant energy storage in terms of gravitational energy of water stored in large 
reservoirs and has been the largest source of renewable power for over a century (Hydropower & Dams, 
2014). It is an important piece for the decarbonisation of the power sector and as such an important 
source for this thesis. 

Wind power started to become a significant new source of renewable power generation at the beginning 
of the new millennium. Differently from other power generators (except run-of-river hydro and some 
ocean energy technologies) wind is a variable renewable energy source (VRE). This means that its 
predictability is limited and rapid variations in generation output can occur. However, this can be 
managed with a combination of technologies, market design and improved operational practices 
(Holttinen et al., 2013, 2009; Huber et al., 2014; IRENA, 2018c). In addition to the well-established onshore 
wind, larger and more productive wind generators are being deployed offshore, further increasing the 
already significant potential for wind power to decarbonise the electricity system globally. How to deal 
with large shares of wind power is an important theme for this thesis, in particular under focus 3, but also 
in other areas where EVs can provide grid services to facilitate wind integration in focus 2 or where 
institutional challenges remain in some regions and countries for large scale wind deployment under 
focus 4. 
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Solar power, in particular from photovoltaic (PV) systems, is also a variable resource like wind, and has a 
very large potential in most countries and regions of the world. Seasonal variability limits the potential at 
latitudes further from the equator, however large part of the world has significant potential for solar PV. 
Integration challenges are similar to wind, with the main difference that predictability of solar is somehow 
easier as generation is concentrated during the central hours of the day and that the technology is 
extremely modular: while wind turbines keep growing in size, with a minimum size of a commercial size 
unit in the range of few MW, solar PV can be scaled from a few Watts (e.g. for solar lanterns) up to large 
parks of hundreds of MW, with each generating unit being a module of no more than a few hundreds of 
watt, composed of cells of a few Watts each. This allows to deploy solar PV in most location and for most 
applications, with range of applications expanding significantly if couples with electricity storage 
(Denholm and Margolis, 2007; IRENA, 2020b; Stenclik et al., 2018). In addition to PV, solar can also be 
used for thermal applications by capturing the heat from the sun and heating up a heat transfer medium. 
The most basic application is to heat water, e.g. for sanitary hot water production or low-temperature 
industrial processes. If direct radiation is available and is captured and concentrated using a variety of 
technologies, steam can be produced for medium temperature industrial applications. Both low and 
medium temperature applications are discussed in (Taibi et al., 2012). The same concentrating 
technologies can be used to produce steam and, in turn, electricity, through what is called Concentrated 
Solar Power (CSP) technologies. Potential is significant, although geographically constrained to regions 
with high direct irradiance and absence of clouds for large parts of the year. Although costs are still higher 
than solar PV, the possibility of storing heat for increased generation flexibility has a value that can make 
up for part of the cost differential (Denholm et al., 2011; IRENA, 2019f; Yuschenko et al., 2016). Solar 
power is a key source of renewable energy discussed in this thesis, from industrial applications in focus 1 
to integration with electric vehicles in focus 2, to specific integration challenges being assessed for the 
power sector in focus 3. Due to its different nature compared to fossil fuels, solar energy also requires 
adjustment to the institutional framework for rapid uptake in different jurisdictions, as covered in focus 
4. 

In this chapter,  the academic contributions of this thesis are summarised in terms of methods, 
applications, datasets and impact (MADI), discussing briefly the seven annexed papers before spending 
some time elaborating on the main MADI for this work, impact. Some of the limits of this thesis are briefly 
highlighted before concluding with some ideas for future work.   

