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Zusammenfassung

Die Stromversorgung auf karibischen Inseln wird derzeit zu 99 % durch fossile Brenn-
stoffe bereitgestellt. Dies fiihrt zu sehr hohen Kosten und CO s-Emissionen. Eine
giinstige und nachhaltige Lésung kann die Nutzung regenerativer Technologien wie
Solar-, Wind-, Wasser-, und Geothermickraftwerke sein. Deren Implementierung
geht allerdings, trotz ausreichender natiirlicher Ressourcen, nur sehr langsam voran.
Dieser Widerspruch stellt die Motivation fiir die Hauptforschungsfragen dieser Dis-
sertation dar: (1) Wie hoch ist das technisch-wirtschaftliche Potenzial von erneuer-
baren Energien auf karibischen Inseln und (2) welche Hemmnisse und Ldsungen
existieren zur Nutzung dieses Potenzials?

Um die erste Frage zu beantworten wurde ein Simulationsmodell entwickelt, welches
sowohl erneuerbare als auch Dieselkraftwerke und Batteriespeicher abbildet. Mit
diesem Tool kénnen bestehende Inselenergiesysteme simuliert und erneuerbare und
Speicherkapazititen optimiert werden. Per GIS-Analyse wurden die karibischen In-
seln mit mehr als 1.000 Einwohnern ausgewéhlt und fiir jede dieser 62 Inseln wur-
den die erneuerbaren Ressourcen, die Lastkurve und weitere Inputdaten wie zum
Beispiel Technologiekosten bestimmt. Hieraus wurde das technisch-wirtschaftliche
Potenzial fiir die Hybridisierung jedes Inselenergiesystems errechnet, welches fiir
60 der 62 Inseln hoch bis sehr hoch ist. Im kostenoptimalen Fall kann der Anteil
erneuerbarer Energien von 1 % auf 45 % gesteigert werden bei gleichzeitiger Senkung
der Stromgestehungskosten um 27 % von 0,30 USD/kWh auf 0,22 USD/kWh und
der CO9-Emissionen um 22 Mio. Tonnen pro Jahr. Investitionen in Hohe von
35 Mrd. USD sind notwendig um die folgenden optimierten erneuerbaren Kapaz-
itdten auf den untersuchten Inseln zu erreichen: 760 MW Wasser-, 8.880 MW Solar-,
6.300 MW Wind- und 530 MW Geothermiekraftwerke plus 3.120 MWh Batteriespe-
icher.

Zur Beantwortung der zweiten Frage wurden empirische Analysen genutzt. In
einem ersten Schritt wurden durch Literaturanalysen und qualitative Expertenin-
terviews 31 bedeutende Hemmnisse fiir den Ausbau erneuerbarer Energien auf kari-
bischen Inseln identifiziert, die in einer quantitativen Expertenbefragung nach ihrer
Wichtigkeit eingestuft wurden. In dem daraus entstandenen Ranking zeigt sich, dass
sich drei bestimmende Themen-Cluster ergeben. Das erste sind regulatorische und
politische Rahmenbedingungen, wie zum Beispiel fehlende regulatorische Rahmenbe-
dingungen und Gesetze fir Investoren und Liicken zwischen politischen Zielen und
Umsetzung. Das zweite sind Kosten und Finanzierungsmaoglichkeiten, in welchem
hohe Investitionskosten als wichtigste Barriere genannt werden und das dritte ist die
Marktmacht der konventionellen Energieversorger. Als Losungen fiir diese Hemm-
nisse werden Mafnahmen fiir Energieversorger, unabhéngige Erzeuger und Privat-
personen vorgeschlagen. Die wichtigsten sind Verbesserungen der Regularien und
des Marktzugangs, Investionsanreize wie zum Beispiel eine "Renewable Fuel Sur-
charge" und Finanzierungsinstrumente lokaler und internationaler Banken.

Mit den erarbeiteten Handlungsempfehlungen kann der volkswirtschaftlich und 6kol-
ogisch sinnvolle Ausbau der Stromversorgung aus erneuerbaren Energien auf kari-
bischen Inseln beschleunigt werden um die aufgezeigten Potenziale zu nutzen.






Abstract

Ninety-nine percent of the electricity supply on Caribbean islands is currently pro-
vided by fossil fuel based power plants which is very expensive and produces CO o
emissions. The use of renewable energy technologies such as PV, wind, hydro, and
geothermal power plants can be a cost-effective and sustainable solution to these
problems. Implementing renewable energies has been rather slow despite sufficient
natural resources. This has guided the two main research questions of this PhD the-
sis: (1) What is the techno-economic potential for renewable energies on Caribbean
islands and (2) which barriers and solutions exist in the utilization of this potential?

An answer to the first research question was found using a technical analysis based
on a self-developed island energy supply model. This model includes diesel and
renewable power plants as well as battery storage systems and their respective power
flows and costs. It is possible with the help of this tool to simulate the existing energy
supply systems, the current status quo, and to optimize the renewable and battery
capacities according to techno-economic factors. For this thesis Caribbean islands
with more than 1,000 inhabitants were chosen by GIS analysis. The simulation of
all 62 islands required assessing the renewable resources, specific load profiles, and
other important input parameters. According to the simulations and optimizations
60 of the 62 islands demonstrate high to very high techno-economic potential for
implementing renewable energies. The optimal renewable energy share is 45 % as
opposed to the current 1 %, which would result in a decrease in levelized costs of
electricity from 0.30 to 0.22 USD /kWh and the added benefit of a 22 million tons per
year decrease in CQO9 emissions. Initial investments of 35 billion USD are required
to reach the following optimized renewable capacities on the islands analyzed: 760
MW hydro, 8,800 MW PV, 6,300 MW wind, and 530 MW geothermal power plants
plus 3,120 MWh of battery storage.

Empirical analyses were conducted to answer the second research question. The
first step to determine significant barriers to implementing renewable energies on
Caribbean islands involved literature analyses and qualitative expert interviews.
This was followed by an extensive qualitative study to evaluate the importance of
each barrier. The evaluation was performed with the help of questionnaires filled
out by experts of renewable energies. According to the results the most important
barriers are distributed among three main clusters. The first cluster is regulatory
frameworks and policies, for example lack of requlatory framework and legislation
for private investors and gap between policy targets and implementation. The sec-
ond is costs and financing, of which high initial investments is the most important
barrier. The last cluster is the clout of conventional power suppliers. Specific practi-
cal recommendations are outlined for overcoming these barriers that utilities, private
investors, and private persons face. Most important are improvements to the regula-
tory frameworks and market access, incentives such as a "renewable fuel surcharge",
and financing by local or international banks.

Following these recommendations will help to utilize the existing techno-economic
potential for establishing highly cost-effective and sustainable energy supply systems
on Caribbean islands.
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Chapter

Introduction

1.1 Motivation and research objective

Climate change and the finite nature of fossil resources are two of the main chal-
lenges for mankind in the 215¢ century [1,2]. Climate change and global warming
lead to a large number of weather extremes and catastrophes as well as harvest
failures and rising sea levels causing enormous damages. In addition to that the
shrinking availability of fossil energy resources causes environmental pollution by
more dangerous exploitation methods and the overall price increases due to growing
exploitation costs and risks [3]. Both challenges put economic pressure on the con-
ventional power generation sector using coal, gas, and oil as fuels. The world’s power
generation in 2011 showed 9,000 TWh for coal, 5,000 TWh for gas, and 1,000 TWh
for oil-fired power plants [4]. Currently, approximately one quarter of the global an-
thropogenic CO9 emissions are emitted by these plants. In summary, the economic
pressure on the conventional power generation sector is based on increasing fuel and

exploitation costs and on political restrictions to reduce CO9 emissions |5].

Renewable energy technologies can provide solutions for clean and stable in price
energy supply |6]. Many different renewable resources exist such as solar, wind,
hydro, geothermal, and bio energy [7]. All of them are CO4 emission free in their
operation and use no fossil fuels for power generation. Most of them are mature
technologies, whose basic principles have been used since centuries such as wind
and hydro power for milling. In addition, global trends show constantly decreasing
costs for the implementation of these technologies which pushes their economic at-
tractiveness as shown in the renewable energy technologies cost analysis series by
IRENA [8-10]. The substitution of fossil based power generation by these resources

is disputed among technological, economic, political, and social considerations and
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interests often described as barriers of implementation. According to the specific
conditions these barriers differ from country to country and region to region as

analyzed by Blechinger [11], which makes it difficult to derive global solutions.

Thus, the focus on the Caribbean region, more specific the Caribbean island states
and countries, is set for this thesis to analyze these interactions and the implemen-
tation of renewable energy technologies more deeply. The reduced size of Caribbean
closed island energy supply systems allows a detailed modeling of these systems
without too many simplifications. The results can help to extrapolate valuable ex-
periences to large scale systems [12,13]. In general these islands are politically and
economically stable countries which should possess the knowledge and economic ca-
pacity to transform the energy sector towards high share renewable energy systems.
Additionally, it is worth investigating Caribbean countries and their relation to re-
newable energies as they already feel the ecological threats of climate change due to
increased weather extremes such as floodings or hurricanes. As a consequence, a need
exists to reduce CO9 emissions from an environmental perspective. On the other
hand the Caribbean power generation sector is mainly based on oil and diesel fired
plants causing enormous fuel costs and locally and globally harmful emissions [14].
22 GW of fossil based power plant capacities are operating on Caribbean island
states which spend approximately four percent of their gross domestic product on
imported fuels for power generation. The transition of the Caribbean power genera-
tion sector towards renewable energies would therefore release the economic pressure
of burning imported fossil fuels and set a global example for potential low emission

power generation by renewable energies [15].

Despite abundant renewable resources on Caribbean islands the beneficial imple-
mentation of renewable capacities for electricity supply is rather slow resulting from
different barriers of implementation. In general, a lot of research work has been per-
formed to understand the slow implementation of renewable power plants and four
main categories of barriers are typically identified: technological, economic, politi-
cal, and social barriers [16 18]. The studies by Ince [19], the ECLAC [20], and van
den Akker [21] already provide a good overview on the barriers hindering the trans-
formation of the power generation sector on Caribbean islands. For example missing
role models, market distortions, and lacks of political capacities are mentioned as
important barriers, but a proper ranking of barriers and a matching strategy to over-
come them is lacking. In addition, the main question whether enough potential of
renewable resources exist to compete with the conventional power generation tech-

nologies under the prevailing natural, technological, and economic conditions has



1.1 Motivation and research objective 3

not sufficiently been answered yet. This lack of knowledge in respect of the current
techno-economic potential of renewable energies on Caribbean islands and of other
additional barriers keep political, institutional, and economic decision makers from

pushing renewable energies with the right measurements.

