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Abstract 
Limiting GHG emissions, and thus mitigating climate change, requires radically improving the 
sustainability of energy systems, most significantly by increasing the share of renewable energy. 
Reaching this objective requires strong policy actions and planning, in addition to appropriate 
technology choices made by energy  utilities.  
This thesis considers the question of delivering sustainable energy systems in the European 
context, focussing on the electricity sector. The scope includes advancing renewable energy but 
also other measures to increase energy sustainability, such as energy storage. A variety of 
perspectives are taken, with different geographic and sectoral contexts. The overall aim is to 
ascertain what are the key measures and best practices for improving energy system 
sustainability. The starting point is the EU 2009 Renewable Energy Directive (RED I) and its 
implementation of renewables targets for 2020. The progress of EU Member States towards 
reaching these targets is assessed, with a regional focus on the Nordic & Baltic states. The results 
indicate that effective, stable planning and policy support are required to advance renewables and 
that a broad portfolio of RES technologies is most appropriate, instead of a dominant reliance on 
a single technology. While the studied countries have met or are on track to meet their 2020 
targets, a wider analysis indicates a number of EU Member States will not meet these objectives. 
This raises the question of the credibility of EU energy policy if these legally binding targets are 
not properly enforced. A key result with respect to bioenergy is that the future growth of the 
sector will be limited by the restricted primary biomass resource in the EU and meeting biomass 
sustainability requirements. Turning to a focus upon islanded power systems, the scope of this 
research is expanded to improving overall sustainability of energy systems. Beginning with a 
benchmarking analyses of 28 islanded systems, a range of measures are identified for improving 
energy system sustainability. These include peak shaving and development of interconnectors, in 
addition to the development of renewables. This leads directly to an analysis of the use of 
electrical energy storage (EES) on the island of Jersey. While this analysis is limited to use of EES 
for the specific objectives of the studied island, the effectiveness of energy storage is also reflected 
upon for broader objectives such as RES integration. Furthermore, other measures for RES 
integration are also considered. 
In summary, delivering sustainable, low carbon energy scenarios requires a wide range of 
measures, which existing modelling approaches do not always identify in order of cost efficiency. 

Keywords Renewable Energy, Bioenergy, EU Energy Policy, Islanded Power Systems, Electrical 
 egarotS ygrenE

 )detnirp( NBSI  3-9020-46-259-879  )fdp( NBSI  9-0120-46-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  0202

 segaP  572  nru :NBSI:NRU/fi.nru//:ptth  9-0120-46-259-879





I 

 

Acknowledgements 

No duty is more urgent than giving thanks 

James Allen 

 

The greatest pleasure in writing this thesis is to express my gratitude to all who have 
helped me on the long, and often challenging road that has brought this thesis to its 
conclusion. Before anyone else, I must express my thanks to my supervisor, Professor 
Sanna Syri, who throughout this journey has given me constant support, direction - 
and not in the least, patience. Sanna, without you this path would have neither started 
nor finished. What I admire most in Sanna is her knowledge, integrity and inherent 
fairness. Furthermore her introduction to winter cycling also allowed me rejoice in and 
survive the winters in the cold north! I would also like to give my sincere appreciation 
to the examiners of this thesis, Dr Mirjam Röder and Professor Dagnija Blumberga; 
and to all anonymous reviewers of my publications who gave valuable feedback on my 
work.  

Beginning from my transition from EURELECTRIC into academia, I would like to 
thank many of my former colleagues in Brussels who helped in that transition. First to 
Hans Ten Berge, former Secretary General of EURELECTRIC, and Juho Lipponen, my 
Head of Unit there, who gave me the opportunity and collaboration to write Paper I in 
this thesis, which served as a foothold when I stepped into my research work. I would 
also like to thank Dr. Susanne Nies for her orientation in that transition and assistance 
since. I would especially like to thank Julien Bulcke, formerly of Electrabel, with whom 
I worked on the “Role of Electricity” project, which did so much to enhance my 
academic curiosity; Julien has also has been a mentor to me ever since and taken a 
strong interest in my research work.   

I would like to thank all of my research partners. Starting from the beginning of my 
time at Aalto, Aira Hast comes first; her statistical excellence and helpful personality 
made for a great first collaborator. Risto Ant-Wuorinen then arrived in the Island 
Benchmarking project; which was good fun, thanks Risto! Mikko Wahlroos came along 
in 2013, firstly when I was advising for his MSc thesis (for which Mikko really needed 
very little advising!). Then we had a great alliance working together on the BEST 
project. But most importantly, Mikko became a personal friend and our lunchtime runs 



II 

and conversations helped greatly in me getting through a trying time. Behnam Zakeri 
entered my life in 2015, first as a friend, and then as a collaborator in the Jersey storage 
project. Behnam was inspirational as a research partner. Both as friends and 
colleagues, Behnam and Mikko turned around my research progress to an upward 
path. In 2016, three people arrived on the scene in close succession and gave me new 
direction in my bioenergy research. First Mikael Mikaelsson, with whom I enjoyed fine 
collaboration on organising an international bioenergy event, which led directly to my 
connection to Professor Patricia Thornley. Patricia opened up a new phase of 
international collaboration, inviting and hosting me at the University of Manchester 
and connecting me to many in the UK bioenergy field. Patricia introduced me to 
Andrew Welfle, with whom I had a convivial and highly invaluable research 
partnership; I also credit Andrew with great stamina and spirit in getting our research 
to final publication! 

I have been exceptionally lucky not just in research collaboration, but in great 
mentors who have kept me on track with kindness and support. The first of those 
mentors is also a research collaborator, my dear friend David Padfield. David, you 
provided a fundamental connection between my career in the energy industry and my 
dive into research, providing excellent collaboration and support on the island 
benchmarking, and giving me amazing opportunities for making research for 
companies. The visits to Jersey were just wonderful, and the companionship of you 
(and Sandra) is something I treasure. My next mentor is Professor Yrjö Neuvo, with 
whom I started work with on Aalto Energy Platform in 2018. Yrjö entered rather late 
in my doctoral research finalization but played a huge role in motivating and 
encouraging me in the final preparation of my thesis. Yrjö has shared with me great 
wisdom, life experience and positive spirit, and his motto of “continuous renewal 
capacity” has become my guiding philosophy. Also entering the scene in this final phase 
was Professor Annukka Santasalo-Aarnio. Annukka, our wonderful teaching 
collaboration has given me so much confidence; your empathy and understanding has 
been just great; and not in least you have given me the time and space to complete this 
thesis. David, Yrjö, Annukka my sincere gratitude to you all. 

Thanks are also due to a number of colleagues who gave me the space and 
encouragement in the completion of my thesis. To Professor Martti Larmi, who during 
my time as academic co-ordinator of the AAE MSc programme gave me the time to 
complete my research work and the opportunity to build the Advanced Energy Project 
(AEP) course, which became so fundamental to my overall motivation in my sphere of 
work at Aalto. Also to my great colleagues in the Aalto platforms who gave me the 
backing, positivity and freedom to complete this thesis; Krisztina Cziner, Glen Forde, 
Heidi Henrickson, Ella Bingham and Allu Pyhälammi. I couldn’t ask for a better set of 
positive colleagues!  

Finally, I come to my thank my dear friends and family. In particular, to Ansu Saarela 
and Oliver Pearce for listening to all my complex academic problems, and to Richard 



 
 

III 

Pope not only for being my great friend but for your artistic contribution to this thesis. 
To my mother, for your constant support, and your efforts since my childhood to give 
me the opportunities in education that you did not have. To David and Liisa, my 
parents in law, for sharing parenting responsibilities and kindness when my workload 
overflowed. Most importantly of all to my dear wife Nina. Nina, you have given me 
immense love, understanding and support. You gave me the self-belief that I could 
make it. Lastly to my children, Saara, and Ossi, you have brought me great joy and been 
so patient when my work has been most intense.  To you all, I am indebted to your loyal 
and boundless support.  

 
 
Kauniainen, November 2020 
Samuel John Brook Cross 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 

 

 

 

 



1 

Table of Contents 

Acknowledgements …………………………… …………………………...I 

 

Table of Contents ................................................................... 1 

List of Abbreviations and Terms ............................................ 4 

List of Figures ........................................................................ 6 

List of Tables .......................................................................... 7 

List of Publications ................................................................ 8 

Author’s Contribution .......................................................... 10 

 

1 Introduction............................................................................. 12 

1.1 Background .............................................................................. 12 

1.2 Scope and structure ................................................................. 13 

1.3 Description of publications and how they are addressed ....... 14 

1.4 Research questions .................................................................. 17 

2 Literature review .................................................................... 22 

2.1 Policy framework ..................................................................... 22 

2.2 Key background on RES Support schemes ............................. 24 

2.3 Literature addressing specific research questions .................. 26 

2.3.1 Research question A: Progress in RES development .......... 26 

2.3.2 Research question B: Prospects for bioenergy .................... 27 

2.3.3 Research question C: Improving sustainability of  

 islanded systems ................................................................. 28 

2.3.4 Research question D: Electricity storage ............................. 29 

3 Methodology & Results ........................................................ 30 



2 

3.1 Research question A: Progress in RES development  

 (Paper III) ................................................................................ 30 

3.1.1 Introduction ......................................................................... 30 

3.1.2 Methodology ........................................................................ 30 

3.1.3 Overview of early progress towards reaching targets .......... 32 

3.1.4 Discussion of results by Member State................................ 34 

3.1.5 Updated results to 2018 ....................................................... 37 

3.2 Research question B: Prospects for bioenergy  

 (Papers III, IV, VII) ................................................................. 38 

3.2.1 Overview .............................................................................. 38 

3.2.2 Bioenergy development to date in sampled  

 Nordic-Baltic countries (Paper III) ..................................... 39 

3.2.3 Ambitions for bioenergy development at EU level 

 (Paper IV) ............................................................................ 41 

3.2.4 Bioenergy Policy effectiveness/Promotion of bioenergy:  

 The UK and Nordic example (Paper VII) ............................ 47 

3.3 Research question C: Improving sustainability of islanded  

 systems (Paper VI) .................................................................. 56 

3.3.1 Overview .............................................................................. 56 

3.3.2 Methodology: Benchmarking analysis ................................ 57 

3.3.3 Distinguishing islanded systems from large  

 interconnected power systems ............................................ 59 

3.3.4 Summary of benchmarking data for 28 islands .................. 59 

3.3.5 Key challenges of island systems ......................................... 62 

3.3.6 Overview of four case study islands – Challenges  

 & Solutions ........................................................................... 65 

3.4 Research question D: Electricity storage (Papers I, V) ........... 71 

3.4.2 Cost benefit analysis of Electric Energy Storage for the  

 island of Jersey (Paper V) .................................................... 72 

4 Discussion ................................................................................ 81 

4.1 Research question A: Progress in RES development .............. 81 

4.1.1 Challenges and successes in developing renewables:  

 Policy issues ......................................................................... 82 



 
 

3 

4.1.2 Challenges and successes in developing renewables:  

 Balance between technologies ............................................ 82 

4.1.3 Planning issues in developing renewables...........................83 

4.1.4 Overall progress in RES development .................................83 

4.2 Research question B: Prospects for bioenergy ....................... 86 

4.3 Research question C: Improving sustainability of  

 islanded systems ...................................................................... 87 

4.4 Research question D: Electricity storage ................................ 89 

4.5 Synthesis of Methodology & Results ....................................... 91 

5 Conclusions & Outlook for future research ..................... 96 

 

References ........................................................................... 99 

Publications I-VII .............................................................. 107 



4 

List of Abbreviations and Terms  

ALCC – Annualised Life Cycle Cost 

Bioenergy Europe – European Bioenergy Association (formerly known as AEBIOM)  

BES – Battery Electricity Storage 

BOP – Balance of Plant 

CBA – Cost-Benefit Analysis 

CCGT – Combined Cycle Gas Turbine 

CCS – Carbon Capture & Storage 

CHP – Combined Heat & Power 

CRF – Capital Recovery Factor 

EC - European Commission 

EEA – European Environment Agency 

EES – Electric Energy Storage 

ETS – Emissions Trading System (in reference to EU ETS for greenhouse gas 
emissions) 

EU - European Union 

EURELECTRIC – Association for European Electricity companies 

FEC – Final Energy Consumption 

FIT – Feed-in Tariff 

FIP – Feed-in Premium 

HFO – Heavy Fuel Oil 

ICE – Internal Combustion Engine (for power generation) 

ILUC – Indirect Land-Use Change 



 
 

5 

IPP – Independent Power Producer 

JEC – Jersey Electricity Company 

LCC – Life Cycle Cost 

LFO – Light Fuel Oil 

Li-ion – Lithium-ion (battery) 

LULUCF – Land Use, Land Use Change and Forestry (principally used in relation to 
carbon emissions) 

NaS – Sodium Sulphur (battery) 

NPV – Net present value 

NREAP – National Renewable Energy Action Plan (under terms of 2009 directive on 
Renewable Energy Sources, RED I) 

OCGT – Open Cycle Gas Turbines 

O&M – Operation & Maintenance (costs) 

Pb – Lead-acid (battery) 

PCS – Power Conversion System 

PHS – Pumped Hydro Storage 

PV – (Solar) Photovoltaic generation 

RED I – 2009 directive on Renewable Energy Sources 

RED II – 2018 directive on Renewable Energy Sources 

RES – Renewable Energy Sources 

RES-E – Electricity from Renewable Energy Sources 

RES-H – Heat from Renewable Energy Sources 

RES-T – Transportation fuels from Renewable Energy Sources 

ROC – Renewables Obligation Certificate 

ST – Steam Turbine 

TCC - Total Capital Costs 

VRE – Variable Renewable Electricity Generation 



6 

List of Figures 

Figure 1. Linking the four research questions (A-D) ................................................. 20 

Figure 2.  Reaching the 2020 renewables target will be challenging for some EU 
Member States…. ......................................................................................................... 21 

Figure 3. Relative performance NREAP objective vs. Eurostat for RES-Electricity in 
2012  ............................................................................................................................. 34 

Figure 4. Relative performance NREAP objective vs. Eurostat for RES-Electricity in 
2018 .............................................................................................................................. 38 

Figure 5. Total biopower & bioheat generation timeline & key interventions for the 
bioenergy sector  .......................................................................................................... 49 

Figure 6. Results of correlation analysis between bioenergy generation & bioenergy  
support schemes, policies & taxes 1990 to 2019  ......................................................... 52 

Figure 7. Bioenergy stakeholder perceived barriers to increased bioenergy 
generation in the UK, Finland & Sweden  .................................................................... 55 

Figure 8. Specific carbon dioxide emissions for large islands  .................................. 64 

Figure 9. Specific carbon dioxide emissions for small islands  ................................. 65 

Figure 10. ALCC of the selected EES technologies  ................................................... 76 

Figure 11. Example of the possible contribution of EES to peak shaving and 
arbitrage  ...................................................................................................................... 77 

Figure 12. Member state progress in reaching overall RES target in 2017 and 2018  
compared to actual 2020 target ................................................................................... 85 

Figure 13. Strength of identified connections between research questions in final 
results ........................................................................................................................... 95 

 

 

 



 
 

7 

List of Tables 

Table 1. Linkage between research questions and publications ................................ 14 

Table 2. National targets under RES directive ........................................................... 23 

Table 3. Difference between Eurostat (normalized) and NREAPs for 2012 .............. 33 

Table 4. Issues covered under research question B: What are the prospects for  

bioenergy development within EU renewables targets ............................................... 39 

Table 5. Biomass capacity deployment in sampled Nordic-Baltic countries ............. 40 

Table 6. Assumed processing efficiency for raw biomass to delivered biomass fuel . 43 

Table 7. Assumptions on plant biomass efficiency by sector ..................................... 44 

Table 8. Biomass demand for heat and electricity for 2020 in TWh ......................... 46 

Table 9. Comparison of bioenergy consumption between the states for 2019 
(achieved) and 2020 objective). ................................................................................... 49 

Table 10. Country specific dependent variables......................................................... 51 

Table 11. Country specific independent variables influencing bioenergy generation 51 

Table 12. Composition of bioenergy stakeholder event “UK-Nordic Bioenergy 
Forum” ......................................................................................................................... 54 

Table 13. Differences between an island energy system and an interconnected 
mainland energy system .............................................................................................. 59 

Table 14. Large island power supply characteristics ................................................. 61 

Table 15: Small island power supply characteristics ................................................. 62 

Table 16: Capacity and load data for the four case study islands .............................. 66 

Table 17. Cost items of selected BES technologies ..................................................... 74 

Table 18. Technical characteristics of the selected BES technologies relevant to  

LCC analysis ................................................................................................................. 74 

Table 19. CBA results for all scenarios ....................................................................... 78 

Table 20. Research methodologies applied under the different research questions 91 



8 

List of Publications 

This doctoral dissertation consists of a summary and of the following publications 
which are referred to in the text by their numerals: 
 
I. Cross S. & Ten Berge H. (2010). Renewable Energy 2020 and beyond: 
Delivering on the EU targets and defining a pathway to a low-carbon energy future. 
In Jones, C. (ed) EU Energy Law: Volume III – Book Three: The European Renewable 
Energy Yearbook (pp. 103-153). Claeys & Casteels, Belgium. ISBN 978-90-776-441-57  

II. Syri S, Cross S (2013) Weak EU emissions trading with strong renewables 
obligation compromises long-term CO2 mitigation Conference paper to European 
Energy Markets 10 (EEM10) 28-30 May 2013; Stockholm.  

III. Cross S, Hast A, Kuhi-Thalfeldt R, Syri S, Streimikiene D, Denina A (2015) 
Progress in Renewable Electricity in Northern Europe towards EU 2020 Targets 
Renewable and Sustainable Energy Reviews.  

IV. Wahlroos M, Cross S, Syri S (2014) Prospects for biomass use in large power 
plants in the EU-27 and the role of Combined Heat and Power production Conference 
paper to European Energy Markets 11 (EEM11); 28-30 May 2014, Krakow.  

V. Cross S, Zakeri B, Padfield D, Syri S (2016) Is Energy Storage economic in 
islanded systems? Focus on the case of the island of Jersey Conference paper to 
European Energy Markets 13 (EEM13); 3-6 June 2016, Porto.  

VI. Cross S, Padfield D, Ant-Wuorinen R, King P, Syri S (2017) Benchmarking 
Island Power Systems: Results, challenges, and solutions for long term sustainability 
Renewable and Sustainable Energy Reviews.  

VII. Cross S, Welfle A, Thornley P, Syri S, Mikaelsson M (2021) Bioenergy 
Development in the UK & Nordic Countries: Comparison of Effectiveness of Support 



 
 

9 

Policies for Sustainable Development of the Bioenergy Sector Accepted for publication 
– Biomass and Bioenergy. 

 

 

 

 
 
 

 

 



10 

Author’s Contribution 

Publication I: Renewable Energy 2020 and beyond: Delivering on the EU targets and 
defining a pathway to a low-carbon energy future. 

 
Cross is the main author of the chapter. Ten Berge reviewed and corrected the chapter. 
 
 
Publication II: Weak EU emissions trading with strong renewables obligation 
compromises long-term CO2 mitigation.  

 
Syri is the main author of article. Cross contributed material concerning UK situation 
of nuclear and renewables policy, EU renewables policy and contributed to the overall 
analysis. Syri developed the concept of the article and wrote all other material. 
 

Publication III: Progress in Renewable Electricity in Northern Europe towards EU 
2020 Targets. 
 
Cross is the main author. The concept of the paper was planned by Cross, Syri, Hast 
and Kuhi-Thalfeldt. Cross and Hast carried out the data collection and calculations. 
Kuhi-Thalfeldt, Denina, and Streimikiene provided additional data and conclusions. 
Cross wrote the paper and all other authors provided comments.  
 

Publication IV: Prospects for biomass use in large power plants in the EU-27 and the 
role of Combined Heat and Power production.  
 
Wahlroos is the main author. Wahlroos was responsible for the article concept, the 
detail of its focus on central Europe and the work on the companies mentioned in the 
article. Cross was responsible for design of the modelling scenarios, and input 
assumptions, which were developed further in a research report contained in the 
references herein. Syri participated in research design and reviewed the article. 



 
 

11 

 
Publication V: Is Energy Storage economic in islanded systems? Focus on the case of 
the island of Jersey. 
 
Cross is the main author. The concept of the project underlying the paper was devised 
by Cross and Zakeri. Zakeri developed the optimization model for energy storage in the 
existing island system, with modelling framework being discussed together with Cross. 
Cross defined the system boundaries, constructed demand scenarios, and input 
assumptions to the model. Cross analysed and interpreted the results and wrote the 
paper with significant contributions from Zakeri. Padfield provided the industrial 
partnership for the research undertaken and valuable input from experience of 
operating the power system in Jersey. Syri reviewed the article. 
 

Paper VI: Benchmarking Island Power Systems: Results, challenges, and solutions for 
long term sustainability. 
 
Cross is the main author. Cross devised the concept of the article. Ant-Wuorinen 
collected initial data. Padfield and King gave industry-focussed input on the entire 
article, with a particular focus on the islands of Jersey and the Isle of Man respectively. 
Cross wrote the article. Syri reviewed the article. 
 

Paper VII: Bioenergy Development in the UK & Nordic Countries: A Comparison of 
Effectiveness of Support Policies for Sustainable Development of the Bioenergy. 
 
Welfle and Cross are joint first authors of article. Cross developed the original article 
concept, and processed the initial RES progress and subsidy data. Cross co-organised 
the workshop for collecting focus group data and conducted in-depth interviews. Welfle 
developed the quantitative concept for the final article. Welfle also developed the 
correlation methodology, collected data and the extensive data analysis. Welfle and 
Cross contributed equally to writing the article. Mikaelsson was a co-organiser of the 
workshop, transcribed the focus group data, and contributed expertise to the 
correlation analysis. Thornley was also a co-organiser of the workshop, provided access 
to experts, and reviewed the article. Syri reviewed the article at several stages. 
 

 
 

 



12 

1 Introduction 

1.1 Background 

In order to avoid dangerous climate change, the 2015 Paris Climate accord established 
a framework for keeping global warming to below 2C. The EU’s commitment to the 
Paris accord requires that the EU reach carbon neutrality by 2050. Reflecting this, the 
European Commission proposed its objective for a climate neutral EU by 2050 in 
November 2018 [1]. Following the agreement of the European Parliament and Council 
on this objective, the EC unveiled a proposal in March 2020 for a European Climate 
Law, in order to formalise this target into legislation [2]. However, in order to reach 
this 2050 objective, the starting point for the EU is to achieve its existing targets for 
2020 and 2030. 

Indeed, the European Union’s (EU) 2020 targets represent a key early part of its 
strategy to achieve world leadership in climate policy. Politicians agreed to the targets 
in 2007 [1], setting a carbon reduction target of 20% by 2020. In addition, it includes 
a legally binding 20% target for renewable energy sources (RES) in final energy 
consumption, with the target to be achieved through legally binding national targets. 
The Renewables targets were set out in the 2009 directive on Renewable Energy 
Sources (hereafter “RED I”, [3]). Subsequently, this RES target was extended to 32% 
by 2030 under the 2018 recast of the 2009 directive (hereafter RED II [4]). The starting 
point of the thesis is to evaluate the 2009 RED I and progress towards the 2020 targets. 
More specifically, this thesis questions the challenges for the development of 
renewables over the timeframe between the 2009 RED I and the present day; what are 
the related energy technologies; and what can be learnt from this towards enhancing 
future RES development. With the recast of the directive now having been finalised this 
thesis also gives some reflections upon what was learnt from the first decade of legally 
binding RES targets and the response to this in the new targets and policies for 2030 
found in RED II.  

The 2009 RED I puts in place requirements that allow researchers to readily evaluate 
Member State progress in developing renewables towards achieving the 2020 targets. 
Member States are required to submit National Renewable Energy Action Plans 
(NREAPs) [5] indicating their pathway to reaching specific national targets. 
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Assessment of the 2009 Renewables directive and the progress set out in the NREAPs 
towards reaching the targets therein represent the starting point of this thesis.  

