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1. Introduction  (Pascal M. Rutsch) 

1.1 Purpose of the Project  (Pascal M. Rutsch) 

One of the most important duties which human kind has to accomplish, is to make sure that living 

on the earth offers at least the same opportunities and benefits to future generation as it allows 

us today (Giovannoni and Fabietti, 2013, p. 37). This responsibility isn’t as easy as it sounds due 

to the reckless consumption of limited fossil fuels as oil or coal. This resource utilization and the 

destructive behaviour of human race leads to the continuing process of climate change. Multiple 

independent sources confirming that climate change isn’t just a fiction to stop the era of the 

increasingly richer becoming oil sheiks. It’s proven that the melting of the polar ice caps is already 

at an alarming state which is one effect of rising temperatures on the planet surface which is 

largely reasoned on emitting enormously amounts of greenhouse gases worldwide. Therefore it’s 

such a disgrace that certain heads of state deny that climate change is happening and beyond 

that rescind agreements e.g. the Paris Agreement which were established to fight climate change. 

However numerous nations have understood that a business-as-usual pathway won’t bring the 

needed results and therefore have started with the establishment and expansion of renewable 

energy technologies. Nevertheless higher authorities aren’t implementing fast enough the right 

incentives to stop the destructive process of climate change. For instance highly developed 

countries e.g. Germany won’t achieve its given climate targets for 2020 and 2030 due to a slow 

pacing development for a wide spectrum of relevant sectors. 

This insight should be a wakeup call for worldwide nations to start as early as possible to reduce 

their usage of fossil fuels to counteract climate change by making use of the potential of various 

renewable energy technologies. The continuing design and establishment of sustainable energy 

systems for small scale project allows experts to develop customized solutions for larger countries 

or even cross-border grids. 

The purpose of this report is to develop a 100 % renewable energy provision for the main island 

of the Cape Verde Islands, Santiago. To make sure that the predicted electricity demand in 2035 

will be covered at any time, an hourly simulation in Microsoft Excel will give information about 

the required capacities for renewable energy production and storage. 
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1.2 Process of the Project  (Pascal M. Rutsch) 

The target of this project is to achieve a 100 % renewable energy provision by 2035 for the main 

island of the Cape Verde Islands, Santiago. To obtain overall data about the climate conditions, 

population or the main electricity consumers, general information for the Cape Verde Islands in 

particular for Santiago will be gathered. 

To show that the required electricity demand is fully covered with the production of renewable 

technologies a simulation in Microsoft Excel needs to be computed. To operate the model in an 

hourly resolution it’s necessary to obtain precise data for Santiago respectively solar radiation, 

wind speeds, renewable potentials, current generation mix, hourly energy consumption and 

transportation sector. To cover the needed demand it’s highly important to understand what kind 

of technologies and potentials are available to generate and store energy. It needs to be 

considered that an increase of quality for the input data results in a higher validity for the output 

data of the simulation. Nevertheless it’s equally important to put all the accumulated data into 

the right context. To accomplish this, is the first step the creation of a framework, which simply 

includes the essential data to run the hourly simulation. After back testing this foundation it’s 

time to add different subclasses of demands and generation variations which will come in handy 

to run certain sensitivities later on. 

To understand why the business-as-usual pathway isn’t a satisfying solution in comparison to the 

100 % renewable scenario, two separated Excel models will be created. The business-as-usual 

scenario will be based on the current capacities and the legal framework formulated by the 

government, missing information will be added based on implementations happened in the past. 

The 100 % renewable scenario, which appears to be most promising in terms of its 

accomplishment will be called the frame scenario. The frame scenario will be the foundation to 

run various sensitivities to gain more information about certain factors that influence the energy 

demand and supply. 

The investigated sensitivities will be divided into generation and demand changes. To investigate 

the response of the model to different generation distributions is it possible to switch between 

different weather years and different manufacturers of the applied renewable technologies. One 

example to shift the demand distribution is the implementation of different charging patterns for 

the e-mobility on the island for 2035. 