The overarching conclusion of this academic journey is that decarbonising energy consumption through 
renewables is possible. However it requires significant changes in the institutional framework as well as 
in the planning for the key transformation and consumptions sectors. Several key technologies are mature 
and cost-competitive today and are expected to further drop in cost and increase in performance in the 
coming years. The potential for solar and wind is vast, yet some more challenges exist in the integration 
of these variable sources compared to hydropower, bioenergy and geothermal, which are more 
established yet with limited potential. Such challenges are well studied in literature and increasingly 
addressed in practice by system operators. However, not many national planning institutions are up to 
date with the state of the art of tools and methodologies to plan for a rapid transition to renewables in 
the power sector, even less so across all sectors. For instance, linking the power sector to the 
transportation sector through EVs requires cross-sectoral planning, which is not envisioned in the 
institutional framework of most countries. Deployment of renewables in industry requires clear long-term 
signals for industry to invest in more electrification, new and more efficient processes and new 
technologies like heat pumps and solar thermal. Biomass has a vast potential yet faces local constraints 
and often price differential with high-carbon, low-cost fossil fuels like coal, pet coke and industrial waste. 
Once the institutional framework is in place, together with the appropriate planning processes for the 
energy transition, technologies are ready and cost-competitive today. In some sectors that are harder to 
decarbonise, such as heavy industry and part of transport (i.e. shipping, aviation and freight), renewable 
fuels such as  hydrogen from renewable power and synthetic fuels derived from it hold great potential, 
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although at a significant cost premium compared to incumbent, high-carbon fuels: policy instruments to 
increase their competitiveness will be necessary to complete the decarbonisation of the energy sector. 
The challenges are there, yet they are clear and manageable with the pessimism of the intellect and the 
optimism of the will. Given the fact that where there is a will there is a way, we should remain focused 
on addressing the remaining challenges, knowing that the way is clear (and this thesis provides its modest 
contribution to further clarifying it through methods, tools, datasets and applications) and the will is 
there, ratified in the Paris agreement. 

4.1 Thesis contribution 

Table 5 - Table of academic contributions 

Focus area Paper title Novelty and key contribution 
1. Methods 2. Application 3. Datasets 4. Impact

Focus 1: 
Decarbonising 
industry 

The potential for 
renewable energy in 
industrial 
applications 

1. Multiple methodologies have been applied to account for different
technologies (i.e. LSM, supply cost curves), combining different methods
to account for the specificities of different industrial sectors (e.g. their
heat demand at different temperatures) as well as renewable resources
(e.g. the limited sustainable biomass potential) in a consistent framework
based on climate wedges

2. The application of these methodologies to a global dataset allowed for the
assessment of the potential by region for the whole world

3. The analysis was built bottom-up by industrial sector and region,
accounting for each sector’s key processes in the estimation of the
potential, e.g. by temperature level and historical data from IEA

4. The analysis has been used by a UN agency as their key set of figures to
highlight the potential that renewable energy can fulfil in industrial
applications and filled a significant literature gap, as highlighted by the
many citations

Focus 2: 
Decarbonising 
transport 

A system dynamics 
energy model for a 
sustainable 
transportation 
system5 

1. Methodological contribution related to the use of a system dynamics
model to represent the evolution of the passenger car stock and its
characteristics

2. The first application of system dynamics for treating a detail-rich
passenger car model for Europe

3. The paper made us of a large dataset (Odyssey) in a model, creating a large 
body of data on the evolution of the passenger car sector in Europe and
its implications for fuel consumption

4. The model has been used to create official demand forecasts for oil
products and biofuels by an international oil company

Strategies for solar 
and wind integration 
by leveraging 
flexibility from 
electric vehicles: The 
Barbados case study 

1. A new methodology to assess the reliability contribution of electric
vehicles depending on charging strategies has been developed in this
paper.

2. New insights on the role of EVs in supporting the integration of solar and
wind in small islands’ power systems, specifically applied to Barbados.

3. The data used for the Barbados analysis is specific to the actual generators
in Barbados power system. The results shared with the Government
provide unique information about the value of renewable energy in the
system and can support policy design based on quantitative insights from
a large dataset produced.

5 Although not the first author for this paper, as authors were listed simply in alphabetical order, I was the person that developed the model, 
from the idea to the fully-functional system dynamics model used by an international oil company to forecast fuels’ demand (incl. biofuels) for 
Europe. 
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4. The paper has high policy relevance as it feeds into the Barbados national 
energy roadmap and the ongoing transformation of the electricity system 
in Barbados. 
 