Thus, this thesis targets to identify the current status of implementation of renewable
energies, in order to reveal the untapped techno-economic potential of renewable
energies, and finally to evaluate barriers and to present solutions to implementing

this potential. The approach follows six main research questions:

e What is the natural resource availability of renewable energies on Caribbean

islands?
e How can technological solutions be applied to utilize these resources?

e To what extent can renewable energy technologies compete with the current

conventional power generation system on Caribbean islands?

e Which barriers hinder the implementation of the existing techno-economic

renewable energy potential?
e What are the most important barriers?

e What strategies have to be pursued to overcome these barriers?

The order of research questions allows a specification and interpretation of barriers.
The main barrier to implementing renewable power plants would be the absence of
sufficient natural renewable resources. Once the availability of renewable resources
is analyzed the technological and economic feasibility can be tested by energy system
modeling and simulations. Such energy system simulations allow realistic calcula-
tions of fossil and hybrid energy supply systems using optimization tools to derive the
techno-economic potential. According to Painuly |16] "the techno-economic poten-
tial refers to the case when it is assumed that a technically feasible and economically
viable technology is universally used in a competitive market and constraints such as
consumer preferences, social and institutional barriers, financial barriers etc. to its
usage do not exist". Assuming this techno-economic competitiveness of renewable
energy power plants is proven compared to conventional power plants, additional
barriers can be investigated which are not sufficiently considered in the simulations.
The assessment of these barriers is based on empirical research to cover as many
perspectives as possible. Finally, solutions to target the calculated potential and to

overcome additional barriers can be pointed out. By these presented research steps
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the two main targets of this thesis can be reached: Firstly, the identification of the
techno-economic potential of renewable energies on Caribbean islands and secondly

the development of solutions to overcome barriers hindering its implementation.

1.2 Structure

This thesis is divided into seven main parts which are briefly described in this sec-
tion. After the introduction an overview on the research object is given in Ch. 2.
Within this chapter the Caribbean area and its specifics are presented followed by
a demonstration of island energy supply systems. The specific characteristics and
components - fossil based as well as renewable - are presented and discussed. In Ch. 3
the methodology of assessing the techno-economic renewable potential on Caribbean
islands is displayed. Simulation tools to optimize island energy supply systems are
compared and the self-developed simulation tool is described. This tool is specifi-
cally designed to reflect all characteristics of island energy systems in a simplified
way. It uses a generic algorithm to find the techno-economic optimized configuration

of each investigated island.

The results of the analysis of renewable potential on Caribbean islands are revealed
in Ch. 5. First the self-developed simulation tool is tested and validated along two
showcase islands. After the successful validation of this tool it is used to simulate
the status quo of electricity supply on Caribbean islands which serves as baseline
for further optimizations. The optimizations of the Caribbean island energy supply
systems reveal the techno-economic potential. Results are shown for each island indi-
vidually including parameters such as potential for additional renewable capacities,
cost and fuel reductions, and overall renewable share. For certain cases sensitivity
analyses are conducted and presented followed by a brief discussion of the results of

the renewable potential.

Afterwards the additional barriers are specified in Ch. 6. First the empirical method-
ology is introduced followed by an overview on the main barriers. These barriers are
evaluated with the help of a questionnaire which is presented afterwards. Results
of the evaluation are shown in a ranking of the most important barriers. Based on
this ranking the measurements to overcome these barriers are derived and written
down in this chapter. At the end of this thesis all main findings are briefly concluded
and summarized in the conclusion in Ch. 7 extended by recommendations for future

research.



Chapter

Research object

This chapter provides an overview on the research object of this thesis: island states
and autonomous and semi-autonomous states of the Caribbean. Information is given
on geographic, demographic, political, and economic conditions. This is followed by
an analysis of the Caribbean power generation sector and a description of island

energy supply in general.

2.1 Overview Caribbean

In this thesis Caribbean islands were chosen as research object in order to analyze
barriers of implementing renewable energies. As a restriction islands related to
countries on the continent (e.g. Venezuelan islands) are excluded. This leads to a
total research sample of 27 countries which are listed in Tab. 2.1. The high variety
of island countries on a relatively small area makes this region especially attractive
for this research as it provides many different case study islands for energy supply
systems. The Caribbean area and the islands selected for this research are illustrated
in Fig. 2.1.

The Caribbean region is defined by the Caribbean Sea. All islands within are labeled
as Caribbean islands [22]. In the South its boundary is the South American conti-
nent. The Western border is defined by the Central American countries and the Gulf
of Mexico, which is also part of the Northern border. This border is complemented
by the U.S. state Florida and the North Atlantic Ocean which is the Eastern border

as well.

The islands are mostly of volcanic origin and relatively mountainous, while only

few of the islands are flat and based on coral atolls as for example Barbados. The
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Figure 2.1: Map of the Caribbean area - Islands related to island states and to autonomous and

semi-autonomous island states are framed in white [22]
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climate is tropical and sub-tropical with average temperatures ranging from 24 to
29 degrees Celsius. Only two seasons exist in this region, a wet season from May
to October and a dry season from November to April. Average annual precipitation
values range from 60 (:m/rn2 in the dry belt of Aruba, Bonaire, and Curacao over
150 ecm/m? on Eastern Caribbean islands up to 500 cm/m?2 on large islands as
Cuba or Hispaniola [23]. Due to the proximity to the equator sunshine hours are
almost equally distributed over the year. The Eastern Caribbean islands are within
the trade wind zone leading to constant high wind speeds over the year, which
are more fluctuating on the other Caribbean islands. Weather extremes such as
hurricanes can appear during the wet season and can cause extensive destruction
such as hurricane "Ivan" in 2004 |24|. Based on the climate conditions rain forest is
the typical vegetation cover, however the forest is often highly degraded due to its

conversion to farmland [25, 26].

The total population of the analyzed countries adds up to 41 million inhabitants
with Cuba, Dominican Republic, and Haiti representing the biggest countries. Be-
side these three large countries many medium or small sized countries exist in the
Caribbean. Especially in the Eastern Caribbean most countries have less than
100,000 inhabitants but constitute an independent entity such as for example Gre-
nada, Saint Vincent and the Grenadines, and Dominica as it is shown in Tab. 2.1]27]|.
For this region the annual population growth rate has varied between zero and one
percent during the last decade and it is expected that this rise will continue in the
future. A positive exception is Haiti with 2.31 percent per year and a negative

exception is Puerto Rico with minus 0.92 percent per year [28].

Politically the Caribbean islands represent relatively stable states except Haiti,
which is also the poorest and least developed country in the region. This is un-
derlined by the human development index which classifies Haiti as a country of
low human development (rank 161 out of 187), compared to Barbados for example
which is classified as country of very high human development (rank 38) [29]. Most
of them have democratically elected governments. The only exception is Cuba hav-
ing a one-party communist system. Dominica is the only country that has never
been ruled by another nation. All the others were colonized by Great Britain, the
Netherlands, France, Spain, or the United States of America. Between 1950 and
1970 many gained independence while others remained fully (e.g. Martinique and
Guadeloupe with France) or semi-dependent (e.g. Curacao with the Netherlands).
The strongest interstate organization in the Caribbean area is the Caribbean Com-

munity (CARICOM). 12 of the sample countries are members of it: Antigua and



8 Chapter 2 Research object

Barbuda, the Bahamas, Barbados, Dominica, Grenada, Haiti, Jamaica, Montserrat,
Saint Tucia, St. Kitts and Nevis, St. Vincent and the Grenadines, and Trinidad and
Tobago [30].

The main economic sectors on Caribbean islands are tourism, agriculture, light
manufacturing and off-shore banking. Puerto Rico and Trinidad and Tobago have
a positive trade balance while all the other islands strongly depend upon imports
especially for fossil fuels from Venezuela or the United States. This is because oil and
natural gas as fossil resources can only be found in some parts of the Caribbean area
with Trinidad and Tobago having the biggest explorations. Main exports are based
on agricultural goods [28]. The gross domestic product including informal economies
is on average 9,700 USD /cap. On the top range countries such as Cayman Islands
(47,000 USD/cap) and the Bahamas (32,000 USD/cap) which economies are mainly
driven by the banking sector. The lowest economic activity is found on the small
country Montserrat with only 650 USD/cap followed by Haiti, which still suffers
under the effects of the devastating earthquake of 2010, with 1,400 USD/cap (cf.
Tab. 2.1).

Looking at the energy supply infrastructure of the analyzed Caribbean countries
underlines the low development of renewable energies. All countries have significant
fossil power plant capacities, mainly diesel and heavy fuel oil fired. Only countries
with hydro power resources possess notable shares of installed renewable energy
capacities higher than 10 %. Guadeloupe has the only geothermal power plant and
Aruba, Jamaica, the Dominican Republic, and Puerto Rico have the highest number
of installed wind turbines. The overall operating power generation capacities of
the Caribbean countries add up to 23 GW [14]. The electrification rate reaches
almost 100 % on many of the islands, only Haiti with 36 % is significantly low-
electrified. Other large islands such as Cuba, Dominican Republic, and Jamaica

have electrification rates of around 90 % [29].