However, this thesis further takes a broader perspective considering the macro-level 
challenges of developing renewable energy and improving energy sustainability in 
general. It therefore reflects the wider sustainable energy remit of the 2009 European 
Commission (EC) Climate and Energy Package, which covers renewables, emissions 
trading, energy efficiency and energy market integration. In order to represent the 
widely varying types and spatial contexts of sustainable energy systems but whilst 
maintaining a reasonable depth of detail, this thesis takes two focus areas. Firstly, 
within the broad coverage of renewables, a specific sectoral focus on the bioenergy 
sector is taken. Secondly, to look at advancing sustainable energy systems in general, a 
specific geographic emphasis is made upon islanded power systems. The bioenergy 
sector is particularly interesting in the context of the renewables targets since it is the 
only RES technology in which production relies both on building capacity and 
maintaining fuel supplies. This is in contrast to technologies such as wind and solar 
which rely only on building capacity in suitable locations. The supply of biomass exists 
within a context of increasingly international markets, concerns over sustainability, 
and plans by some Member States for major imports. Therefore meeting the challenge 
of growing the bioenergy sector is a pertinent question. 

Special attention is given to island power systems because of their geographical 
difficulties. They face a specific set of challenges in developing sustainable energy 
systems—principally moving away from high carbon diesel generation. Whilst 
developing renewables and related technologies in these systems present particular 
challenges, the issue of cost competitiveness may be less challenging than in the 
continental systems. Indeed, this thesis foresees an early role for electric energy storage 
system in islands, even before widespread application in mainland systems. The 
specific challenges of islands have been (belatedly) recognised at EU level with the 2016 
declaration on Clean Energy for EU Islands [6]. 

1.2  Scope and structure 

 
Considering the overall challenge in developing sustainable energy systems, this thesis 
identifies four key research questions: 
 

A. What is the progress and likelihood of success of Nordic and Baltic Member 
States reaching targets under the 20o9 RES directive? What challenges and 
opportunities are demonstrated? 

B. What are the prospects for bioenergy development within EU renewables 
targets? (“Sectoral focus”) 
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C. What are the specific challenges of sustainable energy development in islanded 
power systems? (“Geographical focus”) 

D. What are the benefits of electricity storage in early applications in islanded 
systems and what are the wider benefits of storage for the energy system? 

The correspondence of these research questions with the publications set out in the 
chapters of this report is outlined in Table 1. The research questions and the linkages 
between them are further described in section 1.4. 

 
 Table 1. Linkage between research questions and publications  

Research question Publications I – VII (key paper for each 
research question in bold italics) 

A - Progress in RES development I,II,III,IV,VII 

B - Prospects for bioenergy  
(no key paper, three sub-questions 
across the three papers)  

III, IV, VII 

C - Improving sustainability of islanded 
systems 

VI, V 

D - Electricity storage I,VI, V 

1.3 Description of publications and how they are addressed 

Publication I details the 2009 EC Renewables directive and its possible implications 
for the development of the Renewables sector. The article provides a literature review 
and critique of relevant policy. Focusing primarily on renewable electricity, the article 
outlines the key conditions for renewable electricity that the directive introduces, such 
as priority dispatch and priority grid access. It details the specifics of the legally binding 
national targets regime and the structure of interim targets. The effort to achieve the 
overall renewables target will likely be focussed on the electricity sector, with energy 
modelling suggesting a share of 30-36% RES Electricity by 2020 compared to 15% in 
2005, the baseline year for the directive ([7]–[10]). Even more critically, much of this 
growth will come from intermittent generation—primarily wind and solar. The article 
emphasises the requirement under the RES directive for the Member States to publish 
detailed NREAPs, and how these may be referred to during the target compliance 
period to assess Member State progress in reaching their targets (Paper III directly 
makes this comparison of NREAPs against achieved RES development). The article 
then goes on to consider possible solutions to the challenge of integrating a high 



 
 

15 

percentage of intermittent renewables generation. There are four possible solutions for 
the integration challenge, with a suggested order of cost effectiveness: 

- Modifications to market design to better integrate RES into power markets 

- Demand side flexibility (electricity storage is also considered under this 
heading) 

- Flexible back-up generation 

- Additional transmission grids 

The paper also considers the question of how RES should be best supported or 
subsidised, pointing out that an EU-wide certificate-based support scheme would be 
much more cost-effective than each member state implementing individual national 
support schemes, because it would lead to RES being concentrated where the best 
energy resources exist (e.g. windiest, sunniest). Finally, the debate between having 
specific targets for renewables and reducing carbon emissions in the power sector 
through trading is considered, including the potentially damaging effect of RES targets 
and consequent support schemes upon the parallel emissions trading system. 

This leads into publication II, which considers the implications of a weak EU 
Emissions Trading System (ETS) by using Finland and the UK as case studies. In 
particular, it looks at nuclear power, but also at other forms of non-RES zero carbon 
technologies such as Carbon capture and storage (CCS). The weak ETS is partially the 
result of the unintended consequences of power sector CO2 reductions being 
significantly driven by national level RES support schemes (in order to reach the 2020 
targets). These schemes imply that a significant reduction in CO2 emissions is being 
achieved through subsidised RES rather than through carbon price incentives. 
Subsequently, due to this reduced need for CO2 reductions incentivised through ETS 
permit prices, there is less demand for permits, therefore permit prices have fallen. The 
article also identifies two other clear factors weakening the ETS—the economic 
downturn (with consequent reduction in economic activity and related emissions) and 
over-allocation of initial permits. One result of the weak ETS has been a lack of 
incentives to build new nuclear power plants, further worsened by the deteriorating 
economics of nuclear. Furthermore, in developing an energy policy framework based 
more on a narrow focus on RES rather than delivering a holistic low carbon energy 
system, there is a failure to deliver effective long-term CO2 emission reductions.  

Moving on from critiquing the question of RES vs the ETS, Paper III looks more 
deeply at the EU RES targets. It questions the progress in reaching the RES targets and 
investigates uneven progress in five Member States (Sweden, Finland, Latvia, 
Lithuania and Estonia). The paper contends that analysing this progress is critical, 
given the legally binding nature of the targets. This paper focuses on the Nordic and 
Baltic area and compares actual progress in renewable electricity development against 
the intentions in the Member States’ NREAPs for the years 2011 and 2012. The paper 
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assesses whether significant risks are apparent of failing to reach the targets. The paper 
considers how these states have major expertise and historical success in bioenergy and 
hydropower development, but in general have limited experience with newer RES 
technologies, such as wind power and solar power. Findings show that all five states 
are reaching their overall RES Electricity objective, but some countries are significantly 
underperforming in these newer RES technologies. States compensate for this by over-
performing in more established technologies, especially biomass. This raises concern 
because utilization of all available technologies will be needed to reach the 2020 
targets.  

Publication IV responds to the need identified in Publication III to take a detailed 
look at bioenergy on the basis of NREAPs. First, a broader geographical perspective is 
taken to consider the entire EU-27. However, the perspective here is not just limited to 
electricity, but also considers heat, although transport (i.e. biofuels) is excluded. 
Considering that the limited biomass resource ought to be used most efficiently, the 
article emphasises the prospects for Combined Heat and Power (CHP) and the 
possibilities it offers for increased primary energy efficiency. The calculations show 
that using CHP rather than the combination of electricity-only and heat-only plants 
foreseen in the NREAPs, 12% less biomass would be required to produce the same 
amount of heat and electricity. Lastly, an overview is provided of the progress in 
developing new bioenergy plants in Germany, United Kingdom, Poland, Belgium and 
Netherlands, and analysis made of the incentives needed for successful realization of 
large-scale bioenergy power plant projects.  

Publication V shifts the focus away from bioenergy and towards electricity storage 
and a geographical focus on islanded power systems. This is strongly linked to 
publication VI, which identifies electricity storage as a potential solution to some of the 
challenges of islanded power systems (see next paragraph). This technology also has 
wider relevance in terms of managing the integration of renewables in larger scale 
power systems. Some argue that electricity storage may first be more competitive in 
island scale systems, which suffer more acutely from existing challenges in power 
system management. This paper investigates use of battery electricity storage (BES) on 
island of Jersey primarily for two applications: reducing exposure to peak pricing over 
the existing interconnector to France and deferring or removing completely the need 
to use island diesel generation to supply peak loads. The results demonstrate that an 
investment in electricity storage cannot be justified merely by the benefits from making 
profits from these applications. However, the paper considers that the investment 
equation could change as the cost of BES falls into the future and if it can provide 
additional benefits, such as avoidance of the cost of replacement generation.  

Publication VI continues the focus on islanded systems, but taking a much more 
holistic approach to improving the sustainability of these systems. The article looks at 
the unique challenges of islanded power systems, in terms of environmental, economic 
and social sustainability. Their high reliance on oil-fired generation leads to a carbon 
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intensive power generation profile and consequently high costs to final energy 
consumers, hindering the economic development of islands. This article first provides 
a survey of a detailed benchmarking exercise of 28 islanded systems undertaken in 
collaboration with a group of islanded power systems under the auspices of 
EURELECTRIC, the association for European Power Companies. This survey identifies 
the challenges of the current status quo, particularly in regard to generation profile and 
emissions. Four islands are used as examples to identify solutions to some of the energy 
challenges faced by island systems: interconnection, renewables development, and 
energy storage. The potential for implementing these technologies is positive and 
provides a partial solution to the challenges of islanded systems, but the current costs 
of some of the innovative energy technologies implies that it is not necessarily possible 
at present to invest in these technologies without non-market subsidies. However, 
islands are found to be excellent locations for pilot projects on new energy technologies 
due to their inherent advantages of small size and vertical integration of local power 
companies.  

Publication VII returns to the bioenergy theme, taking a more detailed consideration 
of policy effectiveness between 1990 and 2015. Using quantitative and qualitative 
analyses, we evaluate the effectiveness of government policy and support mechanisms 
in the UK, Sweden, Denmark and Finland in promoting bioenergy. Therefore, the 
geographical focus on the Nordic region taken in Publication III is continued, but with 
the addition of the UK, as also featured in Publication II. The article proposes that 
whilst bioenergy forms a critical role in the plans of the EU member states to reach the 
2020 renewables target, countries face significant challenges in developing effective 
support and prioritising the use of sustainable biomass. Thus the paper analyses the 
success of bioenergy policies across the 4 countries, using both a quantitative and 
qualitative approach. Statistical correlation and regression analysis is applied to 
identify where policy changes have had an identifiable impact on actual bioenergy 
development. The outputs from a stakeholder workshop and expert interviews are 
analysed to further investigate the drivers and barriers to bioenergy development. The 
result is a comprehensive analysis of the successes and challenges in bioenergy 
development, and possible lessons that can be drawn for future promotion of the 
sector. 

1.4 Research questions 

The four research questions are linked together in Figure 1. A short description of each 
research question is given here, together with a description of the linkages of the 
research questions also given in that figure; these linkages represent the fundamental 
conceptual development of this thesis. Throughout this discussion the research 
questions are abbreviated, for brevity, as e.g. RQ.A for research question A.: 
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Question A, Progress in RES development:  

This question is primarily focussed on publication III, considering the early progress 
towards the 2020 RES targets over the years 2009-2012, focussing on the Nordic and 
Baltic countries. Their level of success until 2012 is evaluated, and the question of 
reaching their 2020 target is evaluated based on the challenges and successes 
identified. These findings are then compared to the latest situation in 2020. This 
analysis is further supplemented by the other papers set out in Table 1.  The overall 
research question is directly linked to the three other questions. Firstly, it leads to a 
sectoral focus of the specific prospects of the bioenergy sector (RQ.B) and a key 
constituent of the RES mix. Secondly, it leads to a geographical focus on the specific 
prospects for improving sustainability of islanded power systems (RQ.C), of which 
renewables are a critical component. Finally, the development of RES raises the 
question of integration of intermittent RES power generation of which energy storage 
is an important potential solution (RQ.D). The question of intermittency also has a 
moderate linkage to question 2, since bioenergy can also provide a potential solution 
as a non-intermittent, dispatchable form of RES generation.  

Question B, Prospects for bioenergy:  

This research question leads into 3 sub questions, based around specific papers, as 
follows:  

- B.1 Bioenergy progress in Nordic-Baltic countries. This primarily takes up 
the analysis from paper of III, specifically considering progress in biomass 
development in the Nordic & Baltic countries. 

- B.2 Bioenergy development at EU level, considering questions of biomass 
demand and usage efficiency This question is developed based on Paper IV 
and looks at the comparison between predicted biomass demand in order to 
reach the 2020 RES target, comparing this against external estimates of 
primary biomass availability within the EU, and then considering how 
improved biomass usage efficiency could reduce demand to a level nearer to 
available primary biomass. 

- B.3 Bioenergy Policy effectiveness in UK and Nordics. This question is based 
on paper VII, and considers the effectiveness of biomass incentives for the 
heat and power sectors between the UK and Nordic countries. 

Taken overall, research question B is linked to the other research questions in taking 
up a sectoral focus on biomass from the overall question of RES progress and effective 
development of RES considered in RQ.A. Paper VII makes a particularly strong 
contribution to RQ.A beyond Paper III (used for both research question A and B.1), in 
providing an updated and detailed analysis of policy effectiveness for developing 
bioenergy. Furthermore, by considering development of biopower, a key source of 
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dispatchable renewable electricity, RQ.B can contribute to answering the question of 
how to manage the problem of intermittent renewables – an issue which extends from 
RQ.A as one of the key challenges in integrating high shares of RES-E. 

Question C, Improving the sustainability of islanded systems: 

This question considers the broader context of improving the sustainability of islanded 
systems, considering not just renewables but also other solutions for reducing carbon 
emissions and improving both environmental and economic sustainability of these 
systems. This question thus takes up a geographical focus from question A, with the 
aforementioned caveat that it takes a wider approach to energy sustainability than only 
considering RES. This question leads into RQ.D concerning energy storage since this 
can provide a potential solution to a range of issues in islanded systems (not just 
integration of intermittent RES). 

Question D, Electricity storage:  

Although the primary focus here is on the use of electricity storage for islanded power 
systems, from paper V, the benefits of electricity storage more widely for improving 
sustainability of energy systems, and integrating intermittent RES is also reflected 
upon. Therefore this question is led into by RQ.A and RQ.C, addressing both RES 
development and the specific energy sustainability challenges of islanded systems. 
Other technologies for RES integration are also treated briefly under this research 
question. 
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Figure 1. Linking the four research questions (A-D) 
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Figure 2. Reaching the 2020 renewables target will be challenging for some EU Member States… 
(Cartoon by Richard J.L. Pope) 
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2 Literature review 

This literature review starts with an overview of the broad policy framework (2.1) and 
the policy support research (2.2) that sets the direction of the research contained in 
this thesis. Following this, the review is structured according to the research questions 
(2.3.1-2.3.4) 

2.1 Policy framework 

The European Union’s 2020 targets, on which political agreement was achieved in 
2007 [11], represent part of the EU’s strategy to achieve world leadership in climate 
policy. The targets encompass a carbon reduction target of 20% by 2020 as well as a 
20% target in 2020 for the share of renewables in final energy consumption. The 
consequent 2009 renewables directive set a new precedent for EU policy on renewable 
energy sources (RES), with the 20% target for RES in total energy consumption by 
2020 representing more than double the 2005 level of around 8.5% [2]. The 
renewables target is to be achieved through reaching legally binding national targets. 
Thus the progress in reaching these targets represents a crucial topic of study since they 
effectively underpin the EU’s flagship climate and energy policy. The Directive presents 
Member States with a huge implementation challenge that cannot simply be met by an 
extension of existing promotional policies for renewables. Indeed the central point of 
this thesis is to address the numerous challenges in reaching this ambitious target and 
in advancing sustainable energy in general. 

The 20% target for renewable energy is calculated as a percentage of total final energy 
consumption, including all energy use—electricity, heating & cooling and transport. 
There are no sectoral targets for electricity or heating/cooling, but a separate 
mandatory 10% target has been set for use of renewable energy in transport. As the 
percentage of renewables in total EU energy was around 8.5% in 2005, the marginal 
increase required across the EU as a whole to 2020 is 11.5%. Member States have been 
assigned to achieve different marginal increases in their national RES percentages 
based on the following principles: 

- All Member States must achieve a marginal flat increase of 5.75%. 
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- A further increase, based on national GDP per capita, is applied in addition to 
the flat 5.75%, such that the total of GDP-modulated targets in principle 
averages 5.75%. 
 

- Some account is taken of significant advances in RES-development already 
made by Member States such as Sweden and Finland, which thus have lower 
marginal targets than their GDP level might suggest (thus note that e.g. 
Germany, France, Italy and UK, have similar GDP per capita but higher 
marginal targets). 

On the basis of the above principles, and further negotiation, the individual targets 
have been set out in Table 2. 
 
Table 2. National targets under RES directive (Paper I) 

Member State Share of 
energy from 
RES in gross 
final energy 
consumption 
(FEC) in 2005 
(s2005) 

Target for 
share of 
energy from 
RES in gross 
FEC in 2020 
(s2020) 

Marginal 
increase in 
share of RES 
required to 
2020 
(Δ2020) 

Target for 2020 
expressed as a 
multiple of the 
RES 
percentage in 
2005 
(*2020) 

Belgium 2.2% 13.0% 10.8% 5.9 
Bulgaria 9.4% 16.0% 6.6% 1.7 
Czech Rep. 6.1% 13.0% 6.9% 2.1 
Denmark 17.0% 30.0% 13.0% 1.8 
Germany 5.8% 18.0% 12.2% 3.1 
Estonia 18.0% 25.0% 7.0% 1.4 
Ireland 3.1% 16.0% 12.9% 5.2 
Greece 6.9% 18.0% 11.1% 2.6 
Spain 8.7% 20% 11.3% 2.3 
France 10.3% 23.0% 12.7% 2.2 
Italy 5.2% 17.0% 11.8% 3.3 
Cyprus 2.9% 13.0% 10.1% 4.5 
Latvia 32.6% 40.0% 7.4% 1.2 
Lithuania 15.0% 23.0% 8.0% 1.5 
Luxembourg 0.9% 11.0% 10.1% 12.2 
Hungary 4.3% 13.0% 8.7% 3.0 
Malta 0.0% 10.0% 10.0% Infinite 
Netherlands 2.4% 14.0% 11.6% 5.8 
Austria 23.3% 34.0% 10.7% 1.5 
Poland 7.2% 15.0% 7.8% 2.1 
Portugal 20.5% 31.0% 10.5% 1.5 
Romania 17.8% 24.0% 6.2% 1.4 
Slovenia 16.0% 25.0% 9.0% 1.6 
Slovak Rep. 6.7% 14.0% 7.3% 2.1 
Finland 28.5% 38.0% 9.5% 1.3 
Sweden 39.8% 49.0% 9.2% 1.2 
UK 1.3% 15.0% 13.7% 11.5 
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The 2009 RED I has been followed up by a recast of the directive in 2018 (RED II), 
which sets renewables policy for the 2030 timeframe [4]. The RED II extends the 20% 
target for renewables in 2020 to a 32% target for 2030. However whilst this target is 
binding at an EU-level, it is not implemented through binding national targets (unlike 
RED I), and is rather to be met through indicative national contributions. Significantly, 
member states are not allowed to drop below their existing RES percentage targets 
under RED I. The overall 32% target is set to be re-assessed in 2023. Other key parts 
of RED II include the following: 

- Measures for opening RES support schemes to cross-border capacity an 
indicative choice for Member States, setting targets of 5 % per annum for 
the period 2023-2027) and then 10 % per annum for 2027-2030  

- Target for 14 % RES share in the transport sector, with restrictions on 
biofuels e.g. conventional biofuels capped at 7 % EU-wide 

- Sustainability criteria for biomass used in the electricity and heating sector 

Within the broader EC Clean Energy Package (finalised in 2019), certain provisions 
found in RED I are moved to other legislation rather than being included in RED II. 
For example, all monitoring and reporting obligations are transferred to the Regulation 
on the Energy Union governance [12] and rules relating to grid access are transferred 
to the Regulation on the internal market for electricity [13].  

In some respects, the RED II, in lacking binding national targets may be seen as less 
demanding than RED I. However, in reality the RED II may be argued to represent a 
“mainstreaming” of renewables, recognising that renewables are already now a key part 
of EU energy supply and that the challenge now is to ensure they are fully integrated 
into the energy systems from a technology and market point of view. This viewpoint is 
supported by the coverage of renewables within the broader 2019 Clean Energy 
Package, rather than treating renewables as a “standalone” source of new energy as was 
more the position of RED I within the 2009 Climate and Energy Package. 

2.2 Key background on RES support schemes 

The issue of how best to support the development of renewables is covered in a broad 
range of literature. A key issue in the literature is the debate over how renewables 
should be subsidised: technology specific mechanisms based on fixed prices (feed-in 
tariffs and premiums) or technology neutral “market-based” mechanisms (e.g. 
certificate-based schemes such as renewables Obligations). This thesis deliberately 
avoids expanding this debate given the extensive coverage elsewhere. However, it is 
worthwhile to give an overview of this field, as these support schemes have 
underpinned the development of non-hydropower renewables in Europe over the past 
15 years. 
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First, a brief description of the two main types of RES support schemes used by EU 
member states to promote renewables is provided: 

Fixed price support schemes, generally technology specific e.g. Feed-in tariffs and 
premiums (FIT/FIP):  

These schemes provide both a guarantee that RES-power will be fed into the grid and 
a guaranteed (above-market) price, which ensures a return on investment for RES-
producers. With feed-in tariffs (FIT), the tariff paid to producers is a fixed level with no 
relation to the electricity market price. Whereas with feed-in premiums (FIP), the tariff 
paid to producers is on top of the regular market price. FIT and FIP tariffs vary 
depending on the type of renewables technology, making them technology specific.  

Quota obligation support schemes, typically technology neutral, e.g. renewables 
Obligation Certificate (ROC) schemes:  

These schemes require each electricity supply company to supply a set proportion of 
power from renewable sources. This percentage obligation is typically fulfilled by 
purchasing certificates, each of which represent, e.g. one MWh of generated electricity 
from RES. These certificates are issued to RES generators. They are traded in a 
competitive market. In theory, this implies that the cheapest, most competitive 
renewables ought to be built first. The income of the RES-generator is composed of the 
normal wholesale power market price plus the separate price of certificates set by the 
certificate market. Renewables obligations therefore imply that the subsidy is not fixed, 
meaning the price of certificates being defined by competition amongst RES 
generators. However, the price of the certificates has often eventually been defined by 
a government-set floor price. Governments sometimes implement technology specific 
banding of quote obligation schemes, awarding higher numbers of certificates per 
MWh of different technologies. This corrupts the original advantages of quota 
obligation type schemes to ensure the cheapest renewables are developed first. 
“Banding” is usually motivated by attempts to ensure a greater balance between RES 
technologies after quota obligation systems have been in place for some years and have 
had the consequence of the RES-E sector being dominated by one or two technologies 
(typically onshore wind and/or co-fired biomass, which have generally proven the least 
costly RES-E technologies in the EU context). 

 More recently, tender-based support schemes have also become important, as RES 
technologies become more competitive with conventional generation. Under tender-
based schemes, RES producers submit bids to build RES, with the tender being won by 
producers demanding the lowest tariff for the renewable electricity produced. As the 
cost of RES production gradually becomes closer to electricity market prices, subsidy 
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levels are reduced and are beginning to become unnecessary for the most competitive 
RES technologies, for example for onshore wind [14]. 

 In terms of key policy support literature, a useful overview of the overall 2009 
renewables and climate Package is found in Capros et al. [15]. This article considers 
different policy options for reaching the RES targets. It finds that reaching national 
renewables targets is most cost efficient when there is trading of renewables for target 
counting purposes between Member States. However, this issue attracts significant 
debate. Toke [16] argues that mandatory trading would not lead to cost reductions or 
increased likelihood of Member States reaching their targets. Instead, mandatory 
trading would lead to the price of the required renewables certificates to rise to high 
levels as demand would exceed supply. Whilst the argument for and against RES 
trading is not entirely settled, it is notable that cross-border trading in renewables 
certificates has been limited, with the most significant implementation being between 
Norway and Sweden, having minimal impact on achieving the 2020 targets [17]. 
However, the EC’s aspiration to promote cross-border trading remains, with the RED 
II [4] attempting to force the implementation of cross-border support schemes (5% of 
RES support per year in period 2023-2027 to be open to cross border capacity, 10% for 
2027-2030). The caveat to this is how much RES support will be needed in future, given 
the establishment of subsidy-free RES generation as mentioned above.  