Focus 3: 
Transforming 
the power 
sector through 
rapid 
deployment of 
variable 
renewable 
energy 

Linking Technical 
Grid Integration 
Studies with   Long-
Term Techno-
Economic Planning 
Studies for Isolated 
Power Grids - 
Methodological 
Issues Meet Practical 
Experience in Small 
Islands 

1. Methodological contribution in formalising a soft-linking process for 
island power system analysis between capacity expansion, power system 
dispatch and technical network analysis (incl. stability). Such a process, 
not formally covered in literature, has been described in detail in a simple, 
step-by-step methodology 

2. Applied contribution to a specific study for the main island of Samoa, 
where the current pipeline of projects was assessed in terms of technical 
soundness and cost-effectiveness, to advise the government of potential 
additional investments in renewable energy technologies and enablers to 
ensure reliable operations of the power system. 

3. The real characteristics of each existing generator have been used in this 
detailed set of models. For future enabling technologies, e.g. batteries and 
STATCOM, the necessary characteristics (e.g. response time) have been 
identified based on the analysis to advise the power utility on the right 
equipment to procure. 

4. The paper had a concrete impact as it fed into the policy framework of 
Samoa and led to the procurement of utility-scale battery storage for the 
integration of large shares of solar and wind. 

The role of flexibility 
in achieving a Paris-
compatible power 
system in 2050 

1. New methods were devised to represent electric vehicles and hydrogen 
electrolysers in a production cost model of global scale and to allow for a 
fully functioning model that combines multiple sources of flexibility 
modelled in different ways 

2. A new application of a production cost model with a high technical 
representation of constraints and flexibility sources to a 2050 Paris-
compliant energy system scenario 

3. A large dataset of results has been produced, allowing detailed analysis of 
how specific part of the system would behave in such an aggressive 
scenario (e.g. price duration curve of electrolyser at hourly level for each 
region) 

4. The objective of this paper is to have an impact in the academic debate, 
whereby scholars argue about the feasibility of such a high-renewable 
power system by pointing out which technical constraints have been 
ignored or not thoroughly represented in other scholar’s models. Results 
from this model have been used in the first edition of IRENA’s Global 
Renewables Outlook 
 

Focus 4: 
The 
institutional 
framework for 
accelerated 
renewable 
energy 
deployment 

A framework for 
technology 
cooperation to 
accelerate the 
deployment of 
renewable energy in 
Pacific Island 
Countries 

1. The paper analysed the flows of development finance for energy in the 
Pacific vis-à-vis the key needs in the energy sector in the region collected 
through structured questionnaires, coming up with a more effective 
framework to accelerate deployment of renewable energy in the region 
that uses a mixed approach between data analysis and qualitative 
questionnaires. 

2. The framework was applied to the Pacific, were development finance per 
capita reached some of the highest levels globally, while its effectiveness 
was under question 
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3. The paper leverages a new development finance database as well as new
insights from detailed surveys in small islands developing states
conducted by IRENA using a dashboard that highlights areas that need
attention for each country

4. The framework was used to inform the development of the IRENA SIDS
Lighthouses Initiative, which is an ongoing, multi-stakeholder partnership
with considerable global impact

Renewable energy 
technology 
integration for the 
island of Cyprus: A 
cost-optimization 
approach 

1. The paper uses the actual key policy decisions that were under
consideration by the government at the time to define a set of scenarios
to be explored, tailoring standard methodologies to the specific policy
questions of the country at the time

2. Application of MESSAGE, a long-term energy system optimisation model,
to perform power generation capacity expansion for multiple policy-
relevant scenarios

3. The made use of a rich dataset on renewable energy technology costs and
performance from IRENA (IRENA, 2015c) which captured the rapid recent
cost reduction in renewables cost, leading to significantly more aggressive
results

4. The paper made a policy contribution as the key input into the national
roadmap of Cyprus and, through this, into the National Renewable Energy
Action Plan.

4.2 Impact 

All the papers presented in this thesis are targeted at providing advice to policy makers. The main criteria 
for strategically addressing the identified literature gaps in each of the focus areas (i.e. industry, transport, 
institutional framework and power sector) was the policy relevance and the potential impact on 
ultimately reducing GHG emissions from energy supply by shifting to renewable energy.  