The overview on Caribbean countries is summarized in Tab. 2.1. The special char-
acteristics of electricity supply on islands and the related technologies are explained

in the next section.
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Table 2.1: List of Caribbean countries including country ISO code [31], population [27], economic

activity [32], power plant capacities in MW, and share of renewable energy capacities [14]

ISO Econom. Power RE-

Country code Population activity  plants  share
[USD/cap] [MW] (Capac.)
Antigua and Barbuda  ATG 80,322 20,430 99 0%
Aruba ABW 104,642 27,026 232 13%
Bahamas BHS 284,550 31,569 639 0%
Barbados BRB 273,513 21,140 262 0%
Caribbean Netherlands BES 12,483 22,511 18 2%
British Virgin Islands VGB 24,664 11,636 52 0%
Cayman Islands CYM 49,882 46,730 170 0%
Cuba CUB 11,503,135 11,165 5,358 1%
Curacao CUW 147,278 18,435 428 3%
Dominica DMA 67,629 5,763 26 28 %
Dominican Republic DOM 9,973,154 7,020 3,876 16 %
Grenada GRD 95,973 8,127 52 0%
Guadeloupe GLP 434,388 no data 614 8 %
Haiti HTI 9,630,625 1,356 350 16 %
Jamaica JAM 2,929,921 8,716 1,250 6 %
Martinique MTQ 425,296 no data 501 1%
Montserrat MSR 4,753 652 10 2%
Puerto Rico PRI 3,589,226 25,787 6,082 3%
Saint-Bartelemy BLM 7,550 no data 21 0%
Saint-Martin MAF 33,430 no data 58 0%
Saint Kitts and Nevis ~ KNA 45,823 10,759 55 4%
Saint Lucia LCA 143,632 14,419 v 0%
Saint Vincent and the VCT 88,337 5,434 46 13 %
Grenadines
Sint Maarten SXM 25,746 10,599 100 0%
Trinidad and Tobago TTO 1,213,758 24,416 1,739 0%
Turks and Caicos Ts- TCA 32,400 4,228 63 0%
lands

Virgin Islands U.S. VIR 103,648 19,364 683 0%
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2.2 lIsland energy supply

Island energy supply systems display typical characteristics which differ from cen-
tralized large scale systems. Due to relatively low loads and high population density
large scale baseload power plants or high voltage transmission capacities are often
not required for island energy supply [33]. While large centralized electricity sys-
tems typically consist of base, medium, and peak load power plants island energy
systems are based on flexible medium and peak load power plants [34]. Low and fluc-
tuating loads require these highly flexible plants, sufficient back-up capacities, and
system stability services |35]. Nevertheless the system quality is often low regarding

frequency and voltage control [36].

The countries chosen for this research show the typical characteristics of island en-
ergy supply systems. No baseload power plants such as coal or nuclear power plants
with relatively low power generation costs are found in these countries. The load
power is provided by gas and oil fired plants with high flexibility but also high fuel
costs. Thus, the islands’ energy supply depends on diesel or heavy fuel oil power
plants using imported fuels. In addition, high voltage transmission lines are missing
on Caribbean islands except for large countries such as Cuba and the Dominican
Republic. It can be concluded that the targeted islands for this work are charac-
terized by classic island energy supply systems according to the previously named
papers [33,34]. In the following sub-sections the power generation technologies for

energy supply on islands are explained in a more detailed way.

2.2.1 Fossil power plants

The most common fossil power plant for island energy supply is diesel or oil [14,34].
Such plants usually consist of several generation units and each unit has a combustion
engine and a generator feeding its electricity to the central feeder of the plant. The
nominal power of these units ranges from hundred kilowatts to several megawatts.

An exemplary power station with 3 MW can be seen in Fig. 2.2.

The energy conversion within these plants is based on the combustion of liquid fossil
fuels to drive an engine. The rotational energy is transformed to electrical energy

by generators. The efficiency nggq of this process is described in Eq. 2.1.
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Figure 2.2: Picture of diesel power plant on the island Bequia, St. Vincent and the Grenadines,

own photo source

Eel
Nfossil — Ei; (2-1)

Eth = Vel - HViyel (2-2)

The thermal energy (E;y,) is injected through diesel or heavy fuel oil according to vol-
ume (Vgyer) and higher heating value (HVge1) as shown in Eq. 2.2. Heating values
of these fuels are about 9.8 kWh/liter and 10.8 kWh/liter respectively [37]. They are
normally burned in four stroke engines with 6 to 16 cylinders [38]. Most efficiency
losses within the circular process are based on excess heat which cannot be used for
power generation purposes and escapes through exhaust gases. Heat recovery sys-
tems for large scale diesel plants reduce these efficiency losses. In addition, exhaust
gases represent not only heat losses but also environmental pollution due to nitric
and sulphur oxides. Within the combustion engine a torque is induced driving the
generator. This synchronous generator transforms the torque into electrical energy
(Eg1) at 50 or 60 Hz. To maintain the right frequency, governors are installed which
automatically or manually control the speed and load of the generator set. The full

process of power generation in diesel or oil fired plants is described in Fig. 2.3.
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Exhaust gas
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Generator

Figure 2.3: Schematic of a diesel power plant [39]

As aforementioned these plants are highly flexible within their operation. They can
change their loads between 30 percent part load to full load within one minute.
Once they are heated up they can even start from zero to full load within this
time frame. This makes them especially attractive for island energy supply systems
with very volatile loads. In addition the high energy density and simple transport
infrastructure of diesel and oil has lead to a a high dissemination of these plants on

Caribbean islands.

Beside fossil fuels these power plants can also be operated with renewable fuels
such as biomass or biofuels. The general principle of power generation remains the
same only the input fuel changes. In addition some technical adjustment of diesel
plants might be necessary to avoid maintenance issues [40]. For this work biomass
is excluded in the simulation and therefore no further technical descriptions are
provided (cf. Subsec. 4.2.5).

2.2.2  Renewable energy technologies

Opposite to the fossil plants renewable energy technologies have not yet found such
a high occurrence on Caribbean islands (c¢f. Tab. 2.1). Nevertheless these technolo-
gies are explained for a better understanding of the following simulations and the

potential analyses of the islands energy supply. In general the application of these
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technologies for islands does not differ much compared to large scale on-grid applica-
tions. Photovoltaic plants are easy to scale down and for wind turbines smaller types
are applied on islands than on continents. Hydro and geothermal power plants are
as well suitable for small islands but they cause higher specific costs. In summary,
it can be stated that the basic principles of renewable energy technologies remain
the same for island energy supply and large scale systems. Technical peculiarities
occur especially regarding system stability and storage systems which are presented
in Subsec. 2.2.3.

Photovoltaic plants

Photovoltaic power plants are considered for power generation based on solar irradi-
ation. Concentrated solar power is neglected for this research work as it has not yet
been used in the Caribbean and it seems not competitive compared to photovoltaic
plants [41]|. Photovoltaics can be classified into three groups: mono-, polycristalline,
and thin-film modules. All of them use the photovoltaic effect to convert solar ra-
diation into electricity. An example of crystalline modules in the Caribbean can be

seen in Fig. 2.4.

Figure 2.4: Picture of a small photovoltaic plant on the island Mustique, St. Vincent and the

Grenadines, own photo source

When solar irradiation reaches the surface of a photovotaic cell electrons in the
valence band absorb energy and are promoted to the conduction band. To use

this electromotive force a p-n junction is created in photovoltaic cells by different
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layers directing the free electrons. Applying an electrical load closes the circuit and
electrical energy with direct current can be used. This working principle is illustrated
in Fig. 2.5.

2\
— \XJ —

Figure 2.5: Principle of a photovoltaic cell [7]

Connecting cells in a row creates photovoltaic modules which typically have a size of
1.3 to 1.7 m?% and the power ranges from 180 to 230 watts for mono- and polycrys-
tallines. For the simulation silicium based crystalline modules were chosen because
of having the highest share in the global market. They reach module efficiencies
from 16 to 20 percent and overall power plant performance ratios from 80 to 90

percent [42].

Wind power plants

Wind turbines are applied to generate electricity from the kinetic energy of wind.
The use of wind energy has long been established in human history beginning with
windmills for grinding and water pumping. In modern times power generation by
wind turbines has evolved as one of the major renewable energy technologies. The
most common principle is using a three-blade horizontal axis turbine, but for spe-
cial purposes also two-blade turbines and vertical axis are applied [43|. Two-blade

turbines are for example installed on Nevis (cf. 2.6).

The kinetic energy of wind E;,q is determined by the mass m of the air and the

velocity v as seen in Eq. 2.3.
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Figure 2.6: Picture of Vergnet wind turbines on Nevis, St. Kitts and Nevis, own photo source

Ewing = 5 -m- v? (2.3)

DN =D

p A3 (2.4)

wind
To derive the power Py;,q the energy is differentiated according to the time. For
constant velocities the mass flow is defined by air density p, area A, and velocity v.
This power described in Eq. 2.4 is used by wind turbines to drive generators with
the angular velocity . Physical limitations set the maximum efficiency of wind
turbines to 59.3 percent at the ideal ratio of velocity vo and velocity vi set to one
to three (cf. Fig. 2.7) [44].

Typically, large scale wind turbines reach a full conversion efficiency of 45 percent in-
cluding losses in the generator and cabling [45]. Manufacturers provide power curves
of the specific turbines to define the electric output for a certain wind velocity at

hub height (cf. Fig. 4.5).

Hydropower plants

Another renewable energy source is the potential or kinetic energy of water flows.
Hydropower is the oldest renewable technology for electric power generation and has

been used since the 1880s [46]. The vast majority uses potential energy with the
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Figure 2.7: Undisturbed flow profile of a wind turbine [7]

help of dams to store the water and pipe systems to overcome the height difference.
For this thesis it is therefore focused on the potential energy for hydropower. Run-of
river plants without reservoirs or only small dams exist as well with the restriction
that they cannot control the water and regulate therefore the mass flow over time.
This means that time shifting of the renewable resource is impossible for these
plants. The power generation is therefore directly dependent upon the temporary
availability of the hydro resources. In the Caribbean, hydro power plants are the
most common renewable technology [14]. One example can be found on St. Vincent

as shown in Fig. 2.8.

Figure 2.8: Picture of small hydro plant on St. Vincent, St. Vincent and the Grenadines, own

photo source
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Equation 2.5 reveals that the potential energy of water resources for hydro plants
is determined by the mass m, the gravitational constant (g = 9.81 m/s2) and the

height difference Ah.

Ewater = m - g - Ah (2.5)
Pwater = AQ - S Ah (2'6)

Similar to the wind energy it can be differentiated according to the time to derive
the power (cf. Eq. 2.6). The mass flow of water is given by the volumetric discharge
AQ and the density p. By the construction of walls in rivers water is dammed up
to increase the height difference. To derive this difference the upper level hq of the
upstream and the upper level hg of the downstream are compared as it is illustrated

in Fig. 2.9.