2.3 Literature addressing specific research questions 

2.3.1 Research question A: Progress in RES development 

A significant part of the motivation for investigating this research question at the outset 
was the absence of academic literature concerning Member State progress against their 
targets. The European Commission is itself analysing this progress, through biannual 
progress reports, with the latest published in 2019 [18]. However, these EC progress 
reports provide only a limited overview of progress. They do not constitute a detailed 
sectoral analysis and do not provide any analysis on the reasons for successful or limited 
progress. In the academic literature, these is a body of material relating to other aspects 
of the Renewables directive, such as analysing the effect of the Renewables directive as 
a part of the Climate and Energy Package [15], the debate on RES trading within the 
directive [16], and the effect of the resulting high share of renewables on electricity 
markets [19]. Relatively little had been published on progress towards the target at the 
time Paper III was published in 2015, with the exception of evaluation of progress right 
after the implementation of the directive, and the need for additional policy efforts to 
reach the 2020 target [20]. However, since 2015 a wider range of literature on the topic 
has been published, e.g. as part of overall EU 2020 strategy targets [21],[22] a sectoral 
focus on bioenergy [23], [24], and a national focus on the progress of individual 
countries [25] 
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2.3.2 Research question B: Prospects for bioenergy  

In considering the literature supporting this research question, it is important to reflect 
that consideration of this question is split into 3 sub-questions in this thesis, as follows: 

- B.1 Bioenergy development to date in sampled Nordic-Baltic countries and 
ambitions for the future.  

- B.2 Ambitions for bioenergy development at EU level. 

- B.3 Bioenergy Policy effectiveness/ Promotion of bioenergy: The UK and Nordic 
example. 

This literature review here investigates each of these questions separately in the 
following sub-sections. 

2.3.2.1 Bioenergy development to date in sampled Nordic-Baltic countries and 
ambitions for the future 

For this question we tackle an identified gap in literature concerning the progress in 
reaching bioenergy objectives in the Nordic and Baltic countries. This is strongly 
related to research question 1 concerning overall progress in RES-Electricity in these 
countries, but with a detailed focus on bioenergy. Existing literature in this field is 
limited to a broader consideration of the RES directive in the Nordic countries 
(Westholm and Lindhal [26]) or specific consideration of bioenergy in the context of 
the targets but looking across the entire EU-27. On the later point the bioenergy 
support framework is covered by Banja et al [27], while the specific role of woody 
biomass in reaching the 2020 targets is covered by Proskurina et al [24].  None of these 
articles consider actual progress in the Nordic & Baltic region in all forms biomass 
energy (or more specifically, electricity or heat) towards the 2020 targets. 

2.3.2.2 Ambitions for bioenergy development at EU level 

This question addresses the gap in the literature in assessing demand for primary 
biomass for power and heat, based on EU member state bioenergy policy objectives 
integral to reaching the 2020 renewables target. This is argued to be a critical question 
given that it was theorised at the outset that the level of primary biomass demand 
required in 2020 creates a need for biomass in excess of EU production, and thus 
raising the prospect of a high proportion of imported biomass with attendant 
availability and sustainability concerns. Literature does exist that relates to the 
question, but it does not directly tackle the question of aligning the policy objective of 
increasing bioenergy (to reach the legally binding 2020 RES target) with resultant 
primary biomass demand and the issues created by that. One of the references most 
closely approaching this question is by Banja et al [27], considering biomass demand 
for electricity across the EU-27, but not directly considering the 2020 target. Petersen 
et al [28] tackle one of the key questions our approach aimed to consider, namely the 
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criticality of using the biomass primary resource efficiently, so that the primary 
biomass is used to produce the maximum of final biomass energy consumption (as heat 
or power); especially important given that the 2020 RES target is based on final energy 
consumption. One of the most prescient publications related to a part of the question 
considered is by Proskurina et al, considering specifically the role of woody biomass in 
reach the 2020 RES target.  However, the framing of this research question was most 
importantly supported by industry publications from Bioenergy Europe, the European 
Association for the Bioenergy Sector [29], and EURELECTRIC, the association for the 
European Power Industry e.g. [30].  

2.3.2.3 Bioenergy Policy effectiveness/Promotion of bioenergy: The UK and Nordic 
example 

The aim of this tackling this question was to address an absence of literature concerning 
a comparison of effectiveness of bioenergy policy across EU member states; here in line 
with the other research questions, the area chosen to focus upon was the Nordic region, 
but with the UK as a comparator. There is a reasonably extensive field of literature 
covering the UK and Nordic region separately, but not as a combined, comparative 
analysis. The overall EU framework for bioenergy support is covered in Banja et al [27]. 
For the Nordic region, an excellent overview of the development of renewables is found 
in Sovacool [31] who provides a thorough treatment of carbon reduction-driven 
sustainable energy policy development across the Nordics, with a good treatment of 
biomass in Finland and Sweden. For the UK, a good overall review is found in Welfle 
et al [32], which also studies the future of bioenergy in the UK. 

The policy comparison approach taken for this research question has its origins in 
existing research focusing on the success and impact of bioenergy policy within 
different geographies [33]–[35]. The specific use of “representative variables” to 
indicate changing numbers of bioenergy support measures (and consequently attempt 
to correlate these with bioenergy development) is an approach derived from previous 
research by Carley [36], Johnstone et al [37] and Zhao et al [38]. 

2.3.3 Research question C: Improving sustainability of islanded systems 

The key task of undertaking this research question is to address the gap in literature 
concerning two principle topics. Firstly, the comparison of the quantitative and 
qualitative characteristics of different types of islanded power systems – at different 
scales, in different geographic/climatic situations and both interconnected and non-
interconnected islands. Secondly, it addresses the related challenges of introducing a 
broad range of sustainable energy technologies and techniques to these different 
systems.  

There is a wide body of literature considering the situation of and possibility for 
energy projects on individual small islands. However, there are rather few existing 
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multi-island studies, and those that exist tend to be confined to single technologies or 
geographic situations. Current literature exists on non-interconnected islands [39], 
covering only Greek islands [40], covering different Canary islands for wind-hydro 
systems [41], PV in different islands [42] and storage in different islands [39].  

2.3.4 Research question D: Electricity storage  

There is a wide body of research assessing the use of electricity storage in small island 
systems. Studies consider the possibility of applying different storage technologies for 
example batteries [43], [44], pumped hydro [41], [45], and indeed other forms of 
energy storage such as hydrogen [45], [46]; the latter often used in combination with 
other direct uses of hydrogen, in transport, for example. These studies have primarily 
focused on the use of storage for balancing variable renewable electricity (VRE) 
generation, primarily in non-interconnected islands, using relevant models such as the 
RenewIsland referenced in [47], [48], or in the case of hydrogen-based systems, the 
H2RES model [49], [49]. The research undertaken in this thesis addresses primarily 
energy storage in interconnected islands, on which there appears to be an absence of 
existing literature.  
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3 Methodology & Results 

In this section, methodology and results are given in order of the four research 
questions. 

3.1 Research question A: Progress in RES development (Paper III) 

3.1.1 Introduction  

The primary analysis here concerns the evaluation of progress in reaching the targets 
in the early years after the directive was put in place, in the period until 2012, for the 
Nordic and Baltic countries, found in paper III, and detailed in sections 3.1.2 and 3.1.4. 
This constitutes a detailed analysis considering each form of Renewable electricity 
generation. This is then updated by a broad analysis of the latest available data until 
2018, looking at whole of EU, but focussing on the Nordic and Baltic countries, in 
section 3.1.5. In the discussion section 4.1, these results, for 2012 and 2018, are 
discussed together in order to consider whether the findings until 2012 in terms of 
challenges and success towards reaching the 2020 targets are reflected in in the 2018 
data.   

3.1.2 Methodology 

To answer this research question, the primary source is paper III, in which actual 
progress in renewable electricity development is compared against the plans of 5 
selected member states for the years 2011 and 2012. Here, the National Renewable 
Energy Action Plans [5], [51] described in Section 2 were used to provide a 
comprehensive basis for evaluating this progress against the sampled Member State 
intentions of how they intend to develop renewables towards the legally binding target 
for 2020.  

The methodology here had to consider how to provide a dataset of Eurostat data for 
2011 and 2012 that was comparable to the objectives set out in the National Plans. This 
implied some careful calculation of figures, especially for biomass electricity, in order 
to ensure that electricity from all forms of biomass- including solid biomass, biogas and 
bioliquids, from all types of facilities was taken into account. Also significant was the 



 
 

31 

need to normalise the data for hydro and windpower This normalisation is necessary 
due to annual variations in rainfall and wind conditions that would otherwise make raw 
annual production data unrepresentative. This normalisation was carried out using the 
formulae set out in the Renewables directive [3]. The formulae imply the hydro plant 
output is averaged according to average capacity factors for the past 15 years of the 
Member State in question; for wind, the production data is adjusted according to the 
average capacity factor of the previous four years, or less if capacity and production data 
is available for fewer years i.e. the Member State has shorter experience in the use of 
wind power. The normalization formulae are provided below. Solar power is not 
included in the comparison since the intentions for its development in the national 
plans of the countries studied are minimal.  
 
Normalisation rule for accounting for electricity generated from hydropower [3]: 

𝑄𝑄𝑁𝑁(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) = 𝐶𝐶𝑁𝑁 ×
�∑ 𝑄𝑄𝑖𝑖

𝐶𝐶𝑖𝑖
𝑁𝑁
𝑖𝑖=𝑁𝑁−14 �

15
 

                                      (GWh)                      (1) 

Where: 

N = reference year 

QN(norm) =normalized electricity generation by hydropower in year N 

Qi = the quantity of electricity generated (excluding production from pumped storage) in year I 
measured in GWh 

Ci = the total installed capacity of hydropower at the end of year I measured in MW 

Normalisation rule for accounting for electricity generated from wind power [3]:  

𝑄𝑄𝑁𝑁(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) =  
𝐶𝐶𝑁𝑁 + 𝐶𝐶𝑁𝑁−1 

2
 ×

∑ 𝑄𝑄𝑖𝑖𝑁𝑁
𝑖𝑖=𝑁𝑁−𝑛𝑛

∑ �
𝐶𝐶𝑗𝑗 + 𝐶𝐶𝑗𝑗−1  

2 �𝑁𝑁
𝑗𝑗=𝑁𝑁−𝑛𝑛

 
(GWh)                      (2) 

Where:  

N = reference year 

QN(norm) = normalized electricity generated by wind power in year N 

Qi = the quantity of electricity generated in year I measured in GWh 

Cj =the total installed capacity of wind power at the end of year j measured in MW 

n = 4 (or the number of years preceding year N for which capacity and production data are 
available, whichever is lower) 
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The methodology and analysis has a significant limitation in assessing the progress 
only in the development of RES-Electricity. The overall renewables target is based on 
final energy consumption of all forms of renewables (i.e. including RES-Heat and RES-
Transport). This approach is argued to be justified for a number of reasons. First, an 
analysis of all types of renewable resources across all three energy types (electricity, 
heat, transport) would be overly complex. Secondly, because of the level of detail of 
NREAPs compared to available statistics, it is impossible to adequately assess 
development of each RES resource and energy type against specific plans in the 
NREAPs. Thirdly, it can be contended that progress in electricity is something of a 
proxy for other forms of renewables both in the general sense of being representative 
of member state commitment and level of success in overall RES development. In the 
case of biomass, this “electricity as a proxy for all RES” concept is proposed to be a 
statistically significant for heat, as a great part of biomass heat is delivered through 
biomass combined heat and power (CHP) plants, at least for the countries sampled, 
where very few very few biomass electricity-only plants are established or planned. 
Finally, the renewables transport component is a limited “standalone target”. It is 
subject to a separate 10% target and is primarily being delivered through a single 
renewables resource: liquid biofuels. Few member states intend to exceed this target 
and therefore it should have limited relevance in influencing the level of achievement 
required in electricity and heat. However, it is important to note that the limited “RES 
electricity only” approach does have limitations and in view of this, research question 
B.2, considering biomass RES only, does consider progress in electricity, heat and 
transport (though still with only a relatively superficial consideration of the latter).  

3.1.3 Overview of early progress towards reaching targets 

The five countries studied are all in the Nordic-Baltic region: Sweden, Finland, Latvia, 
Lithuania and Estonia. These states have historical success in bioenergy and hydro 
development, but in general have limited experience in development of wind power 
and have minimal use of solar power to date. The key results on progress in RES-
Electricity development against the NREAPs are shown in Table 3 and Figure 3. These 
figures show the differences between the national plan projections for RES-Electricity 
and the actual Eurostat data for 2012, as described in the methodology above. The 
differences are indicated in two ways, absolute and relative, explained as follows:  

- Absolute: This shows the difference in GWh between the NREAP and the Eurostat 
data for the concerned year. Therefore, a positive number indicates that the 
Member State is in surplus compared to their NREAP objective. 

- Relative: This percentage indicates in relative terms how much the absolute 
difference is above or below the NREAP target. Therefore, a relative difference of 
-10% indicates that the Member State is 10% below its target for the year (e.g. 
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NREAP target 100GWh, Eurostat 90 GWh, difference 10GWh, -10% relative 
performance)  

Based on the described results, all five states are reaching their overall RES electricity 
objective. Yet, some countries are underperforming in newer RES technologies (e.g. 
wind). They compensate for this by over-performing in more established technologies 
(e.g. biomass). This raises concern, since utilization of all available technologies will be 
needed to reach 2020 targets. To provide more insight into the reasons for these 
results, the following section analyses countries’ successes and challenges in reaching 
the targets.  

 
Table 3. Difference between Eurostat (normalized) and NREAPs for 2012 (Paper III) 

 
Estonia Latvia Lithuania Finland Sweden 

Absolute 
[GWh] 

Relative 

[%]  

Absolute 
[GWh] 

Relative 

[%]  

Absolute 
[GWh] 

Relative 

[%]  

Absolute 
[GWh] 

Relative 

[%]  

Absolute 
[GWh] 

Relative 

[%]  

Hydro 3.1 10% 144.2 5% 492.8 114% -728.2 -5% 506.1 1% 

Geothermal 0.0 0% 0.0 0% 0.0 0% 5.0 0% 17.1 900% 

Wind 68.4 16% -2.0 -2% -0.6 0% -346.2 -42% 1014.5 16% 

Biomass 
(total) 

665.0 198% 54.0 23% -51.0 -19% 1990.0 22% 338.0 3% 

Solid 
biomass, 
bioliquids 

649.0 193% 17.0 35% 15.0 9% 1891.0 21% 371.0 3% 

Biogas 16.0 0% 37.0 20% -66.0 -61% 99.0 248% -33.0 -62% 

Total 736.5 92% 196.2 6% 441.2 35% 920.6 4% 1875.7 2% 
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Figure 3. Relative performance NREAP objective vs. Eurostat for RES-Electricity in 2012 (Paper III)  

3.1.4 Discussion of results by Member State 

All Member States reached their objective for the overall RES-Electricity sector in 2012. 
However, there is no room for complacency, and results must be treated with caution. 
Firstly, high relative over-performances in countries with small existing RES resources 
(e.g. Estonia, Lithuania) are not as significant as they may appear given the steep 
trajectory between the objective in the NREAP for 2012 and that for target compliance 
in 2020. Furthermore, Member States show a lack of consistency in their performance 
across the major RES-Electricity technologies envisaged to be required to reach the 
2020 objectives. This is particularly concerning with respect to biomass, since as 
discussed, bioenergy performance is more dependent on fuel availability rather than 
capacity deployment (as for example with wind and solar). Thus disruption and/or lack 
of long term availability of primary biomass resources could threaten the contribution 
of biomass towards the final 2020 objective – as is considered further in the discussion 
of results for the second research question on biomass in section 3.2. Discussion here 
is confined to a general overview of the results for 2012, considered by country, but 
with some comparative reference also to 2011 data contained in Paper III:  

Estonia shows good performance against its objectives for renewable electricity 
development, with an overall 92% over-performance against its RES Electricity 
objective in 2012 (up from 66% in 2011). This significant over-performance is mainly 
due to increased electricity generation from biomass, which was achieved through co-
firing wood chips with oil shale in the Balti Power Plant and building three new CHP 
plants with a total electrical capacity of 65 MW. In addition, some small-scale CHP 
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plants started operating in 2012-2013 with a unit size below 3 MW. In terms of wind 
power, there is only a small underperformance of 3% in 2011, but in 2012 new wind 
parks started operating resulting in an over-performance of 16%. The installed capacity 
of wind power in Estonia has increased from 31 MW in the year 2005 to 266 MW in 
2012 [5] Further development of wind power is a major concern, as the current support 
system foresees an annual generation limit of 600 GWh for subsidies paid with wind 
power. By the end of 2013 there were 286 MW [52] of wind turbines installed in Estonia 
(the NREAP target for 2013 was 350 MW) and the consequent generation is estimated 
to reach the annual limit in 2014. This has resulted in a situation in which no new wind 
parks are under construction. According to the NREAP, the capacity of wind power 
should reach 400 MW by 2015 and 650 MW by 2020. Solar PV has so far played a 
minimal role, despite increasing interest, with 2013 capacity reaching 0.34 MW and 
production of 0.11 GWh [52].  

Latvia shows an interesting situation as a significant proportion of its overall over-
performance in 2012 (196GWh, 6%) is derived from in the hydropower sector 
(144GWh, 5%), rather than the new renewables that need to be developed. However, 
there was also a significant over-performance in biomass (54GWh, 23%), but there was 
small underperformance in wind (-2Wh, -2%). Nonetheless, it is important to note that 
both of these figures constitute a significant change from Latvia’s situation in 2011, 
when biomass and wind were respectively 12% and 21% below their 2011 objectives. 
However, whilst there was a positive evolution from 2011 to 2012, there was significant 
concern about the continuing development of RES-Electricity due to the instability of 
its RES support policy. The Latvian renewables support scheme had four legislative 
changes on price setting between 2007 and 2011, with the support scheme being 
suspended altogether from May 2011 to the start of 2016, due to concerns about price 
increase for and businesses. This implies that the development of RES-Electricity in 
Latvia to meet the 2020 target could be challenging. A number of issues appear to be 
behind the instability in renewables support in Latvia. As well as the concerns over the 
effectiveness and costs of RES-Electricity tariff levels, there seems to be a lack of 
understanding within the Ministry of Economy about efficient price setting 
mechanisms and their possible application. This has not necessarily been delivered an 
economically efficient policy. The Latvian Energy Strategy 2030 [53] foresees 
introduction of market principles in the support design, but does not specify how this 
is to be achieved. Worsening the current situation, a tax on subsidised energy was 
introduced in November 2013, submitting renewable generators to a retroactively 
applied measure that could damage investor confidence concerning policy stability.  

Lithuania showed a significant underperformance in wind and biomass in 2011, 
leading to a significant overall underperformance of 12% against its RES-Electricity 
objective in that year. However, in 2012 the situation significantly improved in wind 
power development, with Lithuania just reaching its wind power objective for 2012. 
Nonetheless, biomass continued underperforming in 2012 as evidenced by its deficit in 
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gross electricity generation. Biomass worsened from 44GWh to 51GWh under its 
NREAP objective from 2011 to 2012, implying that its overall underperformance for 
RES-Electricity continued with a 6% deficit in 2012. This situation is particularly 
concerning considering the strong objective to develop the biomass sector over the next 
years. 

Finland shows a deepening trend of underperformance in wind power, combined 
with an over-performance for biomass generation. The success in developing biomass-
based electricity can be attributed to the strong experience in this sector. The biogas 
sector has also been boosted by new subsidies from 2011 (feed in tariff of €83.5/MWh) 
[54], This is unlikely to have had a significant impact on the sector as most biogas so 
far has been generated in landfills, rather than in the agricultural sector, but only the 
latter is covered by the new subsidies. For wind power, the situation is less positive, 
with a 32% underperformance in 2011 worsening to a 42% in 2012. This is despite a 
revised feed-in tariff for wind power coming into force in 2011, guaranteeing 
€83.5/MWh for 12 years, with a higher tariff for quick starters of €105.3/MWh until 
2015. A lot of wind power developments in Finland have been held up by objections of 
local residents and slow permitting processes. The overall situation for Finland is 
concerning, as the over-performance in biomass is progressively weakening (down 
from 26% in 2011 to 22% in 2012). Therefore, Finland’s overall over-performance in 
RES-Electricity declined from 7% in 2011 to 4% in 2012.  

Sweden: Of the countries studied, Sweden is most consistently in line with its target 
objectives, despite only being slightly above its overall RES-Electricity objective in both 
2011 and 2012. Sweden showed a significant over-performance in wind power in both 
2011 and 2012 of 16%; constituting a margin of 1000 GWh over its objective. Sweden’s 
success in the wind power sector provides something of a counterpoint to Finland, and 
Sweden’s success is further discussed in section 4.1 of this thesis. Sweden only 
underperforms on biogas, although the absolute amounts here are very small compared 
to Sweden’s overall RES-Electricity generation: 33GWh under objective in 2012. The 
biogas sector is of limited importance to Sweden’s overall 2020 objective. The overall 
good performance is likely due to good experience of RES development in Sweden, with 
a well-functioning, technology neutral, renewables certificate-based support system, 
which has existed since 2003.  

On the basis of the above results, a summary of the key outcomes for this research 
question, for the five countries studied, is given as follows: 
 
• Progress was sufficient on sectoral basis (electricity), but did not follow the 

specific objectives 

• Overachieving in biomass electricity has risks it is fuel rather than capacity 
dependent (and availability of woody biomass fuel linked to situation of forest 
industry)  
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• Sweden provided the best example of achieving targets 

• Slow development of wind power in Finland was derived from lack of 
experience 

• Planning policy appeared almost as important as subsidy regimes 

• Uneven progress raised concerns for countries’ ability to reach legally binding 
2020 targets (although other member states are in a much worse position) 

3.1.5 Updated results to 2018 

Here a broad update of the results from paper III is detailed, considering whether some 
of the trends seen in the early progress towards reaching the 2020 RES targets are 
reflected in the latest available data, to end of 2018. The primary data here is taken 
from the Eurostat SHARES tool [55], which provides harmonised RES statistics for 
member states, aligned with the NREAP objectives. This tool did not exist when the 
data analysis for paper III was performed, but it usefully allows for a simplified 
comparison between the 2011 and 2012 data analysed in paper III and the latest 
progress. In order to identify whether the key trends from paper III continued only 3 
key datasets are considered here, in order to analyse the following: 

- Biomass e.g. did the over-achievement in biomass continue, especially for 
Estonia? 

- Wind e.g. did Finland continue to under achieve in the wind power sector? 

- Overall RES-Electricity objective - was compliance with the overall RES-
Electricity objective maintained? 

The key data to evaluate these questions is given in Figure 4, which similarly to Figure 
3, compares national objectives from the NREAPs to actual generation for wind, 
biomass and total RES-Electricity for the year of 2018. In answering the 3 above 
questions, we can thus conclude the following: 

Biomass: 

It is clear that the trend of overachievement in Estonia continued, to an even more 
extreme extent, with Estonia overachieving its objective by over 250%. However, Latvia 
reversed its previously positive trend and Lithuania worsened to 70% 
undercompliance. 

Wind: 

Finland radically reversed its trend of underperformance in windpower. The sector 
accelerated with effective subsidy schemes and heavy investment in the sector after 
starting from a low base. Indeed the growth in the sector has been remarkable with an 
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increase in windpower generation by a factor of 10 between 2012 and 2018 (from 
470GWh to almost 5400GWh). Sweden has continued its good performance in the 
sector, but Estonia and Latvia have fallen back. For Latvia, this is very likely due to the 
aforementioned instability in RES support. 

Overall RES-Electricity objective compliance: 

Overall target compliance was maintained for Estonia, Sweden and Finland. Lithuania, 
which was already showing a deficit in 2012, maintained this trend, worsening to 
almost 20% undercompliance, whereas Latvia reversed its positive trend to 10% 
undercompliance.  

 
Figure 4. Relative performance NREAP objective vs. Eurostat for RES-Electricity in 2018 [55]–[60] 

3.2 Research question B: Prospects for bioenergy (Papers III, IV, VII) 

3.2.1 Overview 

The principal purpose of this section is to take forward the analysis of progress in RES 
development presented in section 3.1 to a specific sectoral analysis on the prospects for 
biomass. Here, the analysis considers three main issues, divided into the sub-questions 
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set out in Table 4. The treatment of these sub-questions varies in geographical scope, 
with detailed issues considered only in a small sample of countries and a general 
overview taken at EU level. The principal purpose is to reflect upon whether the 
ambitions for bioenergy development in the studied countries are realistic. Reaching 
the overall 2020 renewables targets is put into doubt if Member States do not achieve 
the bioenergy objectives. As shown in Table 4, the first sub-question considers only 
biomass electricity, whilst the second two cover by electricity and heat.  