Over the last twelve years, I have been fortunate to advise policy makers across the world on renewable 
energy deployment. In the last six years in my role at the International Renewable Energy Agency (IRENA), 
across multiple countries in different regions on a variety of topics, with a focus on national roadmaps 
and power system flexibility, I met with Ministers and prepared national roadmaps for renewable energy 
transition. Prior to that, I advised policy makers in the Pacific as an energy specialist with the Secretariat 
of the Pacific Community (SPC), including sitting in a room with the President of the Federated States of 
Micronesia to assist him in preparing the energy component of his annual “state of the nation” speech in 
2012. While at UNIDO I had several opportunities to provide advice to policy makers on the role of 
renewable energy for fostering productive activities and more broadly participate in the work that led to 
the establishment of SE4All and later SDG 7. In June 2009, while still in my twenties, I had the privilege to 
address ten ministers of energy from east Africa and the President of Ethiopia on behalf of UNIDO on 
geothermal energy for productive activities. I always strived to achieve solid expertise on a broad range 
of topics related to renewable energy to be able to provide state-of-the-art, unbiased advice to policy 
makers, supporting them in their efforts to accelerate deployment of renewable energy as key measure 
to mitigate climate change and achieve the MDGs and now the SDGs. 

The national-level papers part of this thesis were developed working closely with key national decision-
makers in Cyprus and Barbados. The work conducted for national policy makers is particularly impactful 
as it feeds into a specific and well-established energy policy framework. This was the type of analysis 
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performed for both Cyprus and Barbados upon request from the national government, to inform their 
national energy roadmap. 

 
The Cyprus paper (Taliotis et al., 2017) is an output of the process that led to the development of the 
national energy roadmap for Cyprus, for which I led the process on IRENA side in close cooperation with 
the Government of Cyprus, and for which I was the report’s lead author (IRENA, 2015b).  
 
The Barbados paper (Taibi et al., 2018) was a published output of the process behind the development of 
the national energy roadmap for Barbados, for which I led the process and developed the analysis, as well 
as presented the roadmap to the national energy working group of Barbados in October 2016. The 
National Energy Roadmap informed  the extension of the licenses for solar PV by the Minister of Energy 
(Barbados Advocate, 2016) and the subsequent  revision of the national renewable energy target from 
67% to 100% under the new government in late 2017  
 
The regional framework (Taibi et al., 2016b) was developed while working for the regional 
intergovernmental organisation responsible for energy in the Pacific (SPC), and it is closely linked to the 
roll-out of the Framework for Action for Energy Security in the Pacific (FAESP) (Secretariat of the Pacific 
Community, 2011) and to the development of a key climate initiative for islands launched at the UN 
Secretary General’s climate summit in 2014, the SIDS Lighthouses Initiative (IRENA, n.d.), which I assisted 
in establishing at IRENA and the associated Quickscan (IRENA, 2017c), which I conceived and led in its 
application.  
 
The global papers were developed while working for the intergovernmental agencies responsible 
respectively for industry (UNIDO) and renewable energy (IRENA). 
 
The industry paper (Taibi et al., 2012) was developed in support of the first UNIDO strategy and associated 
report on renewable energy potential for renewable energy in process heat. It also fed as UNIDO 
contribution into the industry chapter of the Global Energy Assessment (GEA, 2012). It remains to date a 
unique global study for direct use of renewables in industry, cited 75 times6 as of November 2019.  
 
The global power system paper (Taibi, 2020 – forthcoming) is closely linked to the official Paris-compliant 
Global Energy Transformation work from IRENA (IRENA, 2019a), and the related analysis is featured in 
the 2020 edition of the analysis (IRENA, 2020 – due for release end of March 2020).  
 