Generator

' = Grid

Inflow

Turbine

Outflow

Figure 2.9: Schematic of a hydro power plant [7]

A distinction is made between three main types of turbines. Kaplan turbines are

applied for large mass flows and low height differences, while Francis and Pelton
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turbines have advantages for higher height differences. Francis turbines can even be
used for pumping in pump hydro storage plants. All turbine types reach efficiencies
up to 90 %, but Kaplan turbines have a weak part-load behavior. The overall

efficiency of hydro power plants is around 80 % [7].
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Geothermal plants

As fourth renewable energy technology geothermal plants are presented. For geother-
mal power generation the earth’s heat source, which means the internal thermal
energy flows fed by radioactive decay, is used. Compared to the other renewable
energies such as solar, wind, and biomass, geothermal energy is the only form of
energy supplied by the planet earth and not by the sun [7]. Within conventional
power plants the heat is used to drive steam turbines. This is often combined with
heat supply for residential or industrial purposes which is not applied in the warm
Caribbean region [47]. Figure 2.10 shows the only operating geothermal power plant

in the Caribbean which is located on Guadeloupe.

Figure 2.10: Picture of geothermal plant on Guadeloupe, photo source [48]

The value of geothermal energy Egeo is determined by the mass m of the hot water,
its specific heat capacity ¢ and the temperature difference AT between the hot water

and the re-injected water (cf. Eq. 2.7).

Egeo =m-c- AT (2.7)
Pgeo = AQ-c-p- AT (2.8)

To determine the geothermal power Pgeq not only the temperature difference but
also the mass flow AQ of the collected water is essential as depicted in Eq. 2.8. As

aforementioned hot groundwater is the source for power generation and has to be
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transported to ground level via pumps. In regions without sufficient groundwater
sources water is injected into dry caverns to access the heat source. After the
collection the hot water is converted into electrical energy within thermal power
plants. This can be done via single flash, double flash, or binary plants. The
difference of single and double flash plants is that the first uses only one separator
while the second uses two. The principle of a single flash power plant can be seen
in Fig. 2.11.

Generator

Turbine

Condensor

SEaRL

T T;

Figure 2.11: Schematic of a single flash geothermal power plant [7]

Binary plants use heat exchangers to transfer the heat from the groundwater to
another fluid, typically with a lower boiling point than water. This is only necessary
for low temperature differences. In areas such as the Caribbean single or double flash
power plants are typically applied [49]. Similar to other steam plants the overall
efficiency of this process is restricted by Carnot’s theorem. As the temperature
differences are relatively low in geothermal plants compared to fossil fired steam

plants they reach overall efficiencies of only 8 to 15 percent [50].
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2.2.3 Storage technologies and system stability

Due to low loads in island energy supply systems the introduction of fluctuating
renewable energies can quickly lead to excess energy or system stability issues. For
this reason system stability and storage technologies are described in this subsection,
even though they are not yet necessary for simple on-grid renewable systems with

low renewable penetration.
Energy storage technologies

In times of high renewable electricity supply, excess energy needs to be stored for
availability during supply shortfalls. A large variety of storage technologies exist
for this target. Figure 2.12 highlights the most important storage technologies and

their range of application in respect of storage time and size.

Days —+ Flow Batteries Pumped hydro
storage
Hours ~ Lead-Acid Power
% o Batteries Nas- Batteries to gas
SE ¢
9=
n Li-lon Batteries
Minutes -

Primary reserve

Flywheels

L L L 1 e
T

1
T T T T T
1kW 10 kW 100 kW 1 MW 10 MW 100 MW
Capacity

Figure 2.12: Overview on energy storage technologies [51-55]

Pumped hydro storage, power-to-gas systems, and compressed air energy storage
(CAES) are not considered for the analyzed Caribbean islands. Geological and
economic arguments restrict the current application of these technologies on these
islands. Exceptions could be the larger islands of Cuba or the Dominican Republic,

but these are not further investigated in this research work [35,55].

Flywheels and capacitor banks are mainly used for frequency stabilization and to
compensate reactive power. They operate in very fast load changes to maintain

the frequency within energy supply systems. They are not part of this research
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work as their real value can only be assessed in detailed grid studies with high time

resolution |56].

As third category battery storage systems are presented. Batteries have the ad-
vantage that they do not rely on any topological constraints and are easy to scale.
Thus, they cover a broad range of storage time and capacity. Nevertheless flow bat-
teries are excluded as they are currently not competitive for island energy supply
systems. Lead-acid batteries are not considered either due to environmental reasons.
They are currently the most applied technology worldwide, but especially on islands
the resulting toxic waste of used lead-acid batteries poses a serious environmental
threat [35]. In conclusion the most appropriate storage technologies for islands are
lithium ion (Li-Ion) and sodium sulfur (NaS) batteries. Both can be applied for high
power storage as well as for long time storage [57]. For further analysis the sodium
sulfur battery is chosen due to its higher range of capacities and lower C-rate, which
is defined as the ratio of storage power and capacity. This makes sodium sulfur
batteries more attractive for storing excess energy in island energy systems with a

high share of renewable energy.

Within the sodium sulfur battery chemical processes allow to store or to supply
energy. The high temperature process is based on free sodium ions Na ™ which move
through ceramics towards the positive sulfur S electrode for discharging (cf. Eq. 2.9

and 2.10). For charging the process is reversed.

2Na=2Na' +2¢ (2.9)
2Na" +xS+2e =NaSy (2.10)

An electrical load is set between cathode and anode to use the created current.

Figure 2.13 illustrates this discharging process.

Sodium sulfur batteries are high-temperature batteries. This means to keep the
electrolytes liquid temperatures from 290 to 360 °C are applied. To reduce heat
losses the battery cells are protected by vacuum layers. The battery has almost
no self-discharge but energy is needed to keep the working temperatures stable.

Round-cycle efficiency of these batteries is around 85 percent [59].
System stability

In electricity supply systems it is not only crucial to supply the demand by generating

enough power. It is also important to keep the frequency, voltage, and system
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Figure 2.13: Schematic of discharging process of sodium sulfur battery [58]

stability within certain limits. The different levels of stability control are illustrated
in Fig. 2.14.

Rotational
energy

Tertiary
reserve

Os 30s 15 min Time

Figure 2.14: Stability control functions within power generation systems [60]

These stability functions can be performed by additional technologies and by spe-
cific operational modes of the existing components of island energy supply systems.
These existing components can either be fossil power plants, controllable renewable
plants, and / or batteries. Additional components for frequency control are shown
in Fig. 2.12. As aforementioned these flywheels and capacitors are excluded for this
work and rotational energy as control mode is not investigated. Thus, the oper-
ational modes of existing power plants or batteries are taken as system stability

providers.

A common principle to provide this service is to set a certain spinning reserve cov-

ering the primary and secondary reserve for energy systems. According to Kirschen
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and Rebours |61] spinning reserve is defined as "the unused capacity which can be
activated on decision of the system operator and which is provided by devices which
are synchronized to the network and able to affect the active power." This means
it can either be provided by the idle capacities of already connected fossil plants
and geothermal plants or by charged fast responding batteries with smart invert-
ers [62,63]. The purpose of this spinning reserve is to react on spontaneous supply
shortfalls that fast that any fluctuations can be sufficiently covered by increased
power generation. Thus, the system remains stable and the frequency does not drop

below a fixed threshold.

For this thesis the spinning reserve is the determining factor for the system stability
and is reflected in the energy system simulation. Rotating energy is not analyzed
and tertiary control is neglected under the assumption that the existing fossil based
energy supply systems have enough back-up capacities to cover outages of power

generating units.
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Methodological approach - renewable

potential

The methodology to analyze the techno-economic potential is an energy supply sys-
tem model simulating different power generation system configurations to minimize
the levelized cost of electricity (LCOE). Within this chapter the theoretical back-

ground and the model structure are explained.

3.1 Theoretical background

A self-developed energy system simulation tool is used for the assessment of the
techno-economic renewable potential on Caribbean islands. For this research work
it is not sufficient to look at the theoretical potential of single renewable power
generation technologies, but the entire energy supply system needs to be analyzed
in a very detailed way. This means that the interaction of the different technologies
and resources combined with specific cost parameters for each island needs to be

considered to derive the techno-economic potential.

Obviously, it is not feasible to analyze the potential directly within the real energy
supply systems, therefore a virtual reproduction of these systems - a simulation
model - is necessary. Simulations are defined as "the imitation of the operation of a
real-world process or system over time" [64]. To run simulations a simulation model
is crucial defining the main parameters and variables of the system as for example
developed in the theses of Bognar [65] and Strauch [59]. The requirements of the

model for island energy supply simulations are described in the following.

The timely resolution of the simulation should be at least in hourly time steps and

one reference year should be simulated [66]. This allows to reflect seasonal differ-
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ences as well as short time fluctuations in the load and in the renewable energy
supply. The energy flows of a hybrid system including diesel, photovoltaic, wind,
hydro, and geothermal power plants and batteries have to be considered. In addition
the technological constraints of the aforementioned technologies should be flexibly
adaptable. As a result the simulation reveals the technical and economic perfor-
mance of the island energy supply system. An option to optimize the configuration

to reduce the overall costs is also a prerequisite.

3.1.1 Simulation tools

Various simulation tools exist to calculate energy supply systems [67]. The most
commonly used dimensioning tools for research and practical applications are listed
in Tab. 3.1. Within this table they are compared along the previously described

requirements to sufficiently simulate the techno-economic potential.

Table 3.1: Overview about simulation tools for island energy supply systems

HOMER Hybrid2 PVDesignPro
Developed by  National Re- University of Mas- Maui Solar Energy
newable Energy sachusetts, USA Software Corpora-

Labroratory, USA tion, USA

Power genera-

tion options

Diesel, PV, Wind,

Hydro, Biomass

Diesel, PV, Wind

Diesel, PV, Wind

Storage op- Batteries, hydro- Batteries Batteries
tions gen, flywheel

Time steps hourly hourly hourly
Open pro- no no no
gramming

code

Source [68] [69] [70]

Table 3.1 reveals that all presented tools run at least in hourly time steps. This cri-
terion is sufficiently fulfilled as well as the available storage options. In every tool,
batteries are available for the system simulation. In opposite to the storage tech-
nologies constraints exist according to the power generation options. Hybrid2 and
PVDesignPro lack the option to include hydro and geothermal power plants, while

HOMER only misses the latter option. For all tools the programming code is not
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accessible. This means that the missing technologies cannot be added. In general,
HOMER would meet the requirements best and can be considered as most suitable
for simulating island energy supply systems (cf. [65,71,72]). An example of other
researchers successfully applying HOMER can be found in [73-75]. Subsequently,
HOMER is chosen as reference simulation tool for this research work. The lack of
an open accessible programming code restricts HOMER significantly. Not only the
missing geothermal plant, but also the inability of simulating automatically a high
amount of island energy supply systems underline the need to develop a specialized

tool.