 
Table 4. Issues covered under research question B: What are the prospects for bioenergy development 
within EU renewables targets 

Issue/sub-
question 

Section Publication Bioenergy types 
considered 

Geographical scope 

B.1 Bioenergy 
development to 
date in sampled 
Nordic-Baltic 
countries and 
ambitions for the 
future 

3.2.2 Paper III Electricity Estonia, Finland, Latvia, 
Lithuania, Sweden 

B.2 Ambitions for 
bioenergy 
development at EU 
level; biomass 
demand, usage 
efficiency, role of 
CHP 

3.2.3 Paper IV Electricity, Heat EU-27 

B.3 Bioenergy 
policy 
effectiveness - the 
UK and Nordic 
example 

3.2.4 Paper VII Electricity, Heat Denmark, Finland, 
Sweden, UK 

3.2.2 Bioenergy development to date in sampled Nordic-Baltic countries and 
ambitions for the future (Paper III) 

Methodology is not discussed here, since that is already covered for Paper III in section 
3.1.2. As shown by Table 5, biomass power generation is critical to all of the sampled 
Member States in order to reach their 2020 objectives. For all member states except 
Estonia, biomass power generation represents more than a third of total projected 
RES-E generation growth in the period 2005-2020. In the case of Lithuania, biomass 
presents as much as 55% of projected RES-E growth, with Finland and Sweden 
following not far behind with 49% and 45% respectively. Notably, the level of foreseen 
biomass power generation growth is high both in countries where bioenergy has been 
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historically important (Sweden and Finland), and also in countries where bioenergy 
has been less historically important (Lithuania and Latvia). 

 
Table 5. Biomass capacity deployment in sampled Nordic-Baltic countries (Paper III) 

Country Capacity 
2005 
(MW) 
[61] 

Capacity 
2012 
(MW) 
[61] 

Annual 
build rate 
2005-2012 
(MW/year) 

Projected capacity 
2020 (NREAP, MW) 
[57],[57],[57],[60],[59] 

Required 
build rate 
2012-2020 
(MW/year) 

Biomass as 
percentage of 
total 2005-
2020 RES-E 
development 
(Generation 
basis) 

Estonia 10 163 22 N/A N/A 17% 

Latvia 10 25 3 200 22 34% 

Lithuania 5 41 5 224 24 55% 

Finland 2140 1950 -27 2869 115 49% 

Sweden 2582 2720 23 2928 26 45% 

Notes: Historical (2005-2012) and required deployment to meet NREAP (2012-2020). Corrected from original 
NREAP data; Estonia did not provide the capacity data in its NREAP required for the table 
 

However, regardless of whether biomass power generation has been a significant share 
of historical generation or not, the level of capacity growth required to reach the 2020 
objective is remarkable relative to historical build rates, with the exception of Sweden 
(for Estonia the data was not available to make this assessment). For Latvia and 
Lithuania, the increase required is in the order of between 500 and 700%, although the 
absolute growth numbers are small given that these countries are starting from a low 
historical base. For Finland, the situation is also challenging. It faces the need to 
reverse a net decline in generating capacity (27MW/year lost 2005-12) and put in place 
an average of 115MW/year in the period from 2012-20. However, the data for Finland 
can be somewhat misleading. A large part of solid biomass electricity production in 
Finland is co-firing with fossil fuels—primarily coal and peat—and the incentive for this 
is primarily determined by the permit price in the EU Emissions Trading system (ETS); 
for example, a high permit price disincentivises coal and peat use. Finnish plants can 
combust variable proportions of coal, peat, and biomass in accordance with fuel and 
ETS permit prices making them able to quickly increasing their biomass usage. Low 
permit prices in the period covered in these results have not been favourable to using 
a high share of biomass in these plants. Thus, providing that the necessary biomass fuel 
supply can be secured, Finland could relatively quickly increase the level of biomass 
power generation within existing plants in order to meet its objectives.  

In conclusion, whilst biomass power generation is critical to reaching the 2020 target, 
in view of historical precedent, the required level of growth in generation to reach those 
targets is extremely challenging. Notably, this conclusion is reached before even 
considering the actual biomass supply required to fuel this new capacity, as is touched 
upon in the next section. 
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Key results for question B.1: 

• In order to demonstrate the critical role of biomass electricity in reaching the 
2020 targets, actual historical data is compared to the projections in the 
NREAPs of the countries sampled in Paper III (i.e. Finland, Sweden, Latvia, 
Lithuania, Estonia).  

• NREAPs indicate the critical importance of biomass power generation for the 
sampled member states reaching their 2020 objectives (with the possible 
exception of Estonia). Additional biomass power generation required varies 
between 17% and 55% more than the 2005 baseline level. 

• Annual build rate to reach 2020 targets vastly exceed historical build rate 
from 2005-2012 (with the possible exception of Estonia). 

3.2.3 Ambitions for bioenergy development at EU level; biomass demand, usage 
efficiency, (Paper IV) 

3.2.3.1 Overview & Methodology 

A fundamental question concerning the future expansion of bioenergy is how to meet 
the new demand for primary bioenergy resources. The purpose in this section is to show 
how, in order to produce the same final energy consumption of biomass in the form of 
electricity and heat, demand for these resources can be increased or decreased 
depending on the choice of plant technology. It is worth noting that the actual question 
of overall availability of biomass is outside the remit of this analysis but is taken up in 
the discussion in section 4.2.  

The methodology involved developing a range of different scenarios for the increase 
in primary biomass consumption between 2012 and 2020 for all EU countries, for 
producing energy in both electricity and heat sectors (transport biofuels are not 
included in these results). Before considering the actual scenarios, the method for 
calculating primary energy biomass demand in the different scenarios is considered. 
This was calculated with two key inputs, data for from the National Renewable Energy 
Action Plans of the entire EU-27 [5] (final energy consumption for biomass electricity 
and heat was extracted) and conversion efficiencies for converting primary biomass to 
final energy consumption. This methodology was set out in greater detail in the 
research report underpinning Paper IV [62]. These inputs are described as follows: 

Input - NREAP data: The final energy consumption data for bioenergy is taken from 
the NREAPs [5] (tables 10 and 11), for electricity and heating respectively, indicating 
member state intentions for increasing biomass electricity and heat consumption to 
2020. The final energy data for these sectors is further split into biomass fuel 
categories:  

- Solid biomass 

- Biogas 
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- Bioliquids 

It was then necessary to derive which type of plants generated the final energy 
consumed from these different biomass fuel sources, between the following three 
biomass electricity & heat generation plant-types:  

- Electricity-only plants 

- Combined heat and power 

- Heat-only plants  

In order to derive the plant types, table 10 of the NREAPs was consulted, covering 
biomass electricity. In this table, electricity from CHP plants is described separately. 
Therefore, it was rather straightforward to understand how much electricity was 
assumed to be developed from electricity-only plants, and how much from CHP. 
However, it was more challenging to understand how much biomass heat member 
states had assumed to be developed from CHP or heat-only plants. In the heating and 
cooling table in the NREAPs (table 11), there is no indication as to how much of the 
heat is produced by CHP rather than by heat-only plant. Therefore, the amount of CHP 
heat was calculated by multiplying the electricity produced by CHP (from table 10) by 
the power to heat ratio of modern CHP plants (assumed to be 2). Thus, the part of total 
biomass heat separately from CHP plant and from heat-only plant was derived.  

Input - Conversion efficiencies: Having been able to calculate member state 
assumptions on how much biomass electricity and heat in terms of final energy 
consumption would be derived from the 3 plant types and 3 biomass fuel types to 2020, 
it was necessary to find an appropriate approach to calculating primary energy 
consumption of biomass. Two types of conversion efficiency were taken into account; 
processing efficiency of raw biomass to biomass fuel delivered to the plants, and plant 
efficiency for the electricity or heat plants combusting the biomass fuel. The approach 
to including these two different efficiencies was as follows: 

Input - Processing efficiency - Before biomass can be combusted in an electricity or 
heat plant, it must be processed from raw biomass. This processing can vary from 
relatively simple (e.g. collecting, chipping and transport of forest residues) to more 
complex processing such as pelletization or even the production of torrefied pellets. It 
is therefore necessary to take into account the energy used in this processing stage by 
taking into account a processing efficiency figure which takes into account the 
proportion of energy in the raw biomass required for its processing into final biomass 
fuel delivered at the plant. The assumed processing efficiencies, set out in  were defined 
according to the fuel categories in the NREAPs, as follows: 

- Solid biomass  

- Biogas  

- Bioliquids  
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As shown in Table 6, there were two different efficiencies defined – one “business as 
usual”, and one assuming use of “best available technology”. These different efficiencies 
were applied to the scenarios with these labels. 
  
Table 6. Assumed processing efficiency for raw biomass to delivered biomass fuel in Paper IV 

Fuel Processing efficiency, raw biomass to 
fuel 

Notes 

Business as 
usual 

Best available 
technology 

Solid 
biomass 

95 % 96 % Chipping, Pelletization 

Biogas 70 % 75 % Biogas reformer 

Bioliquids 70 % 75 % Primary bio oils (e.g. palm oil), Black 
liquor 

Plant efficiency – In order to be able to calculate the demand for processed biomass-
based fuel as delivered to the plant, from the final energy consumption figures in 
NREAPs, assumed conversion efficiencies were required. These were needed 
separately for electricity-only, heat-only, and CHP plants, categorizing each of these 
types by the fuel type (solid biomass, biogas, or bioliquids) – therefore utilizing the 
same data categorization used in the NREAPS.  As described in the research report 
underpinning Paper IV [62], an analysis was made the percentages of different 
technology types within these categories based on the Platts power plant database [63] 
(e.g. biogas electricity only plants were found to be 86% internal combustion engines, 
and about 5% of each of CCGTs and OCGTs). Thus, taking into account conversion 
efficiencies for each technology type, and knowing the percentages of the different 
types of plant a weighted average conversion efficiency was calculated for each plant 
category, as shown in Table 7. One inherent assumption was that the technology mix 
of new plants built until 2020 would be similar to existing plants.  For plants in 
operation to 2012, the assumed plant efficiency was the same for all scenarios, set out 
as “Current” in Table 7. However, different conversion efficiencies were used for new 
capacity to be built 2013-2020 according to the different scenarios, as follows:  

- Business as usual (BAU) – BAU assumes new plants are built according to 
current progress in efficiency 

- Best available technology (BAT) assumes all new plant are built according to 
the most efficient technology available). 
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Table 7. Assumptions on plant biomass efficiency by sector in Paper IV 

Output Plant category Plant efficiency 

Current 2020 2020 

BaU BAT 

Electricity Electricity only Solid biomass 25 % 30 % 38 % 

Biogas 25 % 30 % 34 % 

Bioliquids 26 % 31 % 34 % 

CHP CHP average 21 % 25 % 30 % 

Heat Electricity only Solid biomass 85 % 85 % 85 % 

Biogas 85 % 85 % 85 % 

Bioliquids 85 % 85 % 85 % 

CHP CHP average 60 % 60 % 60 % 

Final calculation of final biomass demand for different scenarios: 

Taking into the account the input given above, the calculation of final biomass 
demand was a simple calculation, according to the following: 

- Taking final energy consumption for 2020 from the NREAPs across the 
different fuel types & plant categories 

- The biomass processing efficiency assumptions for the different biomass fuel 
types (Table 6) 

- The biomass plant efficiency for different plant and fuel types (Table 7) 

The different defined efficiencies, “Business as usual” and “Best available Technology” 
were then applied across three different scenarios for primary biomass demand, 
defined as follows: 

- NREAP BAU (business as usual): This scenario assumes the production of 
heat and electricity according to the data in NREAPs. It assumes that average 
heat and power plant efficiencies will slightly increase from current 
efficiencies. NREAP BAU includes heat plants, electricity plants and CHP 
plants. NREAP BAU is used as a baseline scenario. 

- NREAP BAT (best available technology): This assumes the same production 
data as in baseline scenario, but adds the assumption that conversion 
efficiencies will improve. It assumes that new plants will be built with the best 
available technology and to larger capacities than existing plants to allow for 
the highest possible conversion efficiencies. 

- NREAP Zero-CHP: to evaluate the effect of CHP in NREAPs, a Zero-CHP 
scenario is included. The Zero-CHP scenario utilizes the same heat and 
electricity data from the NREAPs in final energy terms, but assumes that it is 
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produced without the use of CHP. This implies that all the heat and electricity 
are produced by dedicated heat-only and electricity-only plants respectively. 

 
The methodology and approach taken here does have a number of limitations in 
reaching its overall aim to calculate overall primary biomass demand and to 
demonstrate the importance of usage efficiency (e.g. use of CHP). Firstly, the 
assumptions on conversion efficiency are open to debate. In the absence of such data 
being available as averages of actual facilities across the EU, this efficiency data was 
primarily defined in consultation with biomass processing and plant technology 
experts, primarily within the BEST project within which the research was carried out 
[64] (together with in the experience of the paper authors in previous work).  It could 
be argued that the plant efficiency assumptions were reasonably reliable, since the 
plant efficiency assumptions were weighted according to the known technologies of 
existing plants as referenced in power plant databases. However, the assumption that 
new plants built 2013-2020 would have the same mix of technologies as existing plants 
is debatable. But the more significant weakness may be the assumptions on processing 
efficiency of primary biomass to delivered biomass fuel. In reality, this would vary 
significantly according to exact feedstock and location (e.g. distance from feedstock to 
plant), which are highly variable across the EU.  Furthermore, the advance in efficiency 
to 2020 inherent in the scenarios is open to debate – it could improve more quickly or 
more slowly.  

Despite these limitations, it is argued that the methodology is robust enough to give 
an indicative overview of primary biomass needs to 2020 and to indicate the 
importance of using biomass at the highest possible efficiency. 

3.2.3.2 Results 

The scenarios described indicate results as follows in Table 8. 
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Table 8. Biomass demand for heat and electricity for 2020 in TWh (Paper IV) 

Countries NREAP Zero-CHP NREAP BAU NREAP BAT 
Elec Heat Total Elec Heat Total Elec Heat Total 

AT 17 49 67 20 41 60 16 41 57 
BE 37 28 65 34 21 55 27 21 48 
BG 2.9 15 18 3.5 13 16 2.9 13 16 
CY 0.5 0.4 0.9 0.4 0.4 0.8 0.4 0.4 0.8 
CZ 15 32 47 18 22 40 15 22 37 
DK 29 36 66 35 15 51 29 15 45 
EE 1.2 8.3 9.5 1.4 7.5 8.9 1.2 7.5 8.6 
FI 43 90 133 51 61 112 43 61 104 
FR 57 225 282 69 185 253 57 185 242 
DE 165 155 320 182 106 289 152 106 258 
EL 4.2 17 21 3.2 16 20 2.8 16 19 
HU 11 18 29 13 10 24 11 10 21 
IE 3.4 6.6 10 5.2 5.3 11 4.3 5.3 10 
IT 62 78 140 62 64 125 52 64 116 
LV 4.1 19 23 4.3 17 21 3.6 17 20 
LT 4.1 14 18 4.9 11 16 4.1 11 15 
LU 1.1 1.1 2.2 1.3 0.4 1.7 1.1 0.4 1.5 
MT 0.5 0.0 0.5 0.5 0.0 0.5 0.4 0.0 0.4 
NL 55 21 76 61 1.3 62 50 1.3 51 
PL 47 70 117 46 58 104 38 58 96 
PT 12 32 43 13 27 40 11 27 38 
RO 10 53 63 12 46 58 10 46 56 
SK 5.7 9.4 15 6.8 5.4 12 5.7 5.4 11 
SI 2.3 7.2 9.4 2.7 5.6 8.3 2.3 5.6 7.8 
ES 41 64 104 34 58 92 28 58 85 
SE 56 130 186 67 90 157 56 90 146 
UK 87 54 141 72 49 121 58 49 107 
EU-27 774 1232 2005 822 937 1759 682 937 1618 

Based on Table 8, we can summarise the outcomes for primary biomass resource use 
for reaching the same final energy outcome at follows:  

- NREAP BAU (business as usual): Total biomass resource use for biomass 
electricity and heat is 1759TWh. As noted in the discussion in section 4.2, this 
is already very close to forecast total available biomass primary resources in 
the EU. 

- NREAP BAT (best available technology): Use of best available technology 
reduces total resource use by 8% to 1618 TWh 

- NREAP Zero-CHP: If biomass heat and electricity is produced separately, 
rather than in CHP plants, 14% more primary biomass would be required 

The results indicate the significant impact that improving the efficiency of using 
biomass could have upon saving primary energy, while producing the same final energy 
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outcome. Thus the key message here is to point out that improving total energy 
efficiency by use of best available technology and increasing combined heat and power 
(CHP) production leads to a decrease in the demand for primary biomass, thus in itself 
making biomass use more sustainable, aside from the actual source of biomass. In 
terms of sourcing the biomass, more efficient utilization of biomass can reduce or 
remove the need for the EU to import biomass from external sources. Given that one of 
the key questions in utilizing biomass is sustainability, and significant sustainability 
concerns exist regarding this imported biomass, it is thus critically important that the 
most efficient technologies are applied for biomass utilization in the electricity and heat 
sectors. The question of demand for primary biomass in comparison to availability is 
taken up in the discussion in section 4.2. 

Key results for question B.2: 

• Results of scenarios for increases in primary bioenergy use in EU-27 countries 
between 2012 and 2020 were presented. The scenarios are based on 
calculation from the final energy consumption forecasts for electricity and 
heat presented in the NREAPs (transport is not considered).  

• These scenarios that primary energy savings can be achieved if new plants 
are built to best available technology (BAT), or conversely, if the foreseen new 
combined heat and power (CHP) is not developed and new biomass electricity 
and heat is delivered through separate plants.  

• Calculations show that without the use of CHP, 14% more biomass is required 
to produce the same amount of heat and electricity targeted in NREAPs.  

3.2.4 Bioenergy Policy effectiveness/ Promotion of bioenergy: The UK and 
Nordic example (Paper VII)  

3.2.4.1 Overview & methodology 

 
Paper VII uses both quantitative and qualitative analyses to evaluate the effectiveness 
of government policy and support mechanisms in the UK, Sweden, Denmark and 
Finland in promoting bioenergy from 1990 to 2018/2019. As stated above, bioenergy 
forms a critical role in the plans of EU member states to reach their assigned 2020 RES 
targets. However, in promoting bioenergy, countries face significant challenges in 
developing effective support and prioritising the use of sustainable biomass (in 
addition to prioritizing the most efficient possible use of the primary biomass, as 
discussed in Paper IV and the corresponding section 1 herein). Paper VII analyses the 
success of bioenergy policies across the 4 countries, using both a quantitative and 
qualitative approach. The quantitative and qualitative methodologies applied are as 
follows:  
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- Statistical correlation and regression analysis to identify where supportive 
policies and other variables have had an identifiable impact on actual 
bioenergy development  

- Stakeholder consultation: Outputs from a stakeholder workshop and expert 
interviews are analysed to further investigate the drivers and barriers to 
bioenergy development, in terms of support measures and other factors.  

The applied methodologies the two approaches above are discussed respectively in 
sections 3.2.4.3 and 3.2.4.5.  The overall outcome of applying these two methodologies 
is a comprehensive analysis of the successes and challenges in effective promotion of 
bioenergy, taking account of policies, other measures and external variables, 
concluding with possible lessons that can be drawn for future promotion of the sector. 

3.2.4.2 Introduction to RES strategies in the selected countries 

An important point concerning data used in this section is required. As discussed in 
section 3.1, the renewable energy strategies of each country are significantly structured 
around the legally binding national renewables targets for 2020 which countries are 
required to meet under the EU’s 2009 Renewable Energy directive (RED) [3]. Table 9 
combines the 2020 objectives for biomass heat and electricity from the NREAPs with 
the actual achieved final energy consumption data for 2018 [55]. An important point 
on data definitions is required here; whilst IEA data [65] was used for the main 
correlation analysis section 3.1, the actual achieved consumption data for 2018 in Table 
9 is based on Eurostat SHARES data, as this data matches the specific data definitions 
for showing compliance with the EU 2020 RES targets discussed in this section (this 
dataset is also used in section 3.1.5). This differential data approach was necessary as 
the IEA data is available for the longer time period of 1990 to 2019, allowing for a more 
comprehensive statistical analysis; in contrast, whilst the Eurostat SHARES data is 
needed for direct comparison to the RES targets, the base data on which SHARES relies 
has only been collated back to 2004 and updated to 2018.  

Based on Table 9, a comparison can be made between the countries on two levels; 
firstly, the relative emphasis on bioenergy as a share of total power and heat; secondly 
the required progress in bioenergy between 2018 and 2020 to reach the 2020 objective. 
The text here also references the proportion of bioenergy as a share of the total 2020 
renewables objective (indicating how crucial bioenergy is to reaching the overall 
target). A key point in this data is that biomass heat and electricity should not be seen 
in isolation; in the Nordic countries at least, biomass electricity is generally delivered 
through combined heat and power (CHP), and therefore heat is produced concurrently 
with electricity. The UK differs here, where the lack of district heating grids restricts 
the development of large-scale CHP. However, the UK has made good progress towards 
reaching its’ bioheat target; however, from Table 9 it is clear that the UK target – at 8% 
of total heat is very modest compared to the Nordic countries bioheat objectives of 
between 35 and 53%. 
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Table 9. Comparison of bioenergy consumption between the states for 2019 (achieved) and 2020 
objective) (Paper VII). 

Member
State 

Biomass-based energy, gross final energy consumption 
Growth in 
Biomass-based 
energy from 2018 
required to reach 
2020 objective 2018 (achieved) 2020 (objective) (% of total projected 

power/heat*) 

Power Heat Power Heat Power Heat 

GWh GWh GWh % GWh % % % 

UK 24,019 41,795 26,160 7% 45,520 8% 9 % 9 % 

Finland 11,845 86,631 12,901 13% 76,874 43% 9 % -11 % 

Sweden 10,247 99,141 16,753 11% 110,308 56% 63 % 11 % 

Denmark 4,541 38,640 8,846 23% 30,738 35% 95 % -20 % 

*Note: Percentages of total power/heat refers to proportion of bioenergy within all sources of power/heat          

 

 

Figure 5. Total biopower & bioheat generation timeline & key interventions for the bioenergy sector 
(Paper VII) 

3.2.4.3 Methodology of correlation analysis  

A key point in addressing this research question and in the methodology adopted is to 
recognise that the energy sector is highly complex and influenced by a wide range of 
independent variables that may themselves be equally complex and reliant on further 
influences. As a result the development of new bioenergy infrastructure and 
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sustainable supply chains will be reliant on a wide range of factors that may contrast 
significantly between different countries [66].  

Statistical analyses were applied to evaluate the relationships between bioenergy 
generation trends within each of the countries and the timeline of policy interventions, 
whilst also assessing the potential influence of wider variables. This approach reflects 
that used by Kilinc-Ata [67], who applied Statistical Correlation and Multiple 
Regression statistical analyses to evaluate the correlation between both policy and 
wider factors on the uptake on renewable energy over time.  

A series of dependent and independent variables were identified and a database was 
developed to record how each variable changed within the selected countries over the 
period 1990 to 2019. The dependent variables characterise the levels of bioenergy 
generated, whilst the independent variables characterise changing dynamics of the 
policy landscape, total energy supply and consumption, energy security trends, wider 
economics and environmental factors. The choice of independent variables used within 
this research were identified from those utilized in previous research [67]–[69]. A 
database was developed to chart how each variable changed within each country over 
period of the analysis. The aim of this was to create a data framework for each country 
that would enable statistical analyses to evaluate the relationships between bioenergy 
generation and a series of independent variables. An overview of the chosen variables 
analysed are presented in Table 10 and Table 11, and the full database is included in the 
supplementary materials of Paper VII. This database was analysed applying two 
statistical tests: 

- Pearson Correlation statistical analyses were undertaken to measure the 
strength of the relationships between bioenergy generation and each of the 
independent variables. The research applies ‘2-tailed’ correlation analyses to 
also evaluate the directional relationship between bioenergy generation and the 
independent variables.  