 

4.3 Limitations and future work 
 

4.3.1 Quantitative analysis to inform policy in an uncertain world 
 

One of the key drivers for a renewable-based energy system is the urgent need to address the ongoing 
climate crisis. However, renewable energy alone cannot solve the challenge. On one hand, our eating 
habits have an impact on land use, forests as well as methane emissions (e.g. from the meat industry and 
the gas industry – especially in light of the rise of fracking). On the other hand, climate change has 
significant uncertainties around the outcomes (Hall et al., 2012; Lempert et al., 2004; McInerney et al., 
2012; Usher and Strachan, 2013; Webster et al., 2012), due to the interconnected nature of the global 
climate, where reaching tipping points can cause significant abrupt changes in emissions (e.g. methane 
released from permafrost, forest fires releasing CO2 and reducing the capacity of carbon sinks), which 

                                                           
6 https://scholar.google.com/scholar?oi=bibs&hl=en&cites=9940151973462443441 
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lead to the need to adjust policies as we go along given the uncertainty around outcomes (Haasnoot et 
al., 2013; Kwakkel et al., 2016). 

This is where science-based policy making has a key role to play, where decisions are taken based on best 
available science and uncertainties are carefully addressed to minimise the chances of high-regret 
outcomes. An example is the risk associated with building a global hydrogen supply chain based on fossil 
fuels, with the expectation that CCS will be deployed and gradually renewables will replace fossil fuels for 
the production of hydrogen. However, if this does not happen, global emissions will further increase due 
to the less efficient use of fossil fuels through the hydrogen supply chain (Jacobson, 2019). 

4.3.2 Possible follow-up work and key areas of uncertainty 

This work lays the foundation for aggressive decarbonisation policies in the power sector, industry and 
road transport. However, these should be complemented with a clear transition roadmap for the building 
sector and the rest of the transportation sector.  

Hydrogen may play a significant role in the decarbonisation of hard to decarbonise sectors such as (heavy) 
industry and transport, but this is currently uncertain: it is important to revisit these sectors as 
technologies and cost evolve (Burke and Rooney, 2018; IEA, 2019b; IRENA, 2019b, 2018a). 

From the modelling standpoint, embedding uncertainty analysis into optimisation approaches can prove 
computationally challenging. However, this can be already addressed today by using parallel samples on 
cloud computing infrastructure (Brinkerink et al., 2018; Brinkerink and Deane, 2019). 
What can be further addressed by new advancements is the need for further increasing time resolution 
to tackle multiple challenges at once. This is an area that can see significant improvement with the 
application of deep learning technologies to the power sector, which are starting to emerge (Sun et al., 
2019a, 2019b, 2019c) as well as with the rise of quantum computing (Tylavsky and Heydt, 2003; 
Vlachogiannis, 2014). The combination of the two can potentially allow us to solve extremely complex 
problems in very short time frames, compatible with long term capacity expansion and power system 
operations, accounting for all technical constraints at once. These technologies can also help in having a 
fully digitalised power sector controlled in real-time by supercomputers running (and training) deep 
learning algorithms that mimic more and more the complexity and functioning of the human brain and 
the power system, the largest and arguably largest and most complex machine ever built by humans 
(Bakke, 2016; Schewe, 2007). 

Technology breakthroughs in renewable energy and related enablers can also change completely the 
narrative around challenges associated with solar and wind. In particular, the combination of technologies 
is what is likely to make the most impact: solar, wind, storage, hydrogen, digitalisation and electromobility 
can all play together to reshape the energy system (IRENA, 2019g) in ways we still struggle to fully 
comprehend. New technology breakthroughs on cost or performance can depict scenarios that further 
escape our present forecasts but cannot be excluded a-priori, as cost reductions in solar PV and wind have 
been severely underestimated already in the past. 

Innovation will have an important role in the energy transition beyond technology innovation. Systemic 
innovation for power sector transformation requires a combination of enabling technologies, business 
models, market design and system operations (IRENA, 2019g). In addition to new technologies and 
improved system operations, considerations about the role of business models and market design are a 
key element for the success of the decarbonisation of the power sector. Complex liberalised electricity 
markets have proven to be particularly efficient at reducing electricity costs while they are in need for 
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significant design changes to move from a system based on short-run marginal cost dictated by fuel prices 
to a market where the majority of power generators do not use any fuel, with a consequent near-zero 
short-run marginal cost. As different options for managing this transition are on the table (Bhagwat et al., 
2017; Hogan, 2016), no globally accepted market design blueprint exists, and is a key area of active 
research. In particular, beyond energy markets and capacity markets, the increasing importance of grid 
services and flexibility requires further focus on such aspects of the market (European University Institute, 
2017). New market participants such as aggregators or merchant storage operators emerged and will 
likely have an increasingly important role that requires adjustments to the modelling frameworks to the 
properly captured. 
 