The tool is written in Matlab (cf. [76]) which allows a high flexibility combined with
available toolboxes enabling fast calculations and optimization processes. According
to the aforementioned requirements the tool simulates an energy system in hourly
time steps for one reference year regarding the fossil and renewable resources and
technical, economic, and load data. The considered power generation options are
diesel, photovoltaic, wind, hydro, and geothermal power plants which are combined
with batteries. Perfect competition is assumed, this means the most effective system
is simulated without giving special tariffs to single power plants for the entire island
leading to single-objective optimization |77]. In addition only one node is simulated,
thus no optimization within the electricity grid is needed. This is based on the
small size of the island systems, which allows to neglect the analysis of the islands’
transmission grid. In the following subsection the optimization approach chosen for

the described tool is presented.

3.1.2 Optimization approach

An optimization algorithm is applied to identify the most cost-effective configuration
varying the parameters: photovoltaic, wind, hydro, and geothermal power plant and
battery sizes. As the search space increases exponentially with each additional vari-
able parameter a sophisticated optimization algorithm is needed. Such algorithms
are often applied for solving complex problems in renewable energy system simula-
tions [78]. The target of these algorithms is simply spoken to find the best solution.
This means to solve an optimization problem described by a certain function and to

identify its minimum or maximum (cf. Eq. 3.1 and 3.2).
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f(x) — min(or max), f:R" >R (3.1)
x e M, MCR" (3.2)

For this work the optimization problems are differentiated along four criteria follow-

ing the approach of Huyskens [72] based on the work of Marthaler [79].

e Linearily
It is distinguished between linear and non-linear problems. The developed
simulation model creates a non-linear problem due to technological constraints

of the considered power generation and storage systems.

Objective/s

Normally the objective of the optimization is to minimize or maximize the out-
put of one function. This is described as a single-objective solution. Another
more complex possibility is the optimization of different objective functions at

once as seen in Eq. 3.3.

min(or max){fy(x),fo(x),...,fm(x)} (3.3)

Weighting of their outputs or a pareto-based algorithm can be used to find
one optimal solution |80, 81]. As aforementioned the formulated problem in

the developed simulation tool is single-objective.

Constraints

Limitations within the solution set are considered as constraints. Problems can
be constrained or un-constrained. Constraints normally consist of an equality-
function Eq. 3.4, an inequality-function Eq. 3.5 and lower b or upper ub

boundaries (cf. Eq. 3.6).

h(x) = 0 (3.4)
g(x) <0 3.5)
Ib <x < ub (3.6)

The formulated problem for the developed simulation tool is constrained due
to upper and lower boundaries in the solution set. These boundaries help to

increase the velocity of finding the best solution.
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e Discretization
Input values and outputs can consist of discrete or continuous values. Discrete
approaches reduce the solution set and therefore increase the optimization
speed. Anyhow, for this research continuous input and output values are

chosen to allow higher accuracy of the results.

In conclusion, the optimization problem is non-linear, single-objective, constrained,
and continuous. A large variety of optimization solver exist to support an efficient
approach finding the optimal solution. Nevertheless it is not guaranteed that the
optimal solution is found at the end of the process. Local minima or maxima might
be indicated as overall best solution [82]. To reduce discrepancies two general search
strategies can be applied. The first is a trajectory approach using an iterative way.
Algorithms assigned to the trajectory approach are found in [83 85|. The second
approach is using population-based evolutionary algorithms. Inspired by natural
evolution, solution options are evolving from one generation to the next as it is
applied in [86]. For the existing optimization problem of this research work the
genetic algorithm is chosen as the most appropriate solution. It handles non-linear
and constrained optimizations and was successfully applied in similar simulations

[72,87]. In the following paragraphs the genetic algorithm is described.

Darwin’s theory, often described as "the survival of the fittest", builds the basic
concept of the genetic algorithm [88]. Within this algorithm a population is created
based on many generations and individuals. In every generation the most optimal
("fittest") individuals are taken for further reproduction. The individuals are defined
by the variable input parameters of a certain function and the fitness is measured
according to the output of this function and to the optimization target. The entire

optimization process runs along three steps.

The first step is the creation of the starter population, consisting of a certain amount
of non-duplicate individuals. Several techniques exist to form a well-distributed
first population (e.g. grow-, full-, or ramped half-and-half-method). Second, the
individuals are ranked according to their individual performance. As a third step
the evolution takes place via two basic operations. Reproduction is used for the
individuals within the best ten percent of the generation which means they are just
passed onto the next generation. For the remaining ninety percent new individuals
are formed as cross-over pairs. Examples for these events are given in Fig. 3.1 and

a detailed explanation can be found in [89].
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Figure 3.1: Cross-over reproduction options applied in the genetic algorithm

According to the settings of the algorithm the steps number two and three are
repeated until the termination criterion is fulfilled. The final solution is the best
performing individual of the last evolved generation. Even though this algorithm
is highly sophisticated there is no guarantee to find the global optimum. Anyhow,
it is very well applicable for the defined optimization problem and allows accurate
results in a reasonable calculation time. Thus, a genetic algorithm is used to find
the best solution for optimizing island energy supply systems. The structure of the

related simulation model is explained in the following section.

3.2 Island energy supply model

As mentioned before many simulation tools for island energy supply systems exist,
but none of them meets all criteria for this research work. Consequently, an own
model was developed in Matlab inspired by the main functions of HOMER. [68].
Within this section the structure of the model, its components, the dispatch strategy,

and the financial calculations including the optimization function are described.

3.2.1 Model structure

The model is a one-node model to simulate and optimize island energy supply sys-
tems. This means the energy supply via one node is modeled only. In Fig. 3.2 the

basic structure and energy flows of the model are shown.

On the upper part of Fig. 3.2 the power generation systems are illustrated. The

fossil, system consisting of one fossil fuel fired plant, is a fixed part of the model and is
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Figure 3.2: Structure of simulation model

able to supply the full demand for every hour of the reference year. The introduction
of renewable energy technologies leads to a hybridization of the existing diesel power
system. Thus, the configuration of the renewable system is flexible. Based on
costs and resource availability the optimum size of each renewable technology - PV,
wind, hydro, and geothermal power plants - can be determined. The conversion of
renewable resources into electrical power is described in section 4.2 for this simulation

model.

The fossil and the renewable power generation accumulates in one node and it serves
one load demand. According to the fluctuating and non controllable renewable power
generation the battery is either charging or discharging and the amount of required
fossil power is determined by the dispatch strategy. Within the dispatch strategy

stability criteria such as spinning reserve are reflected as well (c¢f. Subsec. 3.2.3).

The final outputs of the simulation model are the sizes of the renewable technologies
and batteries and the related levelized costs of electricity (LCOE) of the island
energy supply system. LCOE are based on fuel costs, initial costs, operation and
maintenance costs, and capital costs. This is more precisely explained in Subsec.
3.24. LCOE are recommended as comparative value for different energy supply

options within the same system boundaries [90].
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3.2.2 Components

Fossil power plant

For the energy system simulation one generic fossil fuel based power plant is assumed.
Even though several to many single diesel or heavy fuel oil generator sets form the
power generation of each island, they are aggregated to one abstract plant for the
simulation. This simplification is required as the characteristics of the existing plants

are often not known and the simulation of each of these plants is too time-consuming.

The generic fossil plant is defined by one efficiency value (cf. 4.7). This efficiency
value 7gosqil determines the amount of consumed diesel Vgoegil thermal (t) per time

step t in thermal kilowatthours as seen in Eq. 3.7.

) _ Pfossil(t)

3.7
Nfossil ( )

Vossil-thermal (t
By that the total amount of used fossil fuels can be accumulated according to the
requested fossil power Py . (t) of each time step. The supplied fossil power has the
upper boundary defined by the installed capacity (P fossilinstalled: ¢f- 4-7) and the
lower boundary defined by the minimal loading of the plant P qimin as written in
Eq. 3.8.

Pfossil—min < Pfossil(t) < Pfossil—installed (3-8)

For each generic plant the minimal loading is set to 20 percent of the peak load of the
reference year. This reflects the set up of normal diesel or heavy fuel oil plants with
several generating units where each of them has a minimal loading of 50 percent.
The parameter is essential to operate these plants within their technical limits to

avoid additional maintenance effort due to low operation levels.

Renewable power plants

The renewable power plants are not as flexible as the fossil plants. Equation 3.9
shows that their current power P opewable(t) depends upon resource availability and
size of each renewable plant (e.g. Spy) in kilowatt. The calculation method and
results of the electrical feedin (e.g. feedinpy) in kilowatthours per kilowatt of each

renewable technology is explained in Sec. 4.2.
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Prenewable (t) = PPV() F Pyind (t) + Phydro(t) + Pgeo(t) (3.9)
Ppy(t) = - feedinpy (t) (3.10)
Pyind(t) = Swing - feedingi,q(t) (3.11)

Phydro(t) = Shydro - feedingyro(t) (3.12)
Pgeo(t) = Sgeo - feedingeo(t) (3.13)

The predetermined renewable power of each time step can only be controlled in a
negative way. This means in times of renewable overproduction the power can be
cut, but in times of not sufficient supply according to the resource data the fossil
plant and / or the battery system have to cover the negative residual load. This is

further explained within the dispatch strategy in Subsec. 3.2.3.

Battery storage system

As described in Subsec. 2.2.3 a sodium sulfur battery is considered as electricity
storage technology for this research work. Within the simulation model the basic

behavior of this battery is reflected by the following parameters listed in Tab. 3.2.