The transition pathway and outlook will introduce different legal frameworks, technology 

expansions and financing opportunities to achieve the 100 % renewable scenario until 2035.  
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2. General Information on Cape Verde  (Daniel J. C. 

Thielepape) 

Islands have the particularity to be isolated, nevertheless their systems have to be analysed 

considering the external dependence. Factors such as geography, climate, political and historical 

also influence in any sector. Therefore, an overview as background about Santiago and the Cape 

Verde is required before going into the energy sector. 

2.1 Geography   (Daniel J. C. Thielepape) 

The islands of Cabo Verde, or Cape Verde, an island nation on an archipelago of volcanic origin in 

the Atlantic Ocean off the north-western coast of Africa, is located about 600 km west of Senegal. 

Cape Verde is divided into two island groups, the Barlavento (windward) islands and the 

Sotavento (leeward). Ten islands totally. Santiago is the largest island of Cape Verde. It is also 

home to the nation’s capital city of Praia. 

Table 2.1: General Data about Santiago and Cape Verde (Wikipedia, 2018) 

 Santiago Cape Verde 

Area 991 km² 4 033 km² 

Length 75 km  

Width 35 km  

Highest elevation 1 394 m 2 829 m 
 

 

Figure 2.1: Map of Cape Verde (Wikipedia, 2018) 
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2.2 Climate    (Daniel J. C. Thielepape) 

Cape Verde´s climate is milder than that of the African mainland, because the surrounding sea 

moderates on the inlands and cold Atlantic currents produce an arid atmosphere around the 

archipelago.  

Tropical dry climate, with two seasons, dry season: November to July, tempered by trade winds 

and rainy season: August to October. A highly variable rainfall appears during a single rainy 

season. Santiago Island is characterized for abrupt changes of relief within small distances, which 

influences on the variability of rainfall. (Royal Meteorological Society, 2013).  

In higher mountains and father away from the coast, by orography, the humidity is much higher, 

providing a rainforest habitat. The climate of the interior and the eastern coast contrasts with the 

dryer one in the south/southwest coast. Praia, southeast coast, has an average daily high 

temperatures range from 26 °C in February to 31 °C in September. 

 

Figure 2.2: Graph Average Weather Data 2015 (Meteoblue AG, 2018d) 

 

2.3 Demography   (Daniel J. C. Thielepape) 

Only nine islands are inhabited of ten. The country has an estimated population of 553,494 people 

concentrated in Santiago Island (55.7 % of the population). Nearly half of the Santiago population 

lives in Praia, the capital city (25.6 % of country’s population). Located in Sao Vicente Island, 

Mindelo is the second largest city (15 % of country’s population). A 62.5 % of the population is 
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urban (Worldometers.info, 2018). In 2017 the annual population growth rate was 1.3 % (The 

Worldbank Group, 2018) 

Spoken languages are Portuguese (official) and Kabuverdianu (a Portuguese based Cape Verdean 

Creole). About 95 % of the population are Christian. (One World Nationsonline, 2018). 

2.4 Politics    (Daniel J. C. Thielepape) 

The uninhabited islands were discovered and colonized by the Portuguese in the 15th century; 

Cape Verde subsequently became a trading centre for African slaves and later an important 

coaling and resupply stop for whaling and transatlantic shipping. Following independence in 1975, 

and a tentative interest in unification with Guinea-Bissau, a one-party system was established and 

maintained until multi-party elections were held in 1990. 

The government of Cabo Verde is since 1990 a parliamentary representative democratic republic, 

largely modelled on the Portuguese system. Chief of State is the President, he is elected by an 

absolute majority vote through a two-round system.  

Head of Government is the Prime Minister, he is nominated by the national assembly 

(parliament). Cape Verde has a unicameral National Assembly (Assembleia Nacional) (One World 

Nations online, 2018). 

2.5 Economy    (Daniel J. C. Thielepape) 

Cape Verde's strategic location at the crossroads of mid-Atlantic air and sea lanes is a potential 

for close economic links with the ECOWAS region. (ECOWAS: Economic Community of West 

African States). 