- Multiple Regression statistical analyses were undertaken to evaluate the 
combined influence of the independent variables on the levels of bioenergy 
generated. This is carried out to help develop a wider understanding of the 
interactions that may influence changing trends in bioenergy generation.  

The statistical analyses was carried out using IBM SPSS Statistics 25 software [70]. 
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Table 10. Country specific dependent variables  

Dependent Variables Data 
Source Measurement Unit 

Total Heat & Power Bioenergy Generation [65] GWh 
Total Bio-power Generation [65] GWh 
Total Bio-heat Generation [65] GWh 

 

Table 11. Country specific independent variables influencing bioenergy generation 

Independent Variables Unit Source Variable’s Relationship with Bioenergy 
Policy 
Landscape 

Bioenergy Support 
Schemes 

No. in Force [65] Designed to support the bioenergy sector, 
renewable generation and transition 
towards low and zero carbon Renewable 

Energy Policy 
Climate Change 
Policy 

Total Energy 
Supply 

Natural Gas Mtoe [65] Total energy supply and consumption 
dynamics, bioenergy potentially replacing 
fossil fuel energy technologies and 
balancing changing energy consumption 
trends 

Oil Mtoe [65] 
Coal Mtoe [65] 
Nuclear Mtoe [65] 

Energy 
Consumption 

Power TWh [65] 
Gas PJ-gross [65] 

Energy 
Security 

Net Energy Import Mtoe [65] Bioenergy generation may reduce need to 
import energy Net Natural Gas 

Import 
PJ-gross [65] 

Oil Product Import kt [65] 
Power Import Mtoe [65] 

Economic GDP Billion US$ [71] Increases opportunities for bioenergy 
support 

Oil Price Index Price [72] Substitute for bioenergy generation 
Coal Price Index Price [72] 
Natural Gas Price Index Price [72] 

Environment CO2 Emissions CO2 metric 
tons per capita 

[71] Pressure to reduce CO2, increases focus 
on bioenergy 

Heating Degree 
Days 

Actual Heating 
Degree-Days 

[73] Drives the demand for energy 

3.2.4.4 Results of correlation analysis: Relationship between Country Bioenergy 
Generation & Support Schemes, Policies and Taxes 

Results of the Pearson Correlation analysis are presented in Figure 6. Figure 6 charts 
the specific relationship between total bioenergy generation and each of the 
independent variables (for clarity, individual variables are given in italics in the 
following text). Each symbol is located on a scale between 1.0 and -1.0, reflecting the 
directional characteristics of the relationship. For example, symbols for independent 
variables located close to 1.0 are variables that have a positive relationship with total 
bioenergy generation – as the value of the variable increases, total bioenergy 
generation increases concurrently. In contrast, symbols for independent variables 
located close to -1.0 indicate an inverse relationship with total bioenergy generation – 
as the value of the variable decreases, total bioenergy generation increases. The colour 
coding of the symbols within Figure 6 is designed to highlight the strength of the 
relationship (R2 correlation coefficient) between the independent variables and total 
bioenergy generation. For instance, symbols markers located towards 1.0 and coloured 
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green are found to have a significant (p >0.01) positive relationship with total 
bioenergy generation.  
 

 
Figure 6. Results of correlation analysis between bioenergy generation & bioenergy Support Schemes, 
Policies & Taxes 1990 to 2019 (Paper VII) 

The results of the Pearson Correlation statistics mapped in Figure 6 highlight both 
similarities and differences in the relationships between the independent variables and 
bioenergy development within each country. Significant positive correlations are 
shown for each country between the Policy in Force variable and bioenergy 
development, with generation increasing as new policies are implemented.   

There are largely inverse relationships between the total energy supply variables and 
bioenergy generation. Significant inverse correlations are indicated between bioenergy 
generation and Oil Supply in the UK, Sweden and Denmark, with Coal Supply in the 
UK and with Nuclear in the UK and Sweden – as total supply of these alternative energy 
sources decreases, bioenergy generation increases. In contrast, significant positive 
correlation is shown between Gas Supply in Sweden and Nuclear in Finland – 
bioenergy also increasing as each of these variables increase over the timeline. 
Significant positive correlations are also demonstrated between Power Consumption 
in Finland and Gas Consumption in Sweden with bioenergy. Conversely, significant 
inverse correlations are shown between Gas Consumption in the UK and Finland.   

A number of contrasts can be identified between the characteristics of the 
relationships between the energy security variables and bioenergy generation. Net 
Energy Import is shown to have no significant correlation with bioenergy generation. 
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In the UK a significant positive relationship is shown between Gas, Oil and Power 
Imports. There is a comparable relationship in Sweden for Gas and Oil Imports, and 
for both Finland and Denmark for Oil and Power Imports.  

Significant positive correlations are demonstrated between bioenergy and the 
majority of the economic variables, aside from in UK and Denmark where the 
correlations with GDP and Gas Price respectively are shown to not be significant. CO2 
Emissions per Capita is shown to have a significant inverse relationship with bioenergy 
generation within the UK, Sweden and Denmark – CO2 emissions reducing over the 
timeline as bioenergy increases. The strength of this correlation is less for Finland. 
There are also inverse relationships between the Heating Degree Day variable and 
bioenergy for each country, although this correlation is only found to be significant in 
Finland. Concluding upon these results. 

Moving forward from the results of the Pearson correlation analyses between 
individual variables and bioenergy development, a brief synopsis is given of the results 
of the Multiple Regression statistical analyses undertaken to evaluate the combined 
influence of the independent variables on the levels of bioenergy generated. In 
summary, the multiple regression analyses highlighted that there are only a limited 
number of independent variables that have a unique influence on bioenergy 
generation. In contrast, the analyses suggested that there are interactions and linkages 
between many of the independent variables that may collectively have more significant 
influence on bioenergy generation trends. Whilst there is a significant positive 
correlation between bioenergy development and support policies in force, this Multiple 
Regression analyses thus indicates that wider factors may have greater collective 
impact than policy incentives taken alone.  

3.2.4.5 Methodology & results of stakeholder analysis 

To provide a broader understanding and analysis of the how specific interventions have 
influenced bioenergy generation, qualitative analysis was undertaken on the outputs of 
a UK-Nordic bioenergy roundtable event. This analysis aims to identify the key drivers 
and barriers to the development of the bioenergy sector within the United Kingdom 
and Nordic Region, based on the experiences of key bioenergy stakeholders. The 
analysis focuses on the outputs from a ‘UK-Nordic Bioenergy Forum’ engagement 
event held in Espoo, Finland in March 2016, which initiated the research undertaken 
for Paper VII. The events’ theme was ‘the role of biomass related combustion 
technology, heat and gas networks’, and was attended by over 40 bioenergy 
stakeholders from the UK, Finland and Sweden, representing a balance of government, 
academic and industry sectors. The composition of the participants is set out in Table 
12 below. This event was co-organised by Aalto University (represented by the author 
of this thesis) and the Science and Innovation Network of the UK Foreign and 
Commonwealth office, together with the University of Manchester, UK Supergen 
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Bioenergy Hub network, Knowledge Transfer Networks (UK), VTT (Finland) and 
Spinverse (as co-ordinators of the Finnish BEST Bioenergy Programme).  
 
Table 12. Composition of bioenergy stakeholder event “UK-Nordic Bioenergy Forum” (March 2016) 
(Paper VII) 

 
Industry & 
Industry 
Associations 

Academia & 
Research 
Organisations 

Government & 
State Agencies TOTAL 

UK 11 3 4 18 

Finland 11 10 2 23 

Sweden 3 2 0 5 

TOTAL 25 15 6 46 

The stakeholders’ perceived barriers mapped out in Figure 7 highlight an interesting 
picture. For instance, the UK stakeholders mentioned by far the greatest number of 
perceived barriers. The key bioenergy barriers in the UK are shown to be the instability 
of the policy landscape, the perceived lacklustre attitude of the government toward 
renewables, and concerns, also shared with Finnish stakeholders and to lesser extent 
Swedish stakeholders, about the availability of domestic resource supply (reflecting 
back to the primary biomass demand question investigated in Paper IV, covered in 
section 1). The latter is perhaps surprising in the Swedish and Finnish cases, given the 
predominance of domestic forestry resources in the bioenergy supply [74]. For Sweden 
and Finland, it is primarily indicative of issues related to the mobilization and reliable 
supply of forestry biomass from many small landowners, and the link between 
bioenergy and the pulp and paper sector. The decline of the latter in these two countries 
has given rise to concern about the availability of secondary biomass, which is generally 
material considered waste products from the pulp and paper sector, but often 
represents the dominant resource bioenergy production. Both Swedish and Finnish 
stakeholders perceived their governments’ prioritisation of alternative renewables to 
be the key barrier to both their bioenergy sectors (this principally refers to promoting 
wind energy). Furthermore, Finnish stakeholders highlighted specific concerns about 
how their small-scale heat infrastructure was intrinsically tied to fossil fuels (e.g. 
household and housing association oil heating, smaller municipal district heat 
networks); thus representing a key barrier preventing any potential widespread shift to 
bioenergy.  
 



 
 

55 

 
Figure 7. Bioenergy stakeholder perceived barriers to increased bioenergy generation in the UK, Finland 
& Sweden (size of boxes indicates number of stakeholders raising the perceived barrier) (Paper VII) 

3.2.4.6 Limitations of methodology for this research question 

There are limitations of this methodology for evaluating the effectiveness of policy 
interventions. Taking first the correlation methodology, it is somewhat novel compared 
to existing approaches in literature, though the positive correlation between policy 
interventions and bioenergy development in the countries does seem significant and 
supportive of the general approach. However, a more significant issue is that the 
methodology only indicates correlation between the number of interventions of the 
different types (e.g. support schemes, taxation regimes) rather than necessarily giving 
insights the values of different forms of intervention within these types (e.g. 
effectiveness of one design of support scheme or another, or the level of a support 
scheme or taxation policy in terms of financial reward). The qualitative part of work 
investigating stakeholder views on drivers and barriers to bioenergy development was 
intended to provide some insight into this question of effectiveness of individual 
interventions. Whilst it did go some way towards this aim (reported in greater detail in 
Paper VII), it perhaps provided the most value in identifying barriers to bioenergy 
development – especially in the UK. Three specific suggestions could be put forward 
towards improving this methodology in future research on this topic.  Firstly, the 
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correlation methodology could be developed towards trying to give insights into the 
correlation between bioenergy development and different types or financial value of 
individual types of policy intervention. Secondly, where a difference in the level of 
correlation between bioenergy development and policy interventions between different 
countries is identified, more investigation could be made into the form or design of 
specific interventions in the different countries. Finally, the stakeholder consultation 
part could include more participants. Furthermore, whilst that consultation was critical 
for inspiring the quantitative work, a useful future approach for similar research could 
be to also include an “ex-poste” stakeholder exercise for assessing some of the patterns 
identified in the correlation work. Thus whilst this methodology is argued to be robust 
in giving indicative conclusions on policy effectiveness, it is naturally a basis for future 
research and further development of the methodology could provide more detailed 
insights to provide greater value to policymakers.  

Key results for question B.3: 

• These results evaluate the effectiveness of government policy and support 
mechanisms in the UK, Sweden, Denmark and Finland in promoting 
bioenergy from 1990 to 2019.  

• Whilst there is a significant positive correlation between bioenergy 
development and support policies in force, wider factors can have greater 
collective impact than policy incentives taken alone. 

• EU-level target setting has been most critical in bioenergy development since 
the 2009 Renewables directive 

• The success of the bioheat sector in the Nordic countries may have limited 
transferability to the UK given the historical position of district heating, 
though the UK has managed relatively positive progress towards its’ modest 
bioheat target 

3.3 Research question C: Improving sustainability of islanded systems 
(Paper VI) 

3.3.1 Overview 

This section of research takes a broader focus on energy sustainability than just 
renewables, addressing all options to improve energy sustainability in a specifically 
geographical context of islanded power systems. Islanded power systems face unique 
challenges in terms of environmental, economic and social sustainability. Their high 
reliance on oil-fired generation leads to a carbon intensive power generation profile 
and consequently high costs to final energy consumers, hindering the economic 
development of the islands. A detailed benchmarking exercise of 28 islanded systems 
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was undertaken in collaboration with a group of islanded power systems under the 
auspices of EURELECTRIC, the association for European Power Companies. This 
selection of islands encompasses a broad spread of islands within European 
jurisdiction or geographic context; thus the territories included range from Malta 
(independent EU member state in its own right), through Reunion (French controlled 
department, part of EU), French Pacific islands (French overseas territories, not part 
of EU), to Jersey (geographically in Europe, but not part of EU). Four islands are taken 
for detailed assessment of which solutions could address the sustainability challenges 
of island systems. Representatives of all of these islands contributed to Paper IV, and 
two of them having taken a key role as co-authors in the article (David Padfield, former 
Energy division director of Jersey Electricity Company, and Phillip King, Chief 
Executive of Manx Utilities, Isle of Man). In this respect, expert consultation could be 
considered part of the methodology for this work. The particular role of energy storage 
solutions in island is addressed in greater detail in section 3.4. 

3.3.2 Methodology: Benchmarking analysis  

Data was collected from participating companies in the EURELECTRIC Network of 
Experts on Islanded Systems (NEIS) group. The last such benchmarking report was 
prepared internally by the group in 2009. This survey collected data for the period 
2009-2011 using a new methodology. The benchmarking survey involved collecting 
data in the following categories - Generation, Transmission, Distribution, Retail and 
Human Resources. Within each category, a very wide range of data was collected, and 
based on this raw data, and range of indicators were calculated. The data reported upon 
here concerns only two indicators within the Generation category (and their 
constituent datasets) which were calculated as follows:  

Ratio of total installed capacity over peak load is defined as: 
 

𝑇𝑇𝐶𝐶𝑇𝑇
𝑃𝑃𝑃𝑃

 (%)                                                 (1) 

Where: 
TCAP = Total installed capacity (in MW) of the whole electricity system (average available power 
plants owned by the participating company, capacities owned by third parties/independent power 
producers and interconnector capacity 

PL =Peak Load (in MW), which describes the maximum load recorded over year. 
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Specific carbon dioxide emissions, average of all plants operating on the island 
owned by participating company; calculated from the reported fuel use, i.e.: 
 
 

𝐶𝐶𝐶𝐶2
𝑁𝑁𝑁𝑁𝑁𝑁𝑇𝑇𝑁𝑁

 
 

(kgCO2/MWh)                               (2) 
 

Where: 
CO2 = Carbon dioxide emissions calculated from the input of fuel consumption measured in 
tons or m3   
Conversion rates used as follows: 

Gas Oil: 3.150 tCO2 /t (fuel)  
IFO 100: 3.130 tCO2 /t 
IFO 180 : 3.127 tCO2 /t 
Heavy Fuel Oil low and high sulphur: 3.120 tCO2 /t 
Anthracite Coal: 2.871 tCO2 /t 
Other Bituminous Coal: 2.280 tCO2 /t 
Biomass : 0 tCO2 /t 
Natural Gas: 0.00205 tCO2/ m3 

No emissions calculated for other plants (e.g. wind, solar) 

NESTg = Net electricity (MWh) supplied (=total production less auxiliaries consumption) to the 
electricity network (either transmission or distribution grid) within given year from power plant(s) 
owned by the participating company.  
 
Subsequent to the benchmarking exercise discussed above, technology options for 
ameliorating the issues of energy system sustainability identified were analyzed based 
on literature and input from experts from the main utilities four case study islands. The 
expert consultation was highly significant, with 2 island power companies joining as 
co-authors. Thus stakeholder consultation was a key part of the technology option 
analysis. 

The benchmarking work and subsequent analysis does have a number of limitations. 
A key limitation in this benchmarking is that the data only takes account of the 
generation of the participating island power company and not of any additional 
independent power producers on the island. This is further discussed in section 3.3; 
the generation capacity of those IPPs is referenced there. Furthermore, IPP generation 
is taken account of in discussion of results; IPP generation is only significant in a small 
minority of islands. An additional critique is that a complete picture of the existing 
sustainability of existing islands system would require a more comprehensive dataset, 
and more sophisticated analysis of that data. In addition, to fully technically and 
economically optimal solutions for sustainability would require detailed modelling of 
the options presented here in the results. However, it is argued that within the limited 
scope of this article, the highly invaluable input of island power company experts was 
sufficient to provide a good basis for future research. Furthermore, detailed modelling 
for one technology option for one island - was taken forward with the analysis of energy 
storage for the island of Jersey in section 3.4.2. 
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3.3.3 Distinguishing islanded systems from large interconnected power 
systems  

Island energy systems differ in important ways from large continental interconnected 
energy systems both in systemic terms as well as in how they are regulated. A 
comparison of these different energy systems is represented in Table 13. As 
summarised therein, island power systems are characterised by their isolation, self-
reliance, and lack of economies of scale. Furthermore, they are often subject to much 
higher variations in electricity demand than mainland systems resulting from higher 
seasonal variations—often caused by tourism and micro-climates. Since many 
European islands have no interconnection to larger electricity market, fluctuations in 
demand must be met within the island's own electricity generation. This implies that 
the system must have a higher reserve capacity margin than interconnected mainland 
power systems. Having this necessary contingency infers significant additional 
investment and maintenance costs compared to interconnected power systems, 
especially since this capacity is protecting against a system peak. Yet, the system peak 
occurs for only a short period every year. 

 
Table 13. Differences between an island energy system and an interconnected mainland energy system 
(Paper VI) 

Island energy system Typical energy system 
Remote; access to goods and markets have a 
geographical limitation and high transport costs 

Close to markets; easy access to goods and services; 
reasonable transport costs 

Isolation: typically no interconnection to energy markets 
and island energy markets are typically of too small-
scale to benefit from liberalisation 

Interconnected, typically within liberalised energy 
market, with progress towards European Internal 
Energy Market (IEM); can export and import from other 
energy systems 

Self-reliance: Greater redundancy/higher capacity 
reserve margin (back-up); and fuel storages 

Size of back-up fleet driven by market and/or regulator 
driven  

Threats to security of supply through external disruption 
to fuel transport – can be a particular challenge with 
small to medium-scale maritime transport 

Access to several fuel options gives rise to high 
diversity of production facilities 

Small size: no benefits from economies of scale in 
either production or consumption side  

Substantial benefits from economies of scale 

3.3.4 Summary of benchmarking data for 28 islands 

Key characteristics of all the islands considered in the benchmarking overview are set 
out in Table 14 for and Table 15, for the year of 2011, unless noted otherwise. Table 14 
covers large islands (those with an annual power demand over 100 GWh) and Table 15 
covers small islands (annual power demand between 10 GWh and 100 GWh). As can 
be seen, all large islands have a high reliance on thermal power generation, primarily 
based on oil, and a relatively low proportion of renewables in the system ranging from 
zero up to 48% in Reunion, and 71% in Guyane (the latter is exceptional in this study 
since it is not geographically an island, but an islanded system on the south American 
continent). As pointed out in section 3.3.2, one limitation of the study is that the survey 
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data covers only the main power companies on each island; a small number of islands 
have significant quantities of power from Independent Power Producers, IPPs. For 
these producers, only the capacity data is provided, it was not possible to collect 
detailed data for these IPPs. In some cases these IPPs have significant renewables 
production; for example, in the Azores, there is significant renewable production by 
IPPs which is not mentioned in the RES percentage under own (main utility) 
generation. In that particular case the RES share can be inferred from the electricity 
supplied from IPP, since the vast majority of that is from renewables. Furthermore, it 
is notable that a number of the islands have a large portion of capacity supplied by 
interconnectors – the role of these interconnectors is further elaborated upon in 
section 3.3.6.1. 
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Table 14. Large island power supply characteristics (Paper VI) 

Island Installed capacity MW 
2011a 

Generation mix of own 
generation % 2011  

Own IPPb ICc TOTAL RES Thermald 

Corse (data marked* for 2006) 459 38 150 647 23* 77* 

Cyprus (2006 data)  1118 0 - 1118 - 100 

Guadeloupe (2006 data) 344 157 - 507 0.05 99.95 

Guernsey (2006 data) 116 - 60 176 - 100 

Guyane (data marked* for 2006) 251 2 - 253 71* 29* 

Isle of Man 167  7 60 234 0.5 99.5 

Jersey 211 8 145 364 - 100 

Reunion (2009 data, except data 
marked <+> for 2006) 

392 235 - 627 48* 52* 

Madeira  
 

263 105 - 368 6e 
 

94 

Malta 
 

571 0 0 571 - 100 

Martinique  371 74 - 447 - 100 

Mauritius  438 283 - 721 1 99 

Saint Martin  39 14 - 53 - 100 

Sao Miguel (2012 data) 99  37 - 136 0 100 

Tahiti (2008 data) 212 0.4 - 213 26 74 

Terceira  62 10 - 72 0 100 

Notes: 
a Where 2011 data is not available, it is noted in the table 
b IPP = Independent power producer 
c IC = Interconnector;  
d Thermal power generation capacity refers to MWe for diesel generators and gas turbines, using heavy fuel oil 
and diesel.  
e For Madeira, own RES was exceptionally low in 2011 due to a poor hydro year; in 2010 RES share was 21%. 

For small islands (Table 15), the share of renewables in own company generation in the 
small islands is almost non-existent. From a whole system point of view, renewables 
only have a significant share in the small Azores islands (Santa Maria, Graciosa, Sao 
Jorge, Pico, Faial, Flores) and Porto Santo through the production of IPPs; but as 
previously noted, these are outside the remit of this data. Another noticeable aspect of 
this group is that none of the islands have an interconnector to a larger grid. 
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Table 15: Small island power supply characteristics (as per date specified for each island) (Paper VI) 

Island Installed capacity MW 
 

Generation mix of own capacity %  

Own IPP TOTAL RES Thermal 

Bora Bora (2008) 18.4 - 18.4 - 100 

Efate (2011) 26.3 - 26.3 9 91 

Faial (2012) 19.3 0.3 19.6 - 100 

Flores (2012) 4.4 0.6 5 - 100 

Graciosa (2011) 4.4 0.6 5 - 100 

Lifou (2011) 5.3 0.5 5.8 - 100 

Moorea (2008) 16.9 - 16.9 - 100 

Pico (2012) 17 1.8 18.8 - 100 

Porto Santo (2011) 
 

27.7 2.7 29.4 2 98 

Rodrigues (2011) 10 0 10 2 98 

S. Jorge (2012) 8.5 1.1 9.6 - 100 

S. Maria (2012) 7.1 0.9 8 - 100 

3.3.5 Key challenges of island systems 

In the detailed presentation of results in Paper IV, a number of challenges of islanded 
systems were identified. However, two were particularly critical; the high specific CO2 
emissions of islanded systems, and the high ratio of capacity over peak load (and thus 
a low capacity factor). Data for the latter is only provided for the four case study islands 
(see Table 16), but for CO2 emissions, a comparison across a wider series of islands is 
warranted. CO2 emissions are selected here as they represent not only the most 
societally important impact of islanded systems, but also because it serves as a proxy 
for several of the other challenges of islanded systems – principally those encapsulated 
from the reliance on high cost oil-fired generation.  

The specific CO2 emissions (kgCO2/MWh) shown in Figure 8 (large islands) and 
Figure 9 (small islands) are either calculated from the consumption of fuels relevant to 
the electricity produced or from the emission amounts reported directly by the 
companies. As per the previous discussion, as the data represent only the main utilities 
on the island, and their representation of the entire island should be treated with 
caution where there is a high percentage of IPPs (Independent Power Producers). 
However, it is clear in the first instance that the specific CO2 emissions for most of 
islanded power generation system studied significant exceed average specific CO2 
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emissions for EU-27 power production in the years shown. The specific CO2 emissions 
for the small islands in Figure 9 are relatively consistent across the islands, at 600-800 
kgCO2/MWh, as the islands have rather similar systems, with no interconnections and 
primarily diesel fuelled power generation. It follows naturally that Efate, the small 
island with the lowest specific CO2 emissions (just over 600 kgCO2/MWh) is also that 
with the highest share of renewables (9% of own generation). However, for the larger 
islands in Figure 8 there is much more variation, and in analysing the data, we can 
distinguish between the following types of island: 

Islands with higher share (over 10%) of intermittent renewables (owned/operated 
by the main utility company): Mauritius, Madeira, Terceira, S. Miguel: 

All these islands have lower emissions than on islands basing generation purely on 
fossil fuels. The replacement of heavy fuel oil and diesel with renewables will naturally 
reduce the carbon dioxide emissions. Two islands are considered for discussion, 
Mauritius and Madeira. In Mauritius the trend is slightly rising, caused by increased 
coal consumption (unusually, the island has coal fired generation). Hydroelectric 
capacity plays a major role on the island, and the island is commissioning combined 
PV and wind park installation (total 45MW), almost doubling the RES production. This 
development is not yet seen in these figures. Comparing to Madeira, the slightly lower 
specific emissions are accounted for by a somewhat higher share of renewables.  