Table 3.2: Technical parameters of sodium sulfur battery model and chosen wvalues for island

energy supply system simulation [91]

Parameter Unit Value
C-rate KW/kWh  1/6
Maximum depth of % 80
discharge

Charging efficiency % 90
Discharging efficiency % 90
Tnitial state of charge % 100

The nominal capacity Cyomina) Of the battery is determined by its size Spattery Which
can be changed within the optimization process. Based on this nominal capacity
the usable capacity Cgaple is derived according to the maximum depth of discharge
DODmax as written in Eq. 3.14.

Cusable = Sbattery . Cnominal - DODmax (3-14)
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The maximum charging and discharging power P, charge/discharge 18 determined
by the size, the nominal capacity, and the C-rate (cf. Eq. 3.15). As C-rate the

maximal ratio between storage power and capacity of the battery is taken.

Prax charge/discharge Shattﬂry * Chominal - C-rate (3.15)

This power P represents the maximum output of the battery inverter

charge/discharge
or converter of real systems. In case of charging or discharging the battery the
related efficiencies 1 have to be applied. Equations 3.17 and 3.16 illustrate both

cases.

(1 SOC(t 1)) i Sbattery * Chiominal
Ticharge

b (3.16)

Pcharge(t) = min{P charge:

Pdischarge (t) =min{P discharge»

(3.17)
(SOC(t 1) DODmax) - Sbattery * Chominal * T]discharge}

The available discharging and charging power for each time depends upon the state of
charge SOC of the battery system of the previous time step (t-1). This is important
to set the maximum discharging and charging constraints according to the current

charging status to avoid overcharging or too deep discharging of the battery.

How the state of charge changes during the simulation and the application of self-
discharging are presented in the following Subesc. 3.2.3. The initial state of charge

SOC(t=0) expresses the battery status at the first time step of the simulation.

3.2.3 Dispatch strategy

For each time step of the island energy supply system simulation a certain dispatch

strategy is applied. This strategy is illustrated in Fig. 3.3.

At the beginning of every time step t the residual load P egiqual is determined ac-

cording to Eq. 3.18 and Eq. 3.9 for the renewable power.

Presidual(t) - Prenewable (t) Pluad(t) (3-18)

The first decision point of the dispatch strategy is set according to the residual load.

If the renewable power is equal to or exceeds the current load demand the residual



3.2 Island energy supply model

35

Dispatch
sirategy
plb!ldud yes
=0 v
Discharge battery
Pﬂls:llulw
no
yes SR
< 0.1%Pjgaq
Run fossil plant 2
Pt tossi 2 Plosssmin
no
Run add. fossil plant
Piossi + Psniossi Z Piossa.min
Pu:ul-(uu-l
>0
Discharge battery
Phasory = Puischape
Peacesn—{mu
> Pyischarge
A4
Charge battery
Pﬂa‘!
Reduce discharge
Pb.mv = Pmmw P
P‘ucoa fossd
k.
—‘/‘_End

Figure 3.3: Dispatch strategy of island energy supply system



36 Chapter 3 Methodological approach - renewable potential

load is less or equal zero. This means that the load can fully be served by renewable

energies (left side of Fig. 3.3).

In addition to meeting the demand it is also necessary to fulfill the stability criteria
within each time step. The stability criterion is expressed by the spinning reserve
SR. The spinning reserve can be provided by fossil plants, geothermal plants, and
battery capacities (c¢f. Eq. 3.19) and has to be higher than 10 percent of the current

load.

SR(t’) :Pfossil(t’) " Pgen(t) ) min{Pmax—dischargev

(3.19)
(SOC(t) (1 DODmaX)) ' Sbattery * Chominal * T]discharge}

If the current spinning reserve SR(t) is not higher than 10 percent of the current load
(0.1 - Pyguq(t)), for example due to a low charging level of the battery, additional
fossil power PgR_fossil is needed. This additional power is just needed for stability
reasons and produces excess energy. At the end of the process excess energy of
renewable capacities and - if applicable - of additional fossil capacities is used to
charge the battery. The final power flow from the grid into the battery P patery
is determined by the charging capacity of the battery and the excess energy as
illustrated in Eq. 3.20.

charge (t)

P
Pbattery(t) = min{ s (Presidual () + PSR fossil ()} (3.20)

Ticharge

With this step the dispatch for non negative residual power has finished. Battery
inflow and additional fossil power are used for further calculations as it is described
in Eq. 3.24 and Subsec. 3.2.4. Before that, the dispatch strategy for negative residual
power (right side of Fig. 3.3) is explained in the following.

The first step after the evaluation of the residual power is to check the available
battery discharge power (cf. Eq. 3.17). If the residual power combined with the
battery discharge power (Pyegiqual(t) + Pdischarge(t)) is still negative it is necessary
to run fossil plants to cover the load keeping in mind the constraints of Eq. 3.8. The
stability criterion is determined according to Eq. 3.19 once the load demand is met

by renewable power, battery discharge, and / or fossil power.

In the case that the available spinning reserve exceeds ten percent of the current load
all requirements are fulfilled. In the other case additional fossil capacities operate to

provide the necessary spinning reserve. Afterwards it is tested if fossil excess power
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exists due to minimal loading of the fossil plant or due to additional spinning reserve
requirements. If this is valid, the battery discharge can be reduced by the amount

of fossil excess energy Pgycess fossii Which is determined in Eq. 3.21.

Pexcess fossil(t) :Presidual(t) f Pdischarge(t) f Pfossil(t) - Pgr fossil(t) (3-21)

The final power flow from the grid into the battery is shown in Eq. 3.22 for the case

that the fossil excess power is so high that the battery can even be charged.

charge (t)

P
Pbattery(t) = min{ » (Presidual (t) + Progsil = PSR fossil) } (3.22)

Ncharge
In the more likely case that the battery is discharged the following Eq. 3.23 is applied
with the option of discharge reduction. Here Ppgtery(t) stands for the power flow

from the battery into the grid which can be used to serve the demand.

IPresidual ()| Prossit Psr fossil} (3.23)

Pbattery (t) = min{Pdisnharge(t)y
Ndischarge

Finally, the dispatch process is finished for all potential cases. This process is sim-
ulated for all 8,760 hourly time steps of the reference year. For each time step
the related changes in the battery’s state of charge Pbattery—in/out are determined,
based on the power flows Py,gtery(t) from and into the grid and the charging and

discharging efficiencies. This is summarized in Eq. 3.24, 3.25, and 3.26.

P .
SOC(t) — SOC(t 1) - battery-injout (3.24)
Sbattery . Cbattery
Pbattery in — Pbattery * Ncharge (3-25)
Pbattery

Phat tery—out — —
"discharge

t(0) = initial state of charge

The battery’s state of charge is passed to each following time step until the end of
the reference year. Generated kilowatthours of fossil electricity Egyg are calculated

for every time step and summed up for the full year as shown in Eq. 3.27.
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8760
Efossil = Z Pfossil(t) f PSR—fossil(t) (3'27)
t=1
, Efossil
Viossil thermal — ﬁ (3.28)
ossi

Equation 3.28 illustrates that the total fossil fuel consumption is derived from the
fossil electricity generation. Both values are passed to the financial model to calcu-

late the total costs of the island energy supply system.

3.2.4 Financial modeling

After the description of the technical components and the dispatch of the electricity
flows the financial part of the simulation model is explained. The financial model
consists of three main parts: capital expenditures, operation and maintenance ex-
penditures, and fuel costs. These costs are calculated for one reference year and
divided by the annual load demand Ejq,4 to derive the LCOE as shown in Eq. 3.29
based on [90].

CAPEXgtal + OPEX¢otal + Fueleosts
Eloa‘d

LCOE — (3.29)

8760
Elad — Z Ploaa(t) (3.30)
t=1

The LCOE methodology can be applied as long as no non-linear changes of the input
parameters occur over the project lifetime which is excluded for this research [90]. In

the following the single cost categories are explained for the calculation of the LCOE.

Capital expenditures

The capital expenditures are determined by the initial costs IC and lifetime n of
each technology. For the final calculation the costs are broken down to one reference
year. Thus the initial costs are annualized with the related weighted average costs
of capital WACC for each island. In summary, Eq. 3.31 shows the calculation of
annualized capital expenditures CAPEX which consists of Eq. 3.32, 3.33, 3.34, 3.35,
3.36, and 3.37.
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CAPEXtOta] — CAPEXfossil } CAPEXPV | CAPEXWind b CAPEthdw

¢ CAPEXgeo + CAPEXpatery (331
CAPEXtosit ~ It Stossl* (1 e 1 (332
CAPEXpy — ICpy - Spy - a (IVY;\XC%I:; P\Wf\lcc (3.33)
CAPEXyind — ICyind - Swind - a (‘1‘7‘25 fénc)ndyf:\lcc (3.34)
CAPEXyar0 = IChyaro - Shydro (’]‘T‘\\f/\cgz)d}dwﬁcc (3.35)
NS S LIS
CAPEXpattery — IChattery * Sbattery - a ()1\7?\? fgg;zzmyvﬁcc (3.37)

Within these equations the specific investment costs IC are multiplied with the size
S of the installed technology and the annuity factor. This is performed to distribute
the investment costs equally according to the lifetime of the technologies and to
account for interest payments means capital costs. The resulting equivalent annual

costs are used in the final calculation of the LCOE in Eq. 3.29.

Operation and maintenance expenditures

In addition to the capital expenditures the yearly operation and maintenance ex-
penditures are taken into account for financial modeling. They can be split into

variable and fixed costs per year.

The only variable costs occur by the generated kilowatthours of fossil plants. As the
maintenance effort of these plants significantly correlates with the operating hours

a variable term is used as described in Eq. 3.38.

OPEXfqgsil — COStOPEX fossil var * Efossil (3-38)

The annual operation and maintenance costs caused by the fossil plant OPEX gy
are determined by the costs per kilowatthour Cost opEX_fogsil.var a1 the generated
electricity Efygg calculated in Eq. 3.27. This means these expenditures are influ-

enced by the outcome of the technical simulation - the energy dispatch.
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For renewable technologies and batteries a fixed operation and maintenance cost
value is assigned based on the size of installed capacity and the specific costs. Equa-
tions 3.39, 3.40, 3.41, 3.42, and 3.43 show this relationship of the yearly operation

and maintenance costs.