Since 1991, the government has pursued market-oriented economic policies, including an open 

welcome to foreign investors and a far-reaching privatization program. It established as top 

development priorities the promotion of market economy and of the private sector; the 

development of tourism, light manufacturing industries, and fisheries; and the development of 

transport, communications, and energy facilities (Cabo Verde Tradeinvest, 2018).  

However, since 2009, Cabo Verde’s economic performance has deteriorated following the global 

financial crisis and the Eurozone debt crisis. The country is now at a crossroads and faces new 

challenges, including how to avoid the well-known Middle Income Trap. This requires a much 

higher level of economic and institutional capacity to compete with success, rethinking the 

country’s development and financing strategy by boosting the private sector, diversifying the 
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economy and making it more climate-resilient and enhancing its regional integration into the 

Economic Community of West African States (ECOWAS) region. 

 

Figure 2.3: Variation GDP and GDP growth for Cape Verde (The Worldbank Group, 2018) 

Lacking natural resources and economies of scale to sustain a significant manufacturing base, the 

economy is concentrated in the services sector. Santiago is not an island commonly visited by 

tourism (4 %), comparing it with the tourism destination of the islands Boa Vista (41 %) and Sal 

(50 %) (Netherlands Enterprise Agency, 2017, p. 10). That means, the global GDP of the Country 

is growing because this sector, but dividing it by islands, in Santiago the evolution and the growth 

is more stable. 

International trade is key for Cabo Verde development. Despite food production characteristics, 

the country depends on trade for every other productive activity. Imports are primarily consumer 

goods (including food), followed by fuel, and capital goods. The large majority of goods is 

imported, or transhipped, from the EU. The top ten imported products in 2014 accounted for 

54.8 % of total imports that year. Fuel, engines and machinery, reactors and boilers, iron and 

articles thereof, milk, cement, motor vehicles, rice, alcoholic beverages and textiles were the top 

ten imported products that year. Analysing the structure of goods exports, it appears that in 2014 

exports of fresh fish, crustaceans and molluscs accounted for 44.5 % of total exports, while 

transformed fish accounted for 40 %. The remaining 15 % corresponded to clothing, footwear and 

accessories, and alcoholic beverages (Netherlands Enterprise Agency, 2017, p. 19). 
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2.6 Principal Sectors: Main Energy Consumers (Daniel J. C. 

Thielepape) 

Regarding the main energy consumers, the contribution in the GDP of the principal sectors and 

the contribution in the Gross energy consumption by sectors are closely analysed. 

Table 2.2: Gross Domestic Product Cape Verde 2015 (Instituto Nacional de Estatística Cabo Verde, 2017) 

Sectors  

Agriculture 6.5 % 

Fisheries 1.1 % 

Extractive industry 0.4 % 

Transformation industry 5.3 % 

Energy and water 2.6 % 

Construction 9.5 % 

Trade 11.5 % 

Transport 9.6 % 

Hotels and Restaurants 5.7 % 

Telecommunications and post 4.0 % 

Financial services 3.5 % 

Real estate and other services 10.4 % 

Services for companies 2.6 % 

Public administration and defence 15.5 % 

Taxes less subsidies 12 % 

Gross Domestic Product 100 % 
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Table 2.3: Gross energy consumption by sector 2013 (National Action Plan for Renewable Energy, 2015) 
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(GW
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Woo
d 

(GW
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Carb
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(GW
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Total 
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(GWh) 

Tota

l 

Sect

or % 

Inland transp.   84.1 578.5     662.6 38.7 

Marit. transp.    62.3     62.3 3.6 

Air transp.     208.6    208.6 12.2 

Water prod.      19.1   19.1 1.1 

Econ. activ. 54.4     142.7 11.8 6.4 215.3 12.6 

Residential 79.8 5.7    101.5 358.1 0.9 546.0 31.9 

Total 134.2 5.7 84.1 640.8 208.6 263.3 369.9 7.3 1,714 100 

The representative industrial activities are described below. 