Islands with no interconnections, relying primarily on fossil fuelled production: 
Cyprus, Malta. 

At the level of above 900 kgCO2/MWh Malta is typical of an older heavy oil generation 
island system. Commissioning of a new 144 MW power plant in Malta reduced 
emissions by about 10 % in 2013. The interconnector being built to Italy is also expected 
to lead into major cuts in emissions in Malta. Cyprus has similar, though slightly lower 
emissions than Malta. 

Islands with interconnections e.g. Jersey, Isle of Man, and Guernsey 

These islands are interesting, as they show very different data depending on the 
characteristics and mode of operation of on island generation. In the case of Jersey, 
most of the electricity demand on the island is supplied by the interconnector. Very 
little real production was required, and the testing and maintenance runs on the plant 
accounted for most of the emissions. These test-runs have a high fuel consumption, 
and therefore high carbon emissions per MWh, when the plant runs only few hours a 
year. The emissions data for the production mix imported over the interconnector are 
not available; indeed this is the case with all the interconnected islands. However, in 
case of Jersey, most of the imported power from France is derived from nuclear power, 
and specific carbon emissions relating to consumption for the island would be very low. 
This data does however, indicate a key difficulty of interconnected islands – the need 
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to maintain enough on-island generation to meet peak load in case of failure of the 
interconnector. 

The Isle of Man and Guernsey both show low emissions regarding their production 
mix. The Isle of Man is unusual in that it mostly uses natural gas for power generation, 
leading to significantly lower CO2 emissions than on a comparable island using heavy 
fuel oil. Guernsey uses mostly heavy fuel oil, but still maintains lower emissions than 
on the comparable island of Malta due to more efficient generating plants in the 
applicable years for the survey. Malta reduced CO2 emissions, primarily by significant 
investment in new plant with sophisticated emission control systems. 

For all islands, it is noticeable that there is no clear reduction trend in specific CO2 
emissions over the period observed; most of the islands have no government mandated 
carbon targets. 
 

Figure 8. Specific carbon dioxide emissions for large islands (Paper VI)  
Note: Malta has also provided slightly revised data subsequent to the benchmarking data, which revises the above 
data downwards by around 5% (875 kgCO2/MWh in 2009, 889kgCO2/MWh in 2010 & 891kgCO2/MWh in 2011). The 
EU average is as reported by the European Environment Agency (EEA) and is only available for 2009 and 2010 (after 
this the EEA CO2 per kWh indicator includes heat and make the data incomparable) [75], [76] 

 

0

200

400

600

800

1 000

1 200

kg
CO

2/
M

W
h

2009

2010

2011



 
 

65 

 
Figure 9. Specific carbon dioxide emissions for small islands (Paper VI) 
Note: EU average from European Environment Agency [75], [76] 

3.3.6 Overview of four case study islands – Challenges & Solutions  

Herein solutions to the two principal challenges of islanded systems, as outlined in 
3.3.3, are considered, based on actual implementation in the four case study islands. 
Consideration of other solutions which are not yet implemented are considered in the 
follow section (Energy Storage, section 3.4), and in the Discussion in section 4. 
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3.3.6.1 Uneconomic capacity dynamics 

 
Table 16: Capacity and load data for the four case study islands (all data for 2011) (Paper VI) 

Island Peak 
load 

Average 
load 

Average 
load as 
% of 
peak 
load 

Total 
generating 
capacity 
(Own & 
IPP) 

IC 
capacity 

Fossil 
thermal (% 
of on 
island 
generation) 

Ratio of 
installed 
capacity over 
peak load 

Ratio 
of IC 
over 
peak 
load Inc. 

IC 
Without 
IC 

MW MW % MW MW % % % % 
Jersey 146 79 54% 219 145 100% 249% 150% 99% 
Isle of 
Man 

86 48 56% 174 60 99% 273% 203% 70% 

Malta 414 243 62% 72 0 100% NA 139% NA 
Terceira 36 25 63% 72 0 100% NA 210% NA 
Notes: 
IC = Interconnector 
Independent power producer plants: The island selected for case study were specifically chosen for having limited 
amounts of IPP plants as these are not covered by the benchmarking data for the main island companies and this 
can therefore give misleading results. However, two significant IPP plants exist in the island below: in both cases 
these are Energy from waste plants, one in Jersey and one in Isle of Man. If, for example the Isle of Man Energy 
from Waste plant (IPP) is included the fossil thermal figure would reduce from 99% to around 92%. However, these 
plants tend to run at relatively low capacity factors as they are limited by the available waste to be combusted. 
Jersey: Jersey is connected by a cable to Guernsey and its reserved part on the interconnector to France is reduced 
to around 120MW, if Guernsey takes up its reserved part of 25MW. Thus the ratio of interconnector over peak load 
for Jersey is reduced to 82% if Guernsey’s reserved part on the interconnector is taken into account. However a 
useful synergy here is that peak load times in Guernsey and Jersey do not entirely overlap; e.g. the Guernsey 
evening peak occurs before that in Jersey. If part of Guernsey’s reserved capacity is available, Jersey must pay 
additional infrastructure usage charges to Guernsey; the same situation applies vice versa for Guernsey, which 
under the applicable circumstances can import up to the 50MW capacity of its cable connection with Jersey. 
 

Uneconomic capacity dynamics, with a low capacity factor of on-island plant and 
consequent high capacity factor over peak load are problems somewhat inherent for 
island power systems. This leads to high generation costs, and impacts the economic 
sustainability of islanded power systems. Table 16 introduces the capacity dynamics for 
the four case study islands. A key driver of the rather high level of capacity over peak 
load on islands is the need to maintain the ability to supply peak load even if 2 
generation units are out of use, either for scheduled maintenance or an unscheduled 
outage. The islands generally operate on the “n-2” rule, in sizing their generation fleets 
to be able supply peak loads even if the largest two generating units are out of use. The 
generating units are often relatively large in relation to peak load, something which 
does not typically exist in mainland systems, and therefore the island generating fleets 
suffer from a high level of “granularity”. Notably, even islands with interconnectors 
maintain on-island generation to supply full peak load to cover for failure of 
interconnectors – thus when the interconnector is included, they have even higher 
capacity over peak load than islands without interconnectors (and thus the investment 
cost of both the interconnector and on island generating capacity must be covered). A 
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number of the case study islands have tried to address this issue with solutions as 
follows: 

Peak shaving by demand response 

Using various forms of demand response, the required capacity of on-island generation 
can be minimised, and in the case of interconnected islands, use of relatively cheap 
electricity from the interconnector can be maximised. For example, the use of electrical 
heating can be curtailed in peak periods. There is already some experience of this in 
Jersey where a number of tariffs are in place with a degree of interruptibility controlled 
by the supplier. For example, a tariff is in place aimed at customers using electrical 
heating whereby a total of 8 h of discounted electrical supply is provided in a 24-h 
period for approved heating products. The actual hours where power is supplied is at 
the discretion of the electricity supplier, but includes 4 h at night (between 00.00 and 
07.00), 2 h in the daytime (between 10.00 and 17.00) and 2 h in the evening (between 
19.00 and 00.00). As the supplier has control of this electrical heating load, it can 
minimise the use of relatively costly on-island generation and, thus, ensure that as 
much power consumption as possible is supplied by electricity across the 
interconnector. Furthermore, it can even allow a reduction in the use of electricity 
purchased across the interconnector during certain winter super peak pricing periods. 

Interconnectors from islands to mainland 

Interconnectors do not provide a complete solution to the problem of uneconomic 
capacity dynamics, and the most advantageous and efficient use of interconnectors 
could also include the use of one of the other mentioned methods e.g. storage, peak 
shaving. 3 of the 4 islands studied here currently possess an interconnector (Jersey, 
Isle of Man, Malta). For all island systems, typically the most important reason for 
constructing an interconnector is to reduce long term energy supply costs when there 
is a significant differential between mainland power market prices and the electricity 
costs on the island. Nonetheless, the high capital costs of constructing an 
interconnector imply that if the island is located too far from the mainland, if seabed 
conditions are difficult/very deep, or the island has a very small power demand, it will 
not be economic [77]. Here the specific example of the recent interconnector 
constructed to Malta is considered. 

When comparing the situation to the Isle of Man, with a similar length of 
interconnector required, there may be some surprise that the interconnector to Malta 
was not constructed earlier, especially given the rather high population of the island 
and consequent power demand. However, the power price differential between Malta 
and Italy was not as high, Italy itself having rather high power prices, well over the EU 
average, and importing a significant part of its own consumption from France and 
Switzerland. Before the advent of liberalised power markets, Malta would only have 
been available to buy from the electricity monopoly in Italy, further worsening the 
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financial case for the project. Additional factors are both political and geographical. 
Unlike the Isle of Man connecting to the UK of which it is a crown dependency, Malta's 
connection with Italy is obviously between separate sovereign states. Finally, the 
seabed between Malta and Italy is significantly deeper, more undulating and, therefore, 
more challenging than the shallow sandy sea bed which exists between the Isle of Man 
and the UK mainland.  

For Malta, the specific reasons behind the investment in the current interconnector 
are made easier to assess by information from Enemalta (a representative of whom 
reviewed Paper VI) and publicly available documents. The main motivation for the 
project was to provide access to the European Power Market, and also to enhance grid 
stability on Malta. The project was assisted €20 m of EU funds (about 7% of total costs); 
these funds were granted under the European Energy Programme for Recovery 
(EEPR), with the interconnector recognised as an important project in the framework 
of the EC's trans-European energy networks (TEN-E) initiative [78]. At the same time, 
the ageing Marsa plant on Malta was being subjected to a limited number of hours of 
continued operation under the EC's large combustion plant directive [79]. Thus, 
following the 2008 investment decision to build a new 144 MW clean diesel plant at 
Delimara, the island was left with the choice of how to replace the 267 MW Marsa plant 
while maintaining the ability to supply the island's peak load of over 400 MW. The net 
present value of fulfilling future electricity demand from an interconnector, including 
all CAPEX and OPEX over 25 years was €2845m, compared with €3073m for the 
option of replacing the Marsa plant with 4 new diesel blocks at the existing Delimara 
plant, reaching a total capacity of 576 MW (four blocks of 144 MW each to be gradually 
commissioned between 2013 and 2029) [80]. The CO2 emission reduction benefits are 
highly significant for Malta itself, although the “embedded CO2“ in the imported 
electricity was not taken into account. The interconnector was inaugurated on 9th April 
2015, with the Marsa plant having already been placed on cold standby as of 15th 
February 2015 [81], [82]. 

There were also number of other solutions to the capacity dynamics problems which 
were not put in place in the studied islands. These solutions, are taken up in consequent 
sections; e.g. Energy storage is considered in detail in section 3.4, whilst other solutions 
are considered in the discussion in section 4.3. 

3.3.6.2 High specific CO2 emissions 

The issue of the high specific CO2 emissions of islanded systems is covered in section 
3.3.5. Here a number of methods to reduce high specific CO2 emissions are considered, 
with the exclusion of the following methodologies covered in other sections: 

- Peak shaving by demand response – see section 3.3.6.1 

- Interconnection – see section 3.3.6.1 

- Energy Storage - see section 3.4 
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- Conversion to lower carbon fossil fuels 

Converting to lower carbon fuels may involve use of such fuels in existing plant or 
construction of new plant. The latter option is usually only considered when an existing 
plant reaches end of life, and mirrors the situation under which the new gas CCGT plant 
was built on the Isle of Man. Use of lower carbon fuels in existing plant has thus far 
been primarily limited to using biofuels; but such fuels are not available domestically 
on most European islands, while use of imported fuels from other countries can raise 
concerns about sustainability, especially if imported from outside of the EU. However, 
biodiesel could be used in many island ICE and ST plant without too many problems; 
though it could significantly increase plant operational costs and, thus, is not a 
particularly attractive option without taxation or subsidy incentives. Use of natural gas 
in existing plants can perhaps present a more interesting concept; the fuel is generally 
cheaper than oil and has much lower carbon content, holding the prospect for halving 
emissions (whilst also reducing emissions for local air pollution compared to 
combusting oil). However, delivery and storage infrastructure will require additional 
infrastructure. Several island plants have been built with the intention to be converted 
natural gas in the future and the new part (2012) of the Delimara plant in Malta is an 
example; the plant has been built with the ability to be converted to natural gas, and 
after a protracted process, the plant started running on gas in 2017 [83]. There can 
appear to be some disadvantages in this type of conversion; had the plant been 
constructed only to run on natural gas, some of the exhaust treatment infrastructure at 
the plant would have been necessary. However, 4 out of the 8 ICEs at the plant will be 
able to run on both natural gas and oil, adding fuel flexibility. 

Development of on-island RES  

Development of on-island RES is only at a nascent stage, but existing plans and small 
scale implementation does give some idea as to the potential of renewables. 
Development of RES-Electricity offers perhaps the greatest opportunity for reducing 
CO2 emissions from electricity generation on islands, especially where interconnection 
is not a possibility. As referred to in Section 2.3.3, significant study has been made of 
renewable implementation potential on islands; indeed, islands typically have excellent 
renewable resources. Even where interconnection is a possibility; as mentioned in 
3.3.6.1, the presence of an interconnector could actually improve the business case for 
implementing RES generation, by allowing export to and balancing from the mainland. 
Of the case study islands, the Terceira, within the Azores group has an exceptional 
resource, and the development of a wind/solar with storage project on the nearby 
island of Graciosa is demonstrative of this [84]. The Isle of Man also has an excellent 
wind resource and is considering development of a near shore offshore wind park. At 
present this is at survey stage, but the plan involves building an offshore wind park of 
700 MW off the east coast of the Isle of Man, to be completed in 2023 [85]. 
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Simultaneously, tidal energy projects are being developed by Manx Tidal Energy, 
together with a Dutch company that already has a plant in operation, Tocardo Tidal 
Energy. 

Improving efficiency of existing generation & optimization 

The potential exists for limited decreases in CO2 emissions by improving the efficiency 
and usage optimisation of existing generation, especially for incremental 
improvements to the efficiency of older oil-fired plant, both steam turbines and internal 
combustion engines. There are a number of possibilities here which have been used on 
the case study islands. For example, as has been applied in Jersey, burners in oil-fired 
boilers can be replaced with versions of a newer, improved design at relatively low cost. 
JEC has also achieved higher efficiency when using HFO in ICEs by using heat recovery 
on the engine exhaust gases to power trace heating on HFO fuel lines, thus minimising 
the use of an electric boiler in place for this purpose. Heat recovery for space heating is 
also a possibility, although islands do not typically have the population density, 
planning history and heat demand that would make extensive district heating a 
possibility. The Isle of Man provides an example here, where waste heat from the CCGT 
plant is used to heat an adjacent swimming pool (as well as providing space heating of 
the power station buildings). 

Many islands already use OCGTs (typically the highest carbon-emitting generation) 
only for exceptional peak loads or emergency use, operating the units for as little as 
some tens of hours per year. If the capacity factor of OCGTs is this low, there will be 
little benefit in making efforts to reduce use further, unless usage can be curtailed 
altogether. The latter could be especially advantageous when existing OCGT plant 
reach end of life; thus investment in new plant would be unnecessary; complete 
curtailment will also remove annual maintenance and testing costs, which can be 
substantial even if the plant is rarely used. Notably two of the case study islands do not 
have OCGTs; Isle of Man (where both the interconnector and use of CCGTs could 
obviate need for OCGT) and Terceira, which relies entirely on ICEs and is able to 
operate these flexibly enough to cope with varying load. However, challenges remain 
for islands that currently have only ICEs and OCGTs. In case of network failures, only 
OCGTs can typically respond fast enough to avoid disconnecting customers; islands 
with only ICEs may thus be forced to tolerate slightly higher levels of disconnection. 
However, with use of fast-responding energy storage, OCGT is likely to become less 
necessary.  

Key results for research question C: 

• Results from a detailed benchmarking survey of 28 different islands were 
presented, identifying the challenges of the current status quo, particularly in 
regard to generation profile and emissions, principally their reliance on oil-
fired generation. 
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• Four islands were taken for detailed study, in order to identify solutions to 
some of the energy challenges faced by island systems, with a focus on 
interconnection, renewables development and energy storage. 

• A number of these solutions already have a positive investment case, but the 
costs of some innovative energy technologies implies that it is not currently 
possible to invest in certain solutions without non-market subsidies 

• However, islands were found to be excellent locations for pilot projects on new 
energy technologies because of their inherent advantages of small size, 
vertical integration of local power companies, and easy engagement with end 
consumers 

3.4 Research question D: Electricity storage (Papers I, V) 

3.4.1 Orientation towards Energy Storage as a topic of critical interest (Paper I) 
 
The starting point for the initial interest in the potential of energy storage was derived 
from Paper I. Paper I outlines a range of technologies, which might be applied for 
integrating variable renewable generation into power systems. Many of these 
technologies also have broader applications in improving the efficiency and 
sustainability of existing power generation, even in the absence of increased power 
generation. These technologies can be outlined as follows, together with some 
comments on their merits and costs:  

- Market design - especially subjecting RES-power to balancing costs - plus 
shorter gate-closure time and development of intraday markets. A relatively low 
cost option, but requires political action at EU level. 

- Back-up generation - costly and has to be properly financed through balancing 
costs and possibly capacity payments.  

- Grids – high investment costs but some likely to be necessary, though 
questionable if can be built and the required pace for the foreseen expansion of 
renewables. Offshore grids could hold promise but they are economically 
questionable and lead times are lengthy; the south-east North Sea has proven 
to be the most economically feasible area for this 

- Demand-side response and storage - it was difficult to assess the potential 
within the scope of Paper I but it could on the long term prove less costly than 
back-up generation or new grids 

Of the above, it is demand side flexibility and storage which the review in Paper I 
suggested was the least understood in terms of real potential, especially at the outset of 
this research. Thus the issue of electricity storage was taken for detailed study for one 
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of the islanded systems referred to in section 3.3, the island of Jersey (Paper V). This 
study was undertaken not specifically for integrating renewables, but is somewhat 
analogous to studies on integrating RES using storage. The target here was reducing or 
eliminating the need for on-island diesel generation, so that the island could rely on 
imported electricity over an interconnector, largely supplied by emission-free nuclear 
and hydropower. 

3.4.2 Cost benefit analysis of Electric Energy Storage for the island of Jersey 
(Paper V) 

3.4.2.1 Introduction to case 

Channel Island energy systems, as described in section 3.3, demonstrate a potential 
case study for the application of electrical energy storage (EES) systems. The relatively 
limited geographical spread of the grid and a rather inflexible load pattern offers more 
extreme peaks and low-demand periods compared to the extended mainland grids. The 
power supply in Jersey is primarily maintained by importing from France through 
submarine power cables, with complete back up by on-island power plants, thus 
demanding a high margin of capacity to meet very scarce peak events, implying high 
costs of maintaining capacity relative to the few hours of production.  

The island of Jersey stands in a unique position. The island benefits from its 
connection to the French power grid fed by carbon-free, inexpensive nuclear/hydro 
power, which secures the baseload power supply for most hours throughout the year. 
However, in order to meet the demand in peak hours and in case of emergency, a 
versatile thermal power fleet must be ready to operate. The growth in power demand 
as well as the aging of the existing power plants calls for investment in new generation 
capacity. Taking this into account, EES may play a role by relieving the investment need 
for new capacity that might be rarely used, and by reducing the cyclic operation of the 
operating plants. Furthermore, this study investigates how Jersey may be able to utilize 
EES to accommodate new customer growth, in terms of transfer of heating customers 
from oil and gas to electricity or expanded use of electric vehicles, and indeed 
accommodate this new growth without expanding existing generating capacity.  

Paper VI provides a holistic overview of the techno-economic feasibility of employing 
an EES for Jersey. To accomplish this, a comprehensive overview is undertaken of the 
current situation and possible future changes in the power system, heating sector, and 
transportation. Future gross power demand and possible changes in load curve are 
examined in order to quantify the magnitude and time of energy arbitrage possibilities. 
The optimal operation of the existing power production fleet is investigated, in terms 
of supplementing the imported power and combining with EES to minimize the 
operational costs. Furthermore, this contribution realizes other potential applications 
of EES with respect to the specific structure of the Island energy system. By evaluating 
different EES technologies, the results introduce the most promising technology or a 
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combination of technologies. The results demonstrate whether EES is an economically 
viable choice for the Island and, if so, under which circumstances. The optimal size of 
EES, the most economic operational strategy, and the most suitable configuration are 
also discussed. An energy system model of the Island is the other output of this 
contribution that can be used to evaluate the flexibility of the energy system in coping 
with different scenarios in load, power to heat options, and transportation. 

3.4.2.2 Methodology & Assumptions 

Generation, purchased electricity cost and future demand scenarios 

The input data of electricity cost must remain confidential due to commercial 
considerations, but of key importance was the cost of on-island generation (including 
maintenance) and three different price levels of electricity purchased across the 
interconnector: “super-peak”, peak and off-peak. The super-peak tariff applies only 
between 17.00 and 19.00, whilst the peak pricing applies between the hours 08.00 and 
17.00, and 19.00 to 23.00. The future scenarios for electricity demand were calculated 
using the average of hourly load curves across the period 2010-2014 (to correct for 
weather fluctuations) with a future growth rate of 1.5% a year. Scenarios beyond a 
baseline scenario were calculated with increased penetration of electric vehicles and 
increased replacement of existing oil-based heating with electricity. These scenarios 
are set out in Table 19 and described in section 3.4.2.3. 

Cost analysis of Battery Energy Storage 

In order to develop the overall cost-benefit analysis, the life cycle costs (LCC) of battery 
energy storage (BES) need to be calculated, as levelized annual costs in €/kW-yr, 
representing the yearly payment that the operator should maintain, considering an 
interest rate over the expected lifetime of each technology. The assumed cost 
breakdown for the LCC analysis is set out in Table 17. The costs of pumped hydro 
systems (PHS) were included for comparison, and thus here the calculation 
methodology is given for electrical energy storage systems (EES) in general.  
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Table 17. Cost items of selected BES technologies (Paper V) 

 
BES 
type 

Cost item 

PCS a 
(€/kW) 

Storage 
(€/kWh) 

Fixed O&M b (€/kW-
yr) 

Variable O&M 
(€/kWh) 

Replacement 
(€/kWh) 

PHSc 513 68 6.7 0.0002    0 

Pbd 386 618 3.4 0.0004 172 

NaSe 484 370 3.6 0.0018 180 

Li-
ion 

463 795 6.9 0.0021 370 

Notes: 
a Cost of power conversion system including BOP 
b Major fixed O&M are also included and discounted for each year 
c  Pumped hydro systems, for comparative purposes only (no replacement needed due to long lifetime)  
d Lead acid batteries 
e Sodium sulphur batteries 
 

In addition to the cost items in Table 17, the most relevant technical characteristics of 
EES systems relevant to LCC analysis are discharge time, overall efficiency, lifetime, 
maximum life cycles, and replacement periods, which are shown in Table 18. The other 
key economic assumptions for the calculation of LCC were application lifetime of 12 
years, average assumed cycles of 180 per year, an average yearly inflation rate of 2.5%, 
and a discount rate of 6.5%. The life cycle costs were then calculated on the basis of 
these assumptions.  