OPEXpy = CostopEX-PV-_fix - SPV (3.39)
OPEXyind = CostoPEX wind fix * Swind (3.40)
OPEXyydro = COoStOPEX-hydro-fix * Shydro (3.41)
OPEXgeo = CostoPEX geo fix = Sgeo (3.42)
OPEXpattery — COStOPEX battery—fix * Shattery (3.43)

To derive the final costs all variable and fixed operation and maintenance expendi-

tures of the reference year are summed up (cf. Eq. 3.44).

OPEXjqtal — OPEXfogsil + OPEXpy + OPEXinq + OPEXpydr0

(3.44)
 OPEXgeo OPEXbattery

Fuel expenditures

As third annual cost parameter the fuel expenditures Fuel.ogts of the island energy
supply system are calculated. They depend upon the amount of fossil fuel consumed
Vossil-thermal 10 the reference year and the related costs of fossil fuel of each island

Costsfyel-island @s written in Eq. 3.45.

Fuelcosts — Viossil thermal * COStStuel island (3.45)

By that all relevant equations and connections of the island energy supply system
model are described. A useful and fast operating tool was developed considering
all these equations to analyze the techno-economic potential of renewable energies
on the Caribbean islands. Doing this, the input parameter and time series for each

island have to be defined. This is conducted in the following Ch. 4.



Chapter

Input - renewable potential

This chapter describes the island sample and input parameter for the simulation
of the techno-economic potential. First, the island sample is defined followed by a
detailed resource assessment for solar, wind, hydro, geothermal and bio energy. It

is concluded by an overview on the financial assumptions.

4.1 Island sample

Prior to the application of the simulation model the island sample has to be defined.
For this analysis all countries as described in Tab. 2.1 are taken into account. These
27 countries are investigated with the help of geo-information system - GIS - tools
to derive the island sample. The first sample includes all inhabited islands of each
country with additional information on size of the island, location of the center of

the island, and number of inhabitants.

To define the area of analysis the database of global administrative areas (GADM)
is used [92]. All Caribbean countries of Tab. 2.1 are selected in this database
to cover the research object entirely. Afterwards an extraction of countries of the
global GADM file is performed. As the countries consist of multipart polygons in
the GADM file they have to be dissolved into separate polygons to derive single
islands of each country. Of each island’s polygon the centroid is calculated to get
the coordinates of the center. In addition the area of each island is computed.
This is done by re-projecting the island shapefile from world geodetic system 1984
(WGS84) (93], which is in degree, to UTM 20N [94] to change the unit from degree
to metric units. In addition, this re-projection allows an equal-area projection for
the Caribbean region instead of a more generic global projection as WGS84. At this

first step 564 islands are identified with a minimum size of one km?2.
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These islands are combined with a population dataset which represents an average
ambient population over 24 hours [27]. This means also touristic activities are re-
flected in this dataset. Due to the pixel size of one by one km of the population data,
the vectorized island shapes are extended with a buffer of 707 m (half diameter of

the pixel) to include all pixel centers for the population counting. This methodology

M

is illustrated in Figure 4.1.

Pap. pixel Pop. pixel
. excluded included
Population Island shapefile 707m buffer
" [] []
0

Figure 4.1: Methodological approach of including all population pizel for one single island along

the example of Bequia, St. Vincent and the Grenadines

By this combination 193 populated islands are detected of which 62 have 1,000
inhabitants and above. These 62 islands are the final sample to simulate the regional
techno-economic potential for renewable energies on Caribbean islands and are listed
in Tab. 4.1.
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Table 4.1: Island sample - all target islands. Abbreviations stand for island ID (ID), and popu-
lation (Pop.)

D ilsalla'lrﬂed Country Area Pop. ]l;)gr area

km? # (sum)  # / km?
ATGO1  Antigua Antigua and Barbuda 280 78,749 281.2
ATG02 Barbuda Antigua and Barbuda 144 1,573 10.9
ABWO01 Aruba Aruba 184 104,642 567.5
BHS01 New Providence Bahamas 229 204,168 891.4
BHS02  Grand Bahama Bahamas 1,124 45,347 40.3
BHS03  Great Abaco Bahamas 1,276 10,509 8.2
BHS04 Eleuthera Bahamas 477 6,541 13.7
BHS05  Andros Bahamas 3,986 5,338 1.3
BHS06  Great Exuma Bahamas 248 3,190 12.9
BHS07  Long Island Bahamas 480 2,954 6.1
BHS08  Great Harbour Cay  Bahamas 27 1,504 55.3
BHS09  Paradise Island Bahamas 4 1,430 343.8
BHS10  Cat Island Bahamas 374 1,207 3.2
BHS11 South Andros Bahamas 886 1,195 1.3
BHS12 North Bimini Bahamas 21 1,167 55.3
BRB0O1  Barbados Barbados 436 273,513 627.6
BES01 Bonaire Caribbean Netherlands 281 11,078 39.5
BES02 Saba Caribbean Netherlands 14 1,405 98.0
VGB01  Tortola British Virgin Islands 65 20,794 319.1
VGB02  Virgin Gorda British Virgin Islands 24 3,870 161.9
CYMO01 Grand Cayman Cayman Islands 222 47,980 216.2
CYM02 Cayman Brac Cayman Islands 45 1,902 42.0
CUBO1  Cuba Cuba 114,506 11,413,451 99.7
CUBO02 Isla de Pinos Cuba 2,458 89,684 36.5
CUWO01  Curacao Curacao 440 147,278 334.4
DMAO1 Dominica Dominica 754 67,629 89.7
DOMO1 Hispaniola East Dominican Republic 48,662 9,973,154 204.9
GRDO1  Grenada Grenada 317 89,852 283.9
GRDO02 Carriacou Grenada 32 6,121 188.7
GLP0O1  Basse/Grande-Terre ~ Guadeloupe 1,450 418,530 288.6
GLP02  Marie-Galante Guadeloupe 160 11,959 74.8
GLP03  Terre-de-Haut Guadeloupe 5 1,956 358.9
GLP04  La Désirade Guadeloupe 21 1,943 91.5
HTIO1 Hispaniola West Haiti 26,764 9,499,815 355.0
HTIO02 ile de la Gonave Haiti 705 78,580 111.4
HTI03 Tortuga Haiti 187 33,954 181.4
HTI04 Tle a Vache Haiti 47 14,427 303.9
HTIO5 Grande Cayemite Haiti 52 3,849 73.9
JAMO1  Jamaica Jamaica 11,630 2,929,921 251.9
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ID ilsallirirﬁad Country Area Pop. ]1:311;) area

km? # (sum)  # / km?
MTQO1 Martinique Martinique 1,115 425,296 381.4
MSRO1  Montserrat Montserrat 101 4,753 47.3
PRIO1 Puerto Rico Puerto Rico 8,751 3,577,940 408.8
PRIO2 Isla De Vieques Puerto Rico 137 9,548 69.8
PRIO3 Isla De Culebra Puerto Rico 29 1,738 60.9
BLMO1  St. Bartelemy Saint-Bartelemy 22 7,550 344.9
MAF(01  St. Martin North Saint-Martin 54 33,430 617.5
KNAO1  St. Kitts Saint Kitts and Nevis 172 35,669 207.8
KNAQ2 Nevis Saint Kitts and Nevis 95 10,154 106.6
LCAO1  St. Lucia Saint Lucia 614 143,632 233.8
VCTO01 St. Vincent Saint Vincent and the Gr. 349 81,193 232.9
VCT02  Bequia Saint Vincent and the Gr. 17 5,526 319.2
VCTO03  Union Island Saint Vincent and the Gr. 9 1,618 190.4
SXMO1  St.-Martin South Sint Maarten 38 25,746 679.0
TTOO01  Trinidad Trinidad and Tobago 4,836 1,168,108 241.5
TTO02  Tobago Trinidad and Tobago 309 45,650 147.9
TCAO01  Providencales Turks and Caicos Islands 128 18,999 148.7
TCA02  Grand Turk Turks and Caicos Islands 19 6,887 358.5
TCA03  North Caicos Turks and Caicos Islands 217 4,901 22.5
TCA04  South Caicos Turks and Caicos Islands 23 1.613 69.6
VIRO01 St. Croix Virgin Islands U.S. 220 53,791 244.8
VIR02 St. Thomas Virgin Islands U.S. 76 47,218 619.5
VIRO03 St. John Virgin Islands U.S. 2,639 50.7 1715.49

Table 4.1 reveals that most countries consist of one main major island and none or
few additional small island as for example for Aruba, Barbados, Cuba. Exceptions
are the Bahamas, Turks and Caicos Islands, and U.S. Virgin Islands with a more
diverse island landscape. These findings are underlined in the visualization of the

sample islands in Figure 4.2

The three biggest islands are found in Cuba (CUBO1) with 11,413,451 inhabitants,
the Dominican Republic (DOMO01) with 9,973,154 inhabitants, and Haiti (HTIO01)
with 9,499,815 inhabitants. Overall, the results of the GIS calculation are very

robust compared to census data published in the CIA factbook [28].
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Figure 4.2: Map of 62 sample islands and related countries (for island ID please compare with

Table 4.1)
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4.2 Resource data

For the energy system model it is not only necessary to know the annual theoretical
potential of different renewable technologies but also the time related distribution
in hourly steps during the reference year. These time series are crucial for a detailed
energy system simulation. Thus this section targets to show the way and results of
deriving the electrical potential of different resources from existing resource data.
For solar, wind and hydro power the potential is shown in resource maps and time
series are calculated based on the physical constraints of each technology as shown
in Subsec. 2.2.2. The geothermal and biomass potential are only explained theoret-

ically.

421 Solar

The baseline to derive each islands solar potential is the local global horizontal irra-
diation (GHI). GHI values in hourly timesteps enable the generation of a synthetic
PV production time line for the analyzed locations. The conversion follows the
technological constraints for PV plants and efficiency assumptions as described in
Subsec. 2.2.2.

GHI data are obtained from a NASA data set covering the years of 1984 to 2005
on a global scale in a 0.45° by 0.45° resolution and six hour time steps [95]. Tt is
validated by the German Aerospace Agency (DLR) and rendered to hourly values
using a clear sky approach [96]. For the simulation and optimization the year 2000
is chosen to compare the data with the hydro data which are only available until
the year 2000. To eliminate outliers the hourly values of the year 2000 are scaled
according to the average from 2000 to 2005. The resulting annual sums of solar

irradiation for the Caribbean area are shown in Fig. 4.3.