2.6.1 Energy: Oil & Gas    (Daniel J. C. Thielepape) 

In the energy sector the main energy player are, ENACOL S.A. import and distribution of fuel, VIVO 

Energy, import and distribution of fuel, ELECTRA S.A.R.L, public company of electricity and water 

and Cabeólica S.A., independent producer, wind power electricity generation. 

2.6.2 Basic Materials and Processing  (Daniel J. C. Thielepape) 

Mining like, salt production, pozalona and argila. In Santiago there is an illegal sand mining 

exploitation for construction (Tosarelli, 2018). 

2.6.3 Consumer Goods    (Daniel J. C. Thielepape) 

The most agricultural activity is gardening for domestic consumption. Only about 11.2 % of the 

land area is suitable for crop production, among other causes due to the lack of water. The 

majority of crops grown are maize, beans, sweet potatoes and bananas. Products like wine, 

coffee, grapes “Grogue” The national liquor of Cape Verde (Sugar cane) are important, but not 

particularly in Santiago. 

The main exported is product is processed fish, but since a few years the quantity of fish has 

drastically reduced, many of people who have worked in fisheries changed job. 
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2.6.4 Industry      (Daniel J. C. Thielepape) 

Manufacturing, though slowly expanding, is quite small and underdeveloped. The shortage of raw 

materials forces a dependency on the outside. Industry sector, consisting mainly of small units 

concentrated in Praia, has as its main activities the Naval Construction, Civil Construction, Graphic 

Arts, Food Industry (Baking and Pastry, Candy, Fruit Processing, Beverages, Capture and Bottling 

of Water, Animal Feed, Light Metal-mechanics, Electronic Components, Carpentry and Furniture, 

Ceramics, Inertes (Cement, Sand and Grain), Paints and Varnishes, Medicines, Chemicals and 

Hygiene, Footwear and Clothing. 

2.6.5 Utilities      (Daniel J. C. Thielepape) 

Electric, with an annual electricity production for the Cape Verde of 395 GWh (ELECTRA S.A, 2016, 

p.10).  

Water. Cape Verde is included of countries living in absolute scarcity, that is, with less than 

500 m3/year of fresh water per capita. The 93 % of the water injected to the grid comes from 

desalination plants, the rest is groundwater. A annual total water production of 6,925,704 mil m3 

- 27,480 m3/day (ELECTRA S.A, 2016, p.10 and 27). 

Waste. Municipal waste collected in 2015, 146,000 tonnes (National Strategic Plan for Waste 

Management, 2016). 
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3. Data Basis and Potentials  (Laura Dahm) 

In order to model the possible development on Santiago and consequently the scenarios for the 

future energy supply different sets of data had to be researched. The following chapter will 

present the data basis that builds the reliable foundation of the model. 

3.1 Weather Data    (Laura Dahm) 
As renewable energy generation strongly depends on the predominant weather conditions, it is 

crucial to have data especially about the wind and solar conditions on the examined site. For this 

purpose, the Swiss company Meteoblue AG was contacted. It has its origins in the University of 

Basel and now provides a large data base of historical weather data, forecasts and other analysis 

for big parts of the world (Meteoblue AG, 2018a). We used their service history + that enabled us 

to download weather data for the Cape Verde Islands starting in 1985 (Meteoblue AG, 2018b). 

For our requested location it was best to use simulation data that is available in hourly resolution 

and based on frequent measuring and observations all around the globe. It is not for the island 

Santiago directly but for the Cape Verde and thus a good approach for estimating the local 

weather conditions. The reliability of the data is, among others, monitored with Model Output 

Statistics (MOS) which means that model data is compared to the actual measured data 

(Meteoblue AG, 2018c). The service usually is costly but after contacting the Meteoblue AG via 

mail, they provided us a temporary access to history + for academic purpose. Hence, we got 

insight into over 30 years of historical weather data and forecasts for the Cape Verde. These data 

were set for a location at sea level and thus had to be slightly modified for our simulations.  