Imperfect information and bounded rationality play a role in the actual behaviour or market participants 
and on investment decisions of consumers and investors (e.g. in industry), in addition to the important 
role of decision making under uncertainty. In this context, other modelling methodologies such as agent-
based modelling can help in capturing more realistic behaviours in terms of both investment decisions as 
well as operational decisions (Chappin et al., 2017) and better represent new market participants like 
aggregators (IRENA, 2019h; Poplavskaya and de Vries, 2020). 
 
Among the various flexibility options, transmission capacity is often the lowest cost solution to resolve 
flexibility challenges, as in many jurisdictions transmission congestion is a key reason for curtailment of 
renewable power, as well as a limitation to the full usage of available flexibility options such as 
hydropower (both pumped hydro and reservoir hydro). However, in recent years, transmission capacity 
expansion has been very slow, costly and challenging due to the opposition from local communities (i.e. 
see the case of Germany). Therefore, this work did not focus on transmission capacity expansion or 
pumped hydro as key measures for renewables integration, rather looking at easier-to-deploy 
technologies such as electricity storage, which are a valuable component to grid expansion planning 
(IRENA, 2020b; Khastieva et al., 2019). Accounting for challenges on the ground related to these 
technologies might further increase the portfolio of options to increase power system flexibility in 
scenarios that approach or reach 100% renewable energy in power generation. While at low shares of 
VRE transmission and smart charging of EVs are substitutes, at higher shares both become necessary and 
complementary, as transmission needs to be well developed to allow for large flows of solar and wind 
electricity to reach the EVs further away when local generation exceeds local demand (Verzijlbergh et al., 
2014). 
 
Energy efficiency is taken as an input to this analysis. However, it is also a necessary condition for 
achieving a decarbonised energy system being conscious of the tight timing dictated by the rapid 
escalation of the climate crisis. For instance, in both buildings and industry a combination of well-
insulated buildings and efficient processes with state-of-the-art heat pumps can significantly decrease the 
need for final energy in these sectors, while at the same time facilitating the use of renewable power 
through sector coupling. 

 

4.3.3 The changing role of national policy in addressing climate change 
 

In conclusion, a reflection on the changing role of the main target audience of this work, national policy 
makers. The role of national policy making in the energy sector has been changing rapidly in recent years. 
Many countries moved away from centralised approaches based on government-owned vertically 
integrated utilities, towards liberalised, unbundled energy markets, in particular for electricity. This 
happened in combination with the emergence of global consumers of electricity (e.g. tech giants) that are 
increasingly driven by corporate social responsibility and green marketing in their energy supply decision 
(Monyei and Jenkins, 2018). Corporate players, together with more empowered consumers and local 
governments have been de-facto replacing the top-down planning role of national governments with a 



70 

bottom-up, consumer-driven approach, by demanding 100% renewable electricity supply (Hansen et al., 
2019).  

In countries with low rates of electrification, the private sector is now leveraging affordable renewables 
and storage, combined with ICT, to provide electricity in rural areas in a matter of months, where national 
governments have failed for decades(IRENA, 2015d, 2013; Williams et al., 2015; Yadav et al., 2019) 

This leads to my final open questions for fellow energy scholars. 
Who should we target as the key audience for our work? Are still the national policy makers the ones 
that can drive the energy transition and address the ongoing climate crisis, or should we start broadening 
the range of stakeholders we aim to inform with our research? How do we reach large technology 
companies as well as the general public? How can we do that effectively enough to accelerate the uptake 
of renewable energy in line with the pressing agenda outlined in the Paris agreement?  
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