 
Table 18. Technical characteristics of the selected BES technologies relevant to LCC analysis (Paper V) 

BES 
type 

Discharge time (h) Overall  
efficiency 

Self-discharge (per day) Lifetime (yr) Lifetime (cycle) 

PHS 8-20 0.80 Negligible 50-60 - 

Pb 4 0.7-0.9 0.1-0.3% 5-15 3000 

NaS 7 0.75 20% 10-15 3000 

Li-ion 1 0.85-0.95 0.1-0.3% 5-15 2500 

The detailed LCC methodology was not contained in Paper V, but in the report 
underlying the paper produced for Jersey Electricity Company [86]. The LCC takes 
account of all the expenses throughout the lifetime of the technology, including total 
capital costs (TCC), fixed operation and maintenance (O&M) costs, variable O&M 
costs, replacement costs, and dismantling, disposal or recycling costs, where known. 
TCC covers all the costs that should be covered for the purchase, installation, and 
delivery of EES, which itself may encompass the costs of the power conversion system 
(PCS) and the storage reservoir/compartment-related costs. For simplicity, the balance 
of plant costs (BOP, e.g. project engineering, grid interface) are included here together 
with the PCS costs in Table 17. PCS costs are usually presented per unit of power 
capacity of EES (such as €/kW). Storage section costs include all the costs undertaken 
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to build energy storage compartments or reservoirs, expressed per unit of stored (or 
sometimes delivered) energy (e.g., €/kWh). Therefore, the cost of PCS and storage 
section are given separately to estimate the contribution of each part in the calculation 
of TCC.  
 The TCC of EES, presented as (𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐), is thus calculated per unit of power rating as 
stated in Eq. 1. 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 and 𝐶𝐶𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 represent unitary costs of PCS, and storage compartment, 
respectively, and ℎ is the charge/discharge time of EES.  

 
             𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 =  𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 +  𝐶𝐶𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 ∗ ℎ                       � €

kW
�                                  (1) 

Furthermore, the TCC is annualized, presented as (𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐) in Eq. 2. Based on the 
present value of money the capital recovery factor (𝐶𝐶𝐶𝐶𝐶𝐶) is calculated by applying Eq. 
3, subject to the interest rate (i) and plant lifetime (T). 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐 = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐶𝐶𝐶𝐶𝐶𝐶             (€/kW-yr)                                                     (2) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑖𝑖� 1+𝑖𝑖� 𝑇𝑇

� 1+𝑖𝑖� 𝑇𝑇−1
                                                                                       (3) 

The total annual O&M costs (𝐶𝐶𝑂𝑂&𝑀𝑀,𝑐𝑐) encompass the annual fixed O&M costs (𝐶𝐶𝐹𝐹𝑂𝑂𝑀𝑀,𝑐𝑐) 
and yearly variable O&M costs, as given in Eq. 4. Here, 𝐶𝐶𝑉𝑉𝑂𝑂𝑀𝑀 stands for variable O&M 
costs per unit of discharged electric energy (€/kwh), and n represents the number of 
operating cycles per year.  

𝐶𝐶𝑂𝑂&𝑀𝑀,𝑐𝑐 = 𝐶𝐶𝐹𝐹𝑂𝑂𝑀𝑀,𝑐𝑐 + 𝐶𝐶𝑉𝑉𝑂𝑂𝑀𝑀 × 𝑛𝑛 × ℎ          (€/kW-yr)                                 (4) 

The variable O&M costs may include e.g. the price of electricity. The number of 
discharge cycles per year (n) is one of the application-based parameters in cost 
calculations. To accommodate the replacement costs for replaceable EES systems, such 
as batteries, the future cost of replacement (𝐶𝐶𝑛𝑛) in €/kWh and replacement period (t) 
in years is taken into consideration. Eq. 5 calculates the annualized replacement costs 
(𝐶𝐶𝑛𝑛,𝑐𝑐), given the number of replacements (r) during the application lifetime [7]. 

𝐶𝐶𝑛𝑛,𝑐𝑐 = 𝐶𝐶𝐶𝐶𝐶𝐶 × ∑ (1 + 𝑖𝑖)−𝑘𝑘𝑠𝑠 ×𝑛𝑛
𝑘𝑘=1 �𝑃𝑃𝑟𝑟×ℎ

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠 
�                     (€/kW-yr)                (5)                                                                

Eq.5 assumes the overall efficiency (𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠) of one full cycle is determined at the rated 
depth of discharge (DoD) of batteries. All the losses during the charge, discharge, and 
other losses in storage part due to self-discharge and DoD are reflected in the overall 
efficiency. Notably dismantling, disposal and recycling costs ( 𝐶𝐶𝑑𝑑𝑛𝑛) are usually 
neglected in LCC analysis of EES in the literature. Thus annualized disposal and 
recycling costs ( 𝐶𝐶𝑑𝑑𝑛𝑛,𝑐𝑐) are calculated by applying interest rate (i) and lifetime of the 
plant (T), as explained in Eq. 6:  



76 

   𝐶𝐶𝑑𝑑𝑛𝑛,𝑐𝑐 =  𝐶𝐶𝑑𝑑𝑛𝑛 × 𝑖𝑖
( 1+𝑖𝑖) 𝑇𝑇−1

              (€/kW-yr)                                            (6) 

Eq. 7 shows the calculation of annualized LCC costs (ALCC) of EES systems, 
represented by 𝐶𝐶𝐿𝐿𝑃𝑃𝑃𝑃,𝑐𝑐, by summing up the aforementioned cost items:  

𝐶𝐶𝐿𝐿𝑃𝑃𝑃𝑃,𝑐𝑐 = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐 + 𝐶𝐶𝑂𝑂&𝑀𝑀,𝑐𝑐 + 𝐶𝐶𝑛𝑛,𝑐𝑐 + 𝐶𝐶𝑑𝑑𝑛𝑛,𝑐𝑐         (€/kW-yr)                         (7) 

For the ALCC above, account is further taken of the disparity among the available 
references concerning the data. A robust uncertainty analysis is applied, based on the 
Monte Carlo method. This assigns random values from the given interquartile ranges 
for each set of data. The methodology is expressed in more detail in [87]. This way, the 
LCC can be reported in a probabilistic format, which informs both the average value 
and the standard deviation. The calculated ALCC, based on the assumptions in Table 
17 and Table 18, the equations above, and the stated uncertainty analysis, are set out in 
Figure 10 by power rating (a), and normalized for one unit of storage (b). 
 

 
Figure 10. ALCC of the selected EES technologies based on assumptions in Tables 13 & 14 (Paper V)  
Note: The costs are normalized (a) based on unit of power rating (with typical storage size for each technology), (B) 
based on unit of storage size. The average values are presented above each bar. 

In the context of this study, EES offers possibilities for energy arbitrage and peak 
shaving. EES will shift the load from peak hours to the low-demand off-peak hours, 
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thus relieving the need for thermal power generation. The maximum load shifted is 
restricted by maximum size of EES, subject to inefficiencies. 

In evaluating the benefits, we examined a hypothetical EES to illustrate the potential 
benefits from peak shaving and arbitrage. For explanatory purposes, we consider the 
following specifications for a generic technology: 

- Nominal power rating: 10 MW 
- Overall efficiency: 80% 
- Self-discharge: 1% /day 
- Depth of discharge (DoD): 80% 
- Maximum charge/discharge time: 4 h 

Figure 11 illustrates the possible optimal operation of EES with the specified technical 
characteristic to shift load beyond 120 MW to the off-peak time. The energy content of 
EES is primarily allocated for peak shaving to avoid thermal power generation. If the 
content of EES allows, price arbitrage occurs to make revenues by purchasing power at 
off-peak time and discharging it at super-peak (and peak) hours later. 
 

 
Figure 11. Example of the possible contribution of EES to peak shaving and arbitrage (Paper V)  
Note: Load data from the last week of January 2010; study in entirety uses load data averaged across 2010-2014 
with the given assumptions for future scenarios)  
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Table 19. CBA results for all scenarios (key results in bold) (Paper V) 

Scenario 
No. 

Scenario 
name 

BES type 
(all 
20MWh 
capacity) 

Modelling results Ex-Post indicative analysis including value of 
avoided generation investment 

Present 
value of 
costs 
(M€) 

Present 
value of 
revenues 
(M€) 

NPV 
(M) 

NPV 
(excluding 
storage 
replacement 
costs) M€ 

Potential 
avoided 
capacity inv. 
(MW, = 2hr 
rating of 
battery) 

Present value 
of avoided 
replacement 
gen. inv. (M€) 

NPV 
including 
avoided 
gen. inv. 
(M€) 

1 Li Baseline Li-ion 47.14 0.75 -46.39 -25.17 10MW 7 -39.39 

1 Pb Baseline Pb 19.32 0.43 -18.90 -14.62 5MW 3.5 -15.40 

1 NaS Baseline NaS 9.88 0.24 -9.64 -9.64 2.86MW 2 -7.64 

2a EV 25 Pb 19.32 0.43 -18.90 -14.62 5MW 3.5 -15.40 

2b EV 100 Pb 19.32 0.43 -18.90 -14.62 5MW 3.5 -15.40 

2c EV 250 Pb 19.32 0.43 -18.90 -14.62 5MW 3.5 -15.40 

3a Oil 2% Pb 19.32 0.46 -18.86 -14.59 5MW 3.5 -15.36 

3b Oil 4% Pb 19.32 0.49 -18.84 -14.57 5MW 3.5 -15.34 

3c Oil 8% Pb 19.32 0.53 -18.80 -14.52 5MW 3.5 -15.34 

 

3.4.2.3 Results for EES in the Jersey case 

As Table 19 illustrates, none of the currently run scenarios have a positive Net Present 
Value (NPV); in essence, the revenues are very moderate compared to the burdensome 
investment costs of the battery technologies considered—depending on the scenario, 
the cost-benefit ratio is in the range 36:1 to 62:1. In the baseline scenarios, the NaS 
battery has the least negative NPV. However, there are some caveats to this result. 
Although the high self-discharge of the NaS battery is reflected in the modelling, it does 
not fully reflect the battery’s limited tolerance of cold shutdown. NaS batteries are only 
rated for ten complete cold shutdowns. Using the battery in the Jersey system to meet 
autumn-spring peak loads would imply that it is shutdown each summer, implying that 
in practice it should only last 10 years. Although the total term of the analysis was 12 
years, it did not incorporate the replacement of the battery as it was considered a 
reasonable probability that it would last the term or that the battery could be kept in 
operation over a further two summers—with attendant self-discharge costs. 
Nonetheless there are significant doubts as to whether these assumptions are realistic. 
As noted earlier, the focus was on the Pb BES in the further scenarios as the self-
discharge characteristic of the NaS battery makes it unsuitable for the variation 
scenarios requiring storage across several days. 

Analysing the variation scenarios, it was found that introducing EVs will not provide 
any additional revenues for EES, under the assumptions considered in this study. Most 
of EV charging occurs outside of peak time, whilst the 20% proportion of EV charging 
that occurs at peak time adds very little to the profitable application of the EES for peak 
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shaving. However, the revenues from EES are significantly increased when oil-heating 
customers transfer their heating needs to electricity. For example, in case of conversion 
of 8% per year of oil heating systems to electricity, the potential for BES (lead-acid) 
improves by 24% compared to the baseline scenario. The change in the shape of load 
patterns in this scenario (8% per year oil customers) offers a 61% growth in potential 
of EES for peak shaving. It should be noted that since the capacity of the EES is 
considered fixed in all scenarios, enhancing the potential in making revenues from 
peak shaving will directly reduce the potential to benefit from price arbitrage. Key 
negative parameters in the profitability of EES under the scenarios is where the battery 
must be replaced during the 12-year-term, applies to both the Pb and Li-ion batteries. 
However, as is shown in the results table, even exclusion of the battery replacement 
costs would not make the batteries profitable by relying on the two examined 
applications. 

3.4.2.4 Methodological limitations of study, analysis with avoided generation 
investment 

A key limitation of the methodology adopted is the original modelling did not take 
account of the benefits using BES for other purposes referenced in literature – e.g 
ancillary services [88]. However, one of these benefits, the avoided cost of new 
generation investment was assessed through a limited ex-poste analysis. This indicates 
that the value of the assessed BES provides a value in such avoided investment well in 
excess of the benefits of price arbitrage and peak shaving. The benefits are in the range 
of a present value of €2 million to €7 million. Although this analysis is only indicative 
and not part of the initial remit of research for JEC, these results suggest that it is the 
application of storage for this purpose which bears much more potential for 
interconnected islands. All such islands face the problem of maintaining on-island 
generation to cover possible failure of the interconnector and/or to cover peak loads. 
Indeed, islands often aspire towards two interconnectors for reasons of security supply, 
even though most interconnector outages are relatively short and could be potentially 
be covered by storages. Addressing the limitation of this research, a more detailed 
analysis might consider more options for BES in combination with different 
interconnector options (including an additional interconnector-only scenario). 
Furthermore, other non-BES energy storage options for Jersey and other islands 
warrant analysis. Pumped hydro has significant potential in some islands such as the 
Faroes and is already applied on El Hierro (as referenced in section 4.3). Residential 
Thermal Energy Storage (TES) could also be considered for improving island energy 
sustainability. For example, e.g. on Jersey, adding additional electrical heating 
customers (thus with a low carbon profile compared to existing heating options) is 
constrained by weak distribution networks. By spreading electric heating consumption 
peaks over a longer period, TES at the individual building/community level could allow 
new electric customers to be accommodated, thus improving sustainability of the 
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overall island energy system. These options could provide an interesting basis for 
further research. 

A summary of key results for this research question is given here: 

• Battery energy storage (BES) is attracting increasing attention for balancing 
variable renewable electricity (VRE) production in mainland power systems. 
However, the application of storage systems is argued to be even more 
relevant in islands or isolated systems which suffer more acutely from existing 
challenges in power system management. 

• Use of storage for the island of Jersey is investigated, primarily for two 
applications; reducing exposure to peak pricing over the existing 
interconnector to France, and also deferring or removing completely the need 
to use of emission intensive on-island generation to supply peak loads, thus 
contributing to a more sustainable power system. 

• Results demonstrate that an investment in energy storage cannot be justified 
merely by the benefits from making profits from these applications. The 
investment equation could change as the cost of BES falls into the future and 
if it can provide additional benefits such as avoidance of the cost of 
replacement generation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

81 

 
 

4 Discussion  

4.1 Research question A: Progress in RES development 

The analysis of the progress of Nordic and Baltic States in reaching their objectives for 
RES-Electricity development is broadly positive given that all Member States reached 
their overall RES-Electricity sectoral objectives in 2012. However by 2018, two member 
states, Latvia and Lithuania, did not reach their overall objective. However, a broader 
range of member states, underperformed in some forms of RES-Electricity generation 
both in 2012 and 2018. Considering first the detailed work on overall progress towards 
the targets, the following specific observations can be made: 

- Underperformance in wind power in Latvia and Estonia is particularly 
concerning given the central role of wind power in all of the National Plans.  

- Finland successfully reversed its underperformance in windpower in 2012 to a 
significant over-performance in 2018 

- The studied countries initially, in 2012, over-performed in sectors in which they 
have previous experience, for example biomass in Finland and hydro in 
Lithuania. In order to reach their overall 2020 objectives, Member States must 
also achieve development of RES-Electricity technologies in which they have 
little experience (thus the aforementioned underperformance of Estonia and 
Latvia in windpower in 2018 is particularly concerning).  

- A significant part of existing biomass electricity in the Baltic States appears to 
be from co-firing. The use of significant co-firing, especially when it involves 
rather low proportions of biomass combusted with fossil fuels, can imply the 
continued operation of high carbon emitting plants.  

- Maintaining growth in the biomass electricity sector will require more active 
policies on biomass capacity deployment and biomass mobilization. 
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4.1.1 Challenges and successes in developing renewables: Policy issues 

Policy issues are critical to the development of renewables in all five of the studied 
countries and different approaches across the countries indicate lessons for both best 
practice and the contrary. Sweden provides the best example of a successful and 
coherent policy regime with a well-functioning, technology neutral, renewables 
certificate-based support system, which is also the longest established of RES support 
scheme in any of the five countries, having been in existence since 2003. However, 
Finland provides a good example of where a relative late start to RES support has 
provided for very rapid increase in wind production from 2012-2018, with a 10-fold 
increase in production. Particularly relevant here was the feed-in tariff coming into 
force in 2011, and an additional premium tariff (above the regular premium) for wind 
plants until end of 2015. Whilst slow permitting also held up the early development of 
windpower, Finland does provide the most remarkable example of renewables 
increasing directly due to improving in policy support and planning improvements 
established immediately after the 2009 RES I; its wind output increased from 28GWh 
to 464GWh over the period 2010-2018 (Finland’s 2020 objective for wind power was 
already reached in 2018).  

In Sweden, the competitive situation of Renewable Electricity in general is further 
improved by the use of a carbon dioxide tax, which is levied on all fossil fuels, including 
those input to electricity production. The other countries studied have had a less 
coherent approach to RES support (and CO2 taxation) and have started rather later, 
with Latvia being a good example. For Latvia, the situation on renewables support to 
date has been extremely unstable, with four legislative changes on price setting made 
in the period from 2007 to 2011, and the support scheme suspended altogether from 
2011 to 2016. This does appear to be key reason for Latvia’s overall underperformance 
against its RES-Electricity objective in 2018. 

Notably, with the reduction in wind power capital costs, price support for wind power 
is now becoming less necessary with subsidy free wind power plants under operation 
and development in several EU countries [14].  But it is worthwhile to point out that 
the among the studied countries, it is only Sweden and Finland that have such plants 
under the development; one could posit that their success in developing wind power 
through good policy support mechanisms has led them to reach low cost wind power 
more rapidly than in e.g. Latvia, where unstable policy support has led to more limited 
acquisition of experience in wind power development. 

4.1.2 Challenges and successes in developing renewables: Balance between 
technologies  

A fundamental challenge is achieving a balance between different renewable 
technologies. In order to reach long term objectives to grow the sector, a mix of 
technologies will be needed. A concern in this respect is that a number of countries 
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showed an over reliance on biomass in their early progress towards their targets with a 
relative underperformance in wind power. The over-reliance on biomass is particularly 
concerning given the constraints on fuel supply into the future. For example, Sweden’s 
deficit between estimated demand for primary biomass and actual production for 2020 
is estimated to be 4800 ktoe, representing over 30% of total demand [62]. It is likely 
that this can only be resolved through imports, raising concerns over sustainability 
covered in section 4.2. However, progress to 2018 was more balanced between 
technologies; the most cause for concern remaining is Estonia’s high reliance on 
biomass. 

4.1.3 Planning issues in developing renewables 

Planning and permitting issues can be seen as critical to the development of 
renewables, especially wind power, and to have particularly contributed to the success 
of Sweden in this respect. A number of measures have been important in the case of 
Sweden, such as: 

- Time limitations on planning process 

- Vindlov information website 

- Special financial support for the planning process for wind power 
development, with funds available to municipalities, counties, etc  

The situation in Sweden contrasts with Finland, where similar measures have not been 
put in place and where planning issues impacted early progress towards the target. 
Finland’s early progress in wind power was hampered by planning delays and a long 
running conflict over the effect of wind power development on defence radar 
installations, which has finally resolved in July 2013 by wind plant developers 
compensating defence forces for effects of the wind parks upon radar. The steep 
increase in wind power to 2018 (49% annual growth 2013-2018, compared to 20% in 
previous 5 years) does appear to be partly accountable to this, in addition to less 
resistance from municipalities and as exaggerated concerns regarding noise and 
wildlife impact were put aside.  In Estonia, moves were made towards to improving the 
planning framework (such as a wind power spatial plan created for Western Estonia) 
but these measures appear to have had a rather limited impact to date in the timeframe 
covered. The best practice from the Swedish case could certainly be built upon in 
Estonia and Latvia, given their rather slow progress in wind power development. 

4.1.4 Overall progress in RES development 

Taking forward the detailed analysis of the progress in developing RES-Electricity of 
the countries considered, it is useful to consider how this has impacted their progress 
towards reaching the overall renewables target i.e. also including heat and transport. 
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Also considered here in brief is a comparison to other EU member states. Figure 12 
below shows the latest data available – for the year of 2018 - on the progress of all EU 
member states towards reaching the 2020 target [55] (this dataset is from the Eurostat 
SHARES database, for which the 2018 data was also utilized for the limited bioenergy 
sector progress assessment in Paper VII). On the basis of the 2018 data, we can give 
some commentary here on the progress of individual countries: 

- Estonia: Estonia had already achieved its overall 2020 RES target in 2014; key 
here was the relatively low ambition of the target against the 2005 baseline and 
a very strong contribution from biomass heat and electricity 

- Lithuania: Lithuania also reached its overall target in 2014; as for Estonia, 
biomass heat and electricity was a key contributor  

- Latvia: Latvia did not reach its overall target until 2018; indeed its 
aforementioned underperformance against its RES-Electricity objectives is 
reflected in its slow progress towards reaching the overall target. Latvia’s 
strong development in RES-heat has been key in reaching the overall target, 
having reached almost a 56% share in RES-H by 2018. 

- Finland: Finland reached its overall 2020 target in 2014; key here was the 
relatively low ambition level of the target and the drop in energy consumption 
during the 2008-2012 financial crisis which made the percentage-based 
renewables target very easy to reach 

- Sweden: Sweden actually reached its overall 2020 objective already in 2012; 
the overall target was very undemanding for Sweden in the first instance. 

We can thus see that of the countries studied, only for Latvia was there any doubt of 
reaching the overall target. However, one notable point is that none of the 3 Baltic 
countries have reached the mandatory 10% RES-Transport target for 2020; the 
respective figures for 2018 in Estonia, Latvia and Lithuania were 3.3%, 6.2% and 4.3%. 
This makes it very doubtful that this objective will be achieved and makes an interesting 
contrast to Finland (14.9%) and Sweden (29.7%), where this objective has been long 
since achieved. 
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Figure 12. Member state progress in reaching overall RES target in 2017 and 2018 compared to actual 
2020 target [55] 

However, whilst all of the studied countries have achieved their overall target, this is 
by no means the case across the entire EU, where 17 out of the total 28 countries have 
had not reached their 2020 targets by 2018. Of these, a few seem unlikely to reach their 
overall targets. Particularly notable here France (6.4% deficit), Netherlands (6.6% 
deficit); Poland (3.7% deficit) and UK (4% deficit). Indeed compliance with the overall 
20% EU target is in doubt, being particularly impacted by these underperforming 
countries. A notable point is that whilst early progress towards reaching the target was 
faster, reaching 16.2% in 2014, progress since then has been insufficient. Whilst an 
increase in annual share of 0.83% was needed per year 2014-2020, the achieved result 
2014-2018 was only 0.45%. Therefore whilst the research question concerning 
renewables progress only identified relatively limited difficulties in reaching the target 
from the studied member states, the question seems more rather more valid when 
looking across the EU countries where is realistic to posit that perhaps as many 
countries will fail to reach their legally binding 2020 objectives. Considerably more 
countries will likely fail to reach the mandatory 10% RES transport target for 2020. 

Looking forward, the first question is how the EC will deal with those member states 
who fail to reach the targets; this is a key test of how seriously the targets are taken. 
This will be interesting to consider when the final 2020 data is available in early 2022. 
If the targets are not properly enforced, it would give a weak view of EU Energy Policy, 
and could draw parallels with other weakly enforced EU targets and objectives. Perhaps 
the most extreme case, here has been the EU’s failure to properly enforce the targeted 
compliance criteria for the Eurozone, as enshrined in the so-called Stability and 
Growth pact [89], and the apparent contribution of this to the Eurozone debt crisis 
from 2009 onwards [90]. It is notable that the newly established 32% target for 
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renewables for 2030 in the RED II is only set as a legally binding target at overall EU 
level, without individual country-level targets [4]. The confidence in this 2030 target 
will be inevitably affected if the EU fails to closely enforce the 2020 objectives. Thus 
close observance of EU policy in 2020 target enforcement will be a critical topic for 
attention over the coming 2 years. 