As it can be seen in Fig. 4.3 the irradiation ranges from 1,700 to 2,300 kWh/(m 2*year)
which are very high values compared to regions such as Germany (850 to 1,200 kWh/(m 2*year))
[95]. The smaller Eastern islands show a higher potential of solar as less cloud cov-
erage can be observed compared to the large islands of Cuba and Hispaniola with
high mountains. Within the simulation only one PV plant per island is assumed.
For small islands the irradiation pixel which is reached by the centroid is taken as
input parameter. For larger islands, that are covered by several irradiation pixels,
the average solar irradiation of the island’s area is used. The derived GHI values are

further processed to get PV power generation profiles for each island.



4.2 Resource data

47

TEW o'W

rl 1

25°N+

157N

10°N+

Map of Caribbean Islands
Global Horizontal Irradiation

-25'N
t20'N
[kWh | m® * year] "
2300 “i
2195 w
-15'N
2092
i
1,989 = i
Yy .
1,686 j’
W I ilometers F10°N
1,780 500 250 0 500
B5W 75 W 70w 5 W s0W
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The conversion of resource data to electrical output is described in a model by Huld
et al. |97]. In this paper a method to estimate the geographical variation of the
performance of PV modules based on crystalline silicon (¢-Si) cells is described and
applied. The focus is set on the effects of climate parameters on the efficiency of the
PV modules, in particular by solar irradiation and temperature. This temperature
based efficiency is combined with other parameters such as degradation and internal
efficiency losses by cabling and inverters to reflect a turn-key PV plant. Excluding
temperature effects the performance ratio ngystem is assumed to be around 80 percent

[98].

An optimized angle for the PV plant has finally to be determined, which is based on
a paper of Breyer and Schmid [99]. It shows that the optimized tilt angle is similar
to the degree of latitude in regions close to the equator. Due to these findings the

angle is chosen similar to the degree of latitude for the Caribbean islands.

In summary the following steps are computed to derive the PV yield. The GHI is
adapted to the tilted surface of optimized angle. This adapted GHI, further called
irradiation T on modules, is fed into Eq. 4.1 to derive the electric output of the PV

modules P odules-

Pinodules = I 11 (4.1)

The electric output is also influenced by the temperature efficiency nr.

= (140.0012 - (Tpoqute  25°)) - (1 +0.033 - log(T) (42)
~0.0092 - log(I)2 = 0.0046 - (Typodule — 25°)) '
As seen in Eq. 4.2 the temperature efficiency np is derived from the module tem-

perature T, gqule and irradiation I.

I o
Tmodule = w ’ (NOCT* 20 ) t Textern (43)

The module temperature T ,qule increases or decreases with the current irradiation
I compared to the irradiation under a normal operating cell temperature (NOCT,
InocT—800 V\’/mQ) and the ambient temperature Textern [100,101]. As ambient

temperature only daily values are taken as applied by Montes et al. [102].
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The calculated output of the PV modules P qules 15 combined with the overall

performance ratio to derive the PV plants output feedinpy as described in Eq. 4.4.

feedinpy = Produles * Tsystem (4-4)

With all the aforementioned Eq 4.1, 4.2, 4.3, and 4.4 based on Quaschning [7] the
PV yield time series feedinpy for each sample island can be derived. This represents

the PV plants output of one year in hourly time steps.

4.2.2 Wind

Similar to the PV yield in Subsec. 4.2.1 the potential wind power generation of one
wind power plant for each island is derived. As main input data the wind speeds at
50 m height are found in a NASA data set [95]. The data set has the same spatial
resolution, 0.45° by 0.45° as the GHI data and hourly time series from the year 1985
until 2005 are available. On a rough comparison these data are validated by a more
detailed study of Chadee and Clarke [103]|. As these detailed data are not accessible
for this thesis the hourly time series from NASA [95] are used. To eliminate extreme
years with exceptional high or low wind speeds an average wind speed from 2000 to

2005 is derived and illustrated in Fig. 4.4.

For larger islands with more than one data point for wind speeds the following as-
sumption is made. It is anticipated that for wind farms special locations with high
wind speeds are preferred. Thus the average value of the mean and the maximum
wind speed of the islands is used instead of the overall mean wind speed. Apply-
ing these averaged values the time series of the year 2000 is scaled accordingly for
each island. This keeps the hourly wind profile comparable to the other renewable
resources such as solar and hydro and adjusts the yearly wind power generation to

a 6 year average.

The derived hourly wind speed values are converted into electric output of wind
turbines. Two different wind turbines are chosen based on existing projects in the
Caribbean. The first turbine is a smaller wind turbine from Vergnet (GEV MP275 -
275 kW |104]) which are installed in a 1.1 MW park on Nevis |105|. This turbine is
especially advantageous for smaller Caribbean islands due to the easy erection and
maintenance concept. No heavy equipment is needed to install this turbine as it has
a self-erecting concept. In case of hurricanes it can easily be lowered to the ground

and therefore survives hurricanes up to category 5 on the Saffir-Simpson hurricane
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Figure 4.4: Average wind speeds within the Caribbean area for the years 2000 to 2005 in [m/s]
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wind scale [106]. Based on these features the GEV MP275 turbine is selected for all

smaller islands below 50,000 inhabitants.

The other turbine type is installed in one of the first large wind farms in the
Caribbean - in Wigton, Jamaica [105,107]. This farm is comprised by 14 Vestas
V80-2000 (2,000 kW) turbines [108]. The turbine is classified for IEC-1 strong-wind
locations which fits very good to the Caribbean islands with very high prevailing
wind speeds. The technical specifications of the chosen wind turbines are listed in
Table 4.2.

Table 4.2: Technical overview on GEV MP275 (Vergnet) and V80-2000 (Vestas) wind turbine

GEV MP275 'V80-2000

Category (Vergnet) (Vestas)

Rated capacity 275 kW 2,000 kW
Regulation Pitch Pitch
Number of blades Two Three
Hub height 55 m 80 m
Cut in wind-speed 3.5m/s 4m/s
Cut out wind-speed 25 m/s 25 m/s
Lowering system Yes No

To convert the wind speed values into electric output two steps are necessary. First,
the wind speeds available in 50 m height have to be transformed to the wind speeds at
hub height of the wind turbine. Second, these adjusted wind speeds are combined
with the power curve of each wind turbine to derive the power output on hourly
basis for one wind park at each analyzed island. The power curve is defined by
the respective manufacturers and indicates the expected power output of the wind

turbine at certain wind speeds.

The adaption of the wind speeds according to the height is based on Eq. 4.5.

va(ho) = vi(h1)- (4.5)

ln(h—l)
The wind speed vy from the global data set on the height hy is transformed to the
wind speed vo on the hub height ho. A crucial factor is the roughness length zg. The
longer the roughness length the higher is the influence of the height difference. The

roughness length is determined by the topography, surface, vegetation, and urban
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development of the location. For the Caribbean it is expected that the turbines are
erected in coastal zones close to the sea, therefore a roughness length zg of 0.03 m
is chosen [109].

After applying Eq. 4.5 the resulting wind speed v9 is combined with the power curves

illustrated in Fig. 4.5.
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Figure 4.5: Power curves of GEV MP275 (Vergnet) and V80-2000 (Vestas) for wind speeds from
0 to 30 m/s (values obtained from [104,108])

By applying the power curves (cf. Fig. 4.5) the electric output of potential wind
turbines on each sample island is derived. This output feedin ;,q is given for one

year in hourly time steps for each island.

4.2.3 Hydro

Within this subsection the derivation of the hydropower potential for Caribbean
islands is explained. Assessing the hydropower potential of a certain region requires
sophisticated water flow modeling. As it is far beyond the scope of this work to
set up an own water flow model a collaboration with the waterGAP research group
of the University of Kassel were established. More details on the water flow model
waterGAP can be found in the literature [110-113].

The target within this thesis is to determine hydropower potential of different areas
based on local discharge (runoff) and height values. Local discharge values are based
on the results of waterGAP. This is combined with existing hydropower plants to
examine the developed hydropower potential. In theory five different potentials are
distinguished (cf. [114]):
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Glross hydropower potential: Annual energy that is potentially available if all
natural runoff at all locations were to be harnessed down to the sea level (or

to the border line of a country) without any energy losses.

Technical hydropower potential: Has been or can be developed under current
technologies. This is done by multiplying efficiency by the gross hydropower

potential.

Economic hydropower potential: Has been or can be developed cost compet-
itive compared to current energy sources. To derive this potential costs of

hydropower and other energy sources need to be compared.

Fzploitable hydropower potential: Environmental or other restrictions are taken
into account. This means for example excluding protected areas and reducing

usable discharge due to environmental reasons.

Developed hydropower potential: Actual potential of existing hydro power
plants. By that only discharge values for existing hydropower plants are taken

into account.

This research work focuses on the gross and developed hydropower potential only.
For the power simulations only the developed one is considered as it is too difficult
to assess the amount of untapped exploitable potential due to missing data about
environmental or other restrictions. However, to derive the developed potential, the
gross has to be determined. The gross hydropower potential GHP is defined by
Eq. 4.6.

GHP —n-p-g-Q-Ah (4.6)

Efficiency 7 is assumed to be 100 percent for all plants to develop the global GHP.
Density of water (p — 1,000 kg - m3) and gravitational acceleration constant (g
~ 9.81 m / s%) are known on a global scale, but the discharge flow Q and height
differences Ah need to be assessed for each specific location. As aforementioned the
discharge values are taken from the waterGAP model and are based on precipitation,
evaporation, water use, soil, and vegetation. Daily values are provided for the years
1961 to 2000 in cell sizes of a 5 by 5 arc minutes grid for the Caribbean area. For
the simulation the daily values of 40 years are averaged and used to level the daily

values of the year 2000 as input parameter for further calculations.

In order to validate the waterGAP input data a global potential analysis is performed

and results are compared to similar reports. Doing this the hydropower potential of
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each cell worldwide is calculated down to sea level. This means the height difference
Ah is the mean height level of each cell minus sea level (equals to zero). To reduce
the calculation effort the cell size is much greater than for the detailed study in the
Caribbean (0.5° by 0.5°). Table 4.3 sh