4.2 Research question B: Prospects for bioenergy 

This research question has been split into 3 sub-questions in the literature review and 
results section, as follows: 

- Bioenergy development to date in sampled Nordic-Baltic countries and 
ambitions for the future (Paper III)  

- Ambitions for bioenergy development at EU level; biomass demand, usage 
efficiency, (Paper IV) 

- Bioenergy Policy effectiveness/ Promotion of bioenergy: The UK and Nordic 
example (Paper VII)  

In the discussion here, consideration of the 3 sub questions is taken as a whole, as the 
3 sub-questions raise a number of common questions that warrant discussion. The key 
issue, raised to some degree by all three sub-questions, is that the very high ambitions 
for future bioenergy use has challenging implications for bioenergy supply and 
sustainability. This issue may jeopardise the development of the member state plans 
for bioenergy – plans which thus far have been pursued quite successfully – as featured 
in Paper II and VII. Thus the topic of biomass supply and sustainability is the focus of 
the discussion here. A scenarios report published as part of the same research report 
on which paper IV is based [62] estimated the gross implications for primary biomass 
demand in 2020 have been estimated to be a total of 2027 TWh primary biomass 
(before processing), just for the power and heat sector (i.e. excluding biofuels for 
transport). This far exceeds estimates of biomass availability from EU countries. Such 
estimates vary from what might be considered a relatively optimistic estimate of 
availability from member states in their National Renewable Energy Action Plans of 
1603TWh [5], down to, for example an estimate of 1415 TWh by Pöyry Energy 
consulting [30]. Indeed if the growth of bioenergy is extrapolated to 2030, based on 
the EC 2030 Climate package [10], the same research suggests a total biomass 
requirement of over 2900 TWh of primary biomass, whilst availability of biomass from 
within the EU is only likely to increase moderately. Nonetheless, even though estimates 
of availability vary, the implication is the same, that there is a need for significant 
import of biomass from outside the EU just to fulfil biomass electricity and heat 
objectives, without even considering transport biofuels. 
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This need for import, and indeed the stretched availability of biomass from within 
the EU creates a significant question concerning biomass sustainability. The 2009 RED 
I [3] did not put in place sustainability criteria for biomass electricity or heat, only 
doing so for biofuels for transport. This was rectified in the 2018 RED II, which sets a 
number of sustainability requirements. The requirements are based on limiting 
biomass from areas with a high risk from indirect land use change (ILUC). ILUC 
requirements reflect the fact that when biofuels are produced on agriculture land that 
was previously used for food or feed production, the necessary food or feed production 
is displaced into other areas, which may include areas of high carbon stock such as 
forests or peatland, thus resulting in a release of CO2 from trees or soil. Thus the 
directive sets limits on the amount of biofuels that can be derived from “high-ILUC” 
risk areas and counted towards fulfilment of Renewable Energy targets. The limits 
freeze the amount of high ILUC-risk biofuels at 2019 levels for the years 2021-2023, 
and then progressively decrease from the end of 2023 to zero by 2030. The impact of 
these sustainability criteria are furthered by the 2018 LULUCF regulation [91], 
covering the integration of greenhouse gas emissions and removals from land use, land 
use change and forestry (LULUCF) into the 2030 climate and energy framework. The 
effective implication of this regulation is that it places a limited on the amount of woody 
biomass that may be harvested, utilized for bioenergy and still be counted as carbon 
neutral. Although this allows for a growth in harvesting, it does place limits which 
imply a constraint on growth [92]. 

The impact of these sustainability and carbon accounting requirements is that 
existing member state assumptions on how much biomass can contribute to their 
renewables objectives may need to be revised, and member states may need to seek a 
greater proportion of renewables from other sources such as wind and solar. 
Furthermore, this may increase the need for active RES integration measures, since 
there will be a greater reliance on variable renewables, rather than biomass, which can 
often provide a like for like replacement for thermal fossil fuel generation in terms of 
dispatchability.  A number of these active RES integration measures have been are 
discussed in section 4.4. 

4.3 Research question C: Improving sustainability of islanded systems 

To summarise from the results, the key range of options available for CO2 reduction in 
islanded power systems range is as follows:  

- Improving efficiency of existing generation & optimization 

- Conversion to lower carbon fossil fuels 

- Peak shaving by demand response 

- Interconnection  

- Development of on-island RES  
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- Electricity storage    

A fundamental question is identifying the balance between these options, and what are 
their future prospects in the specific situations of different islands. In the list above and 
in the following discussion, the measures are ordered in term of their ability to reduce 
CO2 emissions, which often also reflects their costs (higher emission reductions 
typically equal higher costs). The first two measures listed, improving generation 
efficiency and conversion to lower carbon fuels, typically represent a path to moderate 
CO2 emission reductions, but which are limited to specific islands as defined by existing 
generation technologies or access to fuel resources. The potential for generation 
efficiency improvements depends on the technology level of existing generation and 
the available space for upgraded plant. For conversion to lower carbon fuels – such as 
natural gas or biofuels, the key limitation is the local availability of such fuels. For 
example, natural gas will require either pipelines (e.g. Isle of Man) or the construction 
of a costly terminal (e.g. Malta). For biofuels, their available from local island resources 
is likely to be limited to a very few island cases, such as use of coconut oil in Pacific 
islands. 

Rather than being limited by the specific situation of islands, peak shaving by demand 
response can be applied in almost all islands.  This is also a relatively low cost measure, 
even if its emissions implications are likely to be rather modest. However, in 
interconnected islands, its impact can be proportionately quite significant because it 
may remove peak loads above the capacity of the interconnector that would otherwise 
force the use of high carbon on-island generation. Looking to more capital intensive 
solutions, historically the most implemented solution for both economic and 
environmental sustainability has been the construction of interconnectors to mainland 
power systems. However, in view of the falling cost of renewables technologies it is 
questionable whether the future route to improving the sustainability of islanded 
systems should focus more on development of renewables within islands. Islands 
typically have excellent wind and/or solar power resources. The largest challenge in 
developing these resources has perhaps been the specificities of island utilities, which 
may lack the expertise or finance to exploit these resources. However, this is starting 
to change, firstly with the continuing cost reductions of renewables making them more 
accessible to local utilities, and secondly the interest of larger utilities to invest in 
islanded systems. In the future, the possibility of islands bring powered by 100% 
renewables generation seems well in prospect with a number of pioneering islands 
already providing demonstration, e.g. El Hierro). However, this will require the 
implementation of the final technology in the sustainable energy toolbox, energy 
storage. In general, only with energy storage can an island achieve a system 100% 
reliant on intermittent renewables such as wind and solar. But energy storage also has 
a significant role to play in reducing the use of high emissions peak generation, 
especially in interconnected islands. The application of energy storage, or more 
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specifically electricity storage, leads through directly to the discussion of the fourth and 
final research question in the following section.  

4.4 Research question D: Electricity storage 

Whilst the analysis of electricity storage was rather limited here, in primarily assessing 
its role in islanded power systems, it is possible to point to the role of electricity storage, 
and indeed some other complementary methods in order to manage higher shares of 
intermittent RES generation. Taking the role of electricity storage in islanded systems 
as the starting point, the negative economic assessment of implementing storage for 
the island of Jersey gives a number of pointers to future analysis in this field, principally 
by considering a wider range of applications for storage and an update of cost 
assumptions, which could be summarised as follows: 

- More detailed analysis of potential of storage to avoid the capital cost of new 
generation and additional interconnectors 

- Analysis of other islands, with higher variance in generation costs (e.g. 
between intermittent renewables and ICE generation) 

- Update of cost assumptions, especially with major decreases in energy storage 
since the time of the analysis (cost reduction of at least 50%) 

- Revision of financial analysis, with lower discount rate 

- For Jersey itself, and similar islands experiencing winter system peaks due to 
heating, heat storage at the level of households could also warrant 
investigation. Systems with a high storage capacity using heat storage 
mediums could allow peak loads to be reduced to level where they can be 
covered entirely by imported electricity. 

Perhaps the most significant factor here is the cost assumptions, given the radical 
reductions in the cost of energy storage since this study was carried out. The 
consequences of these cost reductions are already evidenced in the implementation of 
several battery energy storage systems on islands, including on Graciosa (Azores) [84] 
and in the Faroe islands [93]. Whilst it is unclear whether any of these projects have 
been truly established on the basis of rational economics, energy storage in islands has 
clearly move beyond more experimental systems such as that established in Reunion 
in 2009 [94].  

Parallels between measures for integrating renewables and improving efficiency of 
islanded systems:  

The consideration of electricity storage here has been mostly confined to its potential 
in islanded systems, with its use in the integration of renewables only one of its possible 
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applications in this context. Clearly electricity storage has very strong potential in the 
integration of renewables in wider energy systems. Other measures for RES integration 
were covered in Paper I, and brief discussion here is given here on these measures. It 
is notable that like electricity storage, many of these other measures can also be applied 
to improve the efficiency of islanded systems, and thus their application for both 
purposes is covered in the following discussion. They are considered here roughly in 
order of cost of implementation: 

- Market design – alterations in Market design can assist in the integration of 
renewables through measures such as shorter gate-closure time, 
development of intraday markets and subjecting renewables to balancing 
costs. Using market design to improve the efficiency of islanded systems also 
has potential but not necessarily through the same market mechanisms for 
RES integration, and thus the parallel is limited here. 

- Demand-side flexibility has significant potential to better match demand to 
production of variable Renewable electricity, and its potential and 
application in islanded systems is considered in sections 3.3.6.1 and 4.3.  

- Flexible back-up generation. Variable renewable electricity requires back-
up generation which will need to be properly financed through balancing 
costs and possibly capacity payments. However, contrary to expectations, 
renewables have not in general thus far required the building of dedicated 
back-up generation, since their growth has been paralleled with a surplus of 
conventional generation, although some of this generation is less than 
optimal from a standpoint of flexibility. In the case of islands, their typical 
existing generation, diesel ICE engines, provide a highly functional flexible 
back-up generation for renewables, and thus further generation investments 
are not required.  

- Grids - new transmission infrastructure can facilitate variable RES by 
allowing the import/export of power during, respectively, low and high 
periods of RES production. It is, however, a relatively costly solution, and it 
can be argued that it is most applicable when the above measures prove 
insufficient. The expansion of grid infrastructure has a clear parallel is 
increasing the efficiency of islanded systems since interconnectors have been 
the primary solution for improving the economic and environmental 
sustainability of islanded systems to date. But here the energy paradigm of 
increasing grid infrastructure for both RES integration and improving island 
system efficiency is the same; grids represent a conventional, high 
investment cost solutions whereas most of the other measures above, and 
those considered in section 4.3 are relatively low cost and more localized 
solutions to the issue.  
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Given the parallels between the measures for both RES integration and improving 
islanded system efficiency, islands could consider implementing many of the above 
measures, especially those with relatively low cost, with a short term perspective to 
increase the efficiency of the existing system, but with a long term objective that these 
measures facilitate the transition to a high share of variable renewables generation. The 
role for energy storage specifically though is likely to be most relevant in islanded 
systems where the cost of renewables is especially low, interconnections are absent (or 
of limited capacity), and where existing thermal generation is very costly to operate (or 
is at end of lifetime).  

4.5 Synthesis of Methodology & Results 

It is important to consider the connections between the different methodologies and 
results. For the methodologies, this facilitates understanding on what can be concluded 
on the efficacy of a methodology when the experiences of using it for different research 
questions are combined. But this synthesis exercise is most important for the results, 
whereby the connections between results can be analysed to assess how the results 
identified for one research question can inform another. Furthermore, one can assess 
whether the linkages foreseen between research questions in the introduction have 
been fully realised in the results, and how these linkages could be further explored. For 
brevity, the research questions are abbreviated in this section as e.g. RQ. A for Research 
question A. 
 

Table 20. Research methodologies applied under the different research questions 

Research question Publications I – VII 
(key paper for each 
research question in 
bold italics) 

Key research methodology of the papers for 
addressing the research question  

A Progress in RES 
development 

I,II,III,IV,VII I, II Policy Analysis  
III: RES-E Target vs actual data comparison, 
policy analysis  
IV, VII: See below 

B Prospects for 
bioenergy 
(3 sub-questions 
across 3 papers) 

B.1: III: Bioenergy 
progress in Nordic-
Baltic countries. 

III: As above 
  

B.2 IV: Bioenergy 
development at EU 
level 

IV: Target-based scenario modelling, primary to 
final efficiency calculation comparison 

B.3: VII: Bioenergy 
Policy effectiveness in 
UK and Nordics 

VII: Policy effectiveness: Target comparison 
Correlation analysis, stakeholder consultation 

C Improving 
sustainability of 
islanded systems 

VI, V V: See below 
VI: Data benchmarking, Technology option 
analysis, stakeholder consultation 

D Electricity storage I,VI, V I: See above 
V: LCC/CBA analysis, scenario modelling 
VI: See above 
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As shown in Table 20, a very wide range of methodologies has been adopted in this 
research. A key argument is here is that this thesis has taken a rather novel approach 
in the combination of quantitative and qualitative methods used to approach the four 
research questions – which when combined, give cogent insights into answering the 
overall research of challenges in developing sustainable energy systems. However, 
these methods are not without limitations, and detailed discussion of these is given 
under the different research questions in Section 3. However, it is also useful to 
consider here how similar methodologies were applied across several research 
questions – and conclude on what can be drawn on their strengths and limitations from 
the combined experience of applying the methodologies over several research 
questions:  

RES Target comparison: This was included under both research RQ.A & RQ.B; 
indeed the analysis of member state performance against the 2020 RES target was a 
key theme throughout this thesis. One identified limitation was that comparison was 
made only on the basis of RES-Electricity rather than include RES-Heat & RES-
Transport; however Paper VII did consider progress on bioheat objectives under the 
2020 targets. The future comparison of performance towards targets has been made 
much less onerous by the Eurostat SHARES database which was not available when 
the research under paper III was completed, but was available for Paper VII, and thus 
facilitated a rather straightforward comparison therein.  

Policy analysis was a common theme throughout the research, both qualitative, and 
in the case of the correlation methodology applied in Paper VII, quantitative. The 
qualitative analysis was facilitated by contributions by governmental and energy 
industry experts, either as co-authors or as stakeholders consulted – e.g. in Paper VI 
and VII. Indeed a key strength of this thesis is argued to be the level of contribution 
from these actors, and the author is considerably indebted to their contributions. 

Scenario modelling was fundamental to Paper IV and VII, though for very different 
applications. In paper IV this was a very useful approach to assess primary bioenergy 
needs in a range of scenarios, and thus provide robust quantitative support for raising 
questions on whether biomass availability was sufficient to reach ambitious political 
and industrial objectives for the bioenergy sector. In paper V, scenario analysis was 
applied, in combination with a well-proven EES life cycle cost methodology, to consider 
the economic benefits of EES under different future annual power load curves. In both 
cases, the importance of careful scenario design was apparent – while scenarios should 
be imaginative and attempt to predict the unpredictable, the scenarios must be 
carefully defined, ideally with the input of sector experts with profound awareness of 
future possible trends due to policy, technology or economic considerations.  

 
Moving forward from the identification of the methodological connections between the 
treatment of the research questions, one can consider the linkages between the results 
for the different questions. Here one can refer back to the connections between the 
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research question set out in the introduction and in Figure 1, and briefly summarise 
how the connections identified there were realised in the final results. Figure 13 below, 
taking its’ basis in Figure 1, graphically illustrates to what level of significance these 
connections were realised, according to the traffic light coding set out in the legend. 
The key points of connection are assessed as below, according to the lettering in Figure 
13: 

(i) Sectoral focus: This connection was very clear. RQ.A, looking at RES 
progress overall, logically led to the detailed consideration of bioenergy 
development in RQ B. RQ B revealed many of the challenges and 
successes in developing biomass – mostly specific to bioenergy, but with 
some conclusions that could apply to other renewables. However, the 
most significant finding concerned how bioenergy development has and 
will be constrained by resource availability. This finding is specific to 
biomass - other forms of renewables such as wind & solar are simply 
based on building the generation capacity in appropriate locations 
rather than the primary resource. However, the conclusion on bioenergy 
policy effectiveness in Paper VII do have a direct connection back to RQ 
A., indeed successes and challenges in bioenergy development e.g. due 
to stability or design characteristics of support schemes are just as 
critical for other forms of renewables until they reach market parity. 

(ii) RES Policy effectiveness: Another moderate connection was how the 
assessment of bioenergy policy effectiveness in Paper VII feeds back to 
RQ.A. The question of policy effectiveness is critical to facilitating RES 
progress development as investigated RQ.A. Furthermore, Paper VII 
provided an update on RES progress, if only for the bioenergy sector. It 
could be argued that this connection could have been investigated 
further, and future research could consider e.g. utilization of the policy 
effectiveness correlation methodology effectiveness in Paper VII to RES 
policy effectiveness in general.  

(iii) Geographical focus: This connection, between RQ.A and RQ.C was 
more significant that it may appear. The development of RES and 
accompanying support schemes considered in RQ.A have typically not 
been mirrored in the islanded systems studied in RQ.C. However, many 
of the question of sustainability of islanded power system identified in 
RQ.C could indeed be solved by putting in place the policies and 
measures identified in RQ.A as having been successful. Furthermore, 
the identified potential for islands being used as testbeds for new energy 
technologies could have implications for development of new RES 
technologies which may support the broader RES-E development 
challenge considered in RQ.A. However, the current situation is that 
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relatively few islands stand out as paragons of sustainability, and the 
current flow of innovation is rather from mainland power systems to 
islands rather than vice-versa; thus this connection was perhaps rather 
less revealing in the final results than foreseen in the introduction. 

(iv)  Bioenergy as non-intermittent generation: This connection was rather 
weakly exploited. Whilst biomass electricity can act a dispatchable form 
of RES-E to ameliorate the intermittency of other RES (e.g. wind, solar), 
this was not studied in detail, and thus this synergy was not fully 
realised. However, as RQ.B showed some of the limits and challenges in 
developing bioenergy, it did indicate that there are significant 
constraints on the role that biomass electricity could play in this. 
However, a more detailed exploration of this connection could have 
extended to considering the technical potential of biopower to back-up 
intermittent RES-E, e.g. based on consideration of the ramp rates of 
different forms of biopower generation.  

(v)  Intermittency: Solution: This was intended as the pre-connection to 
(ii), as already discussed above, but also as a precursor to use of 
electricity storage as a potential solution to intermittent RES. However, 
as in (ii), this connection was rather weak in the results; the EES analysis 
in RQ.D was not directed at RES integration. However, it is perhaps 
useful to consider how the poor economics of EES found in RQ.D could 
have been improved if used for the managing the power system 
integration of intermittent renewables. 

(vi)  Solution – RQ.C to RQ.D: This connection was rather strong in the final 
results. The BES application studied in RQ.D was intended to directly 
resolve some of the problems of environmental (and economic) 
sustainability in islanded system found in the results of RQ.C. The BES 
considered in RQ.D had the potential to remove the need to use 
expensive and polluting peaking diesel generation in interconnected 
islands. Though BES was found to be uneconomic in the analysis 
undertaken, the steep continuing reductions in battery cost imply that 
this solution requires ongoing attention, especially when decisions need 
to be taken on whether to replace life-expired peak generation. 

Overall, the above discussion reveals that many of the synergies between the research 
questions set out in Figure 1, and intended to be resolved in this thesis, were indeed 
realised, and that there is real value in how some research questions inform others., 
and contribute as a whole towards providing insights on the overall research question 
of challenges and solutions for delivering sustainable energy. These linkages did vary 
in the degree to which they provide value between research questions, from rather weak 
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connections e.g. for (iii) and (iv), to stronger ones such as (i), (ii) and (v). Nonetheless, 
taken overall, these connections are argued to strengthen the understanding of how the 
4 research questions link together to answer the overall research question of this thesis 
within the geographical, sectoral, technological and political scope taken in this body 
of work.  
 

 

Figure 13. Strength of identified connections between research questions in final results 
Note: Degree to which one research question informed another through the identified pathway (numbering of 
connections (i)-(vi) cross-references to discussion of the connections in the text) 
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5 Conclusions & Outlook for future 
research 

In this section, the direction given by this thesis towards future research is given. 
Beginning with the first research question concerning progress in RES development, 
perhaps the most significant factor affecting existing and future RES development, 
which is relatively lightly covered in existing research, is that of planning. This thesis 
has recognised that effective subsidy schemes and falling technology costs are not the 
only prerequisites for RES development, and that an absence of a coherent planning 
process will severely stifle RES development. Further research comparing different 
planning approaches for RES development globally would be helpful in identifying best 
practice. 

A further question raised by the research here concerning RES development progress 
in the EU context, is how member states who fail to reach their 2020 RES targets will 
be treated. It may be argued that a failure to sufficiently sanction such member states 
will lead to future EU energy objectives not being taken seriously – possibly by a larger 
share of member states and thus potentially having a negative impact on sustainable 
energy deployment in future. This is particularly important in view of the 2030 
renewables target, but also in terms of wider EC Energy and Climate policy such as the 
ongoing negotiations on the EU Green Deal (which may imply that the current 2030 
carbon reduction target is further extended from the current 40% objective to a 55%+ 
cut against the 2005 baseline). Whilst the 2020 targets are legally binding, it is unclear 
what the consequences would be for non-compliant member states. Research on what 
could be suitable penalties would be useful in advance of when final data on 2020 target 
compliance is available, most likely in 2022. There do appear to be several member 
states on track to either fail or only narrowly meet their target including France, 
Netherlands and Poland (the UK, another borderline case, will escape the 2020 
requirement with its exit from the European Union). 

Turning to the second research question concerning biomass development, the most 
significant field for further research may be argued to be the limits placed on bioenergy 
development by sustainability requirements. Additional research concerning the 
implications of the sustainability requirement in the revised renewables directive and 
the new LULUCF regulations would be very pertinent in this regard. In view of these 
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limits, further work would be warranted on how best to prioritise the use of primary 
biomass for maximum carbon reduction, taking account of the conclusions on policy 
effectiveness identified under this research question. Furthermore, if a lack of 
sustainable biomass feedstock constrains intended biopower capacity development, a 
key source of dispatchable RES-Electricity generation could be lost, thus requiring 
additional integration measures for variable RES-E. Research on the latter question 
would provide a key connection between bioenergy development and the wider 
question of variable RES integration; a connection only very briefly investigated in this 
thesis.  

Considering the third research question on improving in the sustainability of islanded 
systems, several interlinked questions for future research follow from the analysis 
carried out here. Firstly, there is the general question of what is the right balance of 
different technologies to improve sustainability. More detailed analysis of this would 
require an expansion of existing energy system analyses for individual islands, taking 
into account the specific circumstances and renewable resources for each island. One 
related question is whether expansion or construction of new interconnectors are a 
sensible option in the future given the potential for islands to become self-sufficient 
energy communities by combining renewables, energy storage and other technologies. 
A final area for research to complete the circle of implementing truly sustainable 
islanded systems would be how to finance new energy systems on islands. Study of this 
financing question needs to take into account the limited capital raising potential of 
existing island utilities, whilst taking advantage of the possibility for islands to be 
“closed ecosystem” testbeds for piloting new technologies, either for larger utilities, 
governments, or research institutions. The EU Clean Energy for Islands initiative [6] is 
positive in this regard, and its’ outcomes should be closely monitored. 

Turning to the final research question, the role of electricity storage for both islanded 
and for wider energy systems, especially for RES integration, is clearly already 
attracting in-depth research. However it must be considered in comparison to other 
measures and technologies for improving RES integration (and broader improvements 
to energy system efficiency). A true “merit order” listing of different technologies for 
integration of RES in different regional power systems does not appear to exist. Further 
development of sophisticated power system models with shorter time resolution and 
increased geographical details would appear to be cogent in this regard. Whilst a wide 
range of models exist, few (if any) seem to provide a truly comprehensively costed 
overview of technology and market structure options for increasing levels of variable 
RES integration. Expanding the analysis of RES integration measures could hopefully 
answer the question of whether large scale capital investment in grids and flexible 
back-up generation could be avoided through apparently less costly solutions such as 
implementation of demand side management, energy storage and modifications to 
market design. A particular weakness in existing approaches appears to be insufficient 
coverage of energy storage and dynamic demand side response, and the linkage 



98 

between these technologies. A key question concerning implementation of energy 
storage is the appropriate balance between grid scale energy storage, energy storage at 
the scale of domestic dwellings (including heat storage), or whether storage should be 
integrated with electric vehicles, i.e. through smart charging of EV batteries and 
discharging through vehicle to grid (V2G). In the latter respect, the technologies of 
energy storage and dynamic demand side response would be inherently linked. 
Extending this point toward new research horizons, it is critically important that future 
research on low carbon energy scenarios takes proper account of sector coupling, and 
integrates not only electricity, but consideration of the heating, and in particular, 
mobility sectors. As it is increasingly recognized that electricity offers the most 
potential of a truly zero carbon energy vector [95], and as the mobility sector 
continually electrifies in consequence, the fields of research in both energy and mobility 
should become increasingly intertwined.  

A critical characteristic of this research has been to approach the overall research 
question through the different geographical, sectoral, technology and political settings 
adopted across the four research questions. A basis for future research can be found 
not only in the identified topics derived from the separate research questions – and 
subsequent new directions such as sector coupling – but also in the synergies found 
between the research questions. Furthermore, this work has showed the benefits of 
applying a novel combination of quantitative and qualitative methodologies – and it is 
argued that such a combination is inherently advantageous in approaching the 
complex, multifaceted issues raised by research in delivering sustainable energy 
systems.   
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