The relevant data for the model especially came from the solar irradiation, wind direction and 

speed. The latter was available for heights of 10 as well as 80 meters which is a good base for the 

wind turbines with a hub height of 80 meters. Furthermore, information on temperature, relative 

humidity, air pressure, precipitation, snowfall, cloud cover over all, cloud cover in different 

heights, sun shine duration and wind gusts in 10 m height could be accessed (Meteoblue AG, 

2018b). The spatial resolution of the data is 4 – 30 km2, which allows a good approach to the 

actual site conditions but does not substitute on site-measurements.  

Overall, the main winds with strongest force come from North-Western direction and 

predominantly blow with a speed from 5 to 10 m/s with a yearly average around 7.5 m/s. The 

mean solar irradiation is relatively stable and shows only little variations between 195 and 

200 W/m2. Figure 3.1 illustrates the wind conditions for the year 2013 in a height of 80 m above 

ground for a location at sea level. 
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Due to the representative distribution of the wind speed, we decided to use the year 2013 as base 

year for our analysis. As the explanations of the excel model show, it is possible to vary the input 

data. Therefore, we added the years 2015 and 2017 to also simulate low and strong wind 

conditions. The outcome of these variations will be examined in the sensitivity analysis.  

3.2 Current Generation Mix  (Daniel J. C. Thielepape) 
Santiago depends heavily on thermal electricity generation. Mostly consist of the combustion of 

low-grade bunker fuel that must be shipped from mainland Africa. Importing this fuel is very 

expensive and harmful emissions are released when burned. 

Figure 3.1: Windrose for the Cape Verde, 80 m above ground, 2013 (Meteoblue AG, 2018,e) 
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Figure 3.2: Power capacity available in Santiago (ELECTRA S.A., 2016) 

Only 17 % are renewables while more than 80 % depends on fuels. Another point of view to recall 

is that apart of the electricity generation, which is 20 % of the total energy consumption, cooking, 

heating and the transport sector works also with fuels and makes this island highly dependent on 

imported fuels. 

3.3 Load Curve and Demand Prediction (Pascal M. Rutsch) 
To construct a functioning simulation is it necessary to implement the demand as a specific value 

for every hour of the year. This statistics are quite often confidential data owned by the electricity 

provider and therefore not accessible by public. 

To access the needed data our research group contacted the local electricity and utility company 

Electra via email. Unfortunately this way of contact didn’t lead to the wished outcome due to the 

fact that we didn’t received an answer at all. The next step was to set up a Skype call to the 

customer hotline given on the Electra homepage. Initially no one felt responsible to answer our 

enquiries but after some time in the waiting loop and persistent requests finally a responsible 

person could help us along. It turned out that the needed data was already requested by a 

Canadian start-up company named E+ in 2017. This company gathered lots of useful data to 

compose a renewable energy proposal called Cabo Verde Electrification Through Renewable 

Energy. As requested this report contains processed values in kWh for weekdays and weekends 

for all twelve months of 2015 (E+, 2017, p. 134). 

Before this recordings are implemented into the simulation an examination of the actual data 

allows to make assumptions about certain days and months which are quite hard to accomplish 

with a 100 % renewable energy provision. A typical weekday follows almost every day the same 

pattern: 

13%

4%

31%

52%

Wind Solar Diesel Heavy fuel
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 Peak load will be at its lowest during the early morning 

 Electricity demand increases at 06:00 (populations wakes up) 

 Demand remains steady during the day  

 Electricity demand increases at 18:00 (night-time light operation)  

 Peak load will be at its highest around 19:30 

A major challenge to accomplish a 100 % renewable energy provision occurs during the rainy 

season (August – November). Throughout these months is the sky is increasingly covered with 

clouds, which causes two conflicting effects: 

 People consuming more electricity due to less sunlight penetration  Higher demand 

 Lower sunlight penetration weakens the thermic wind speeds to run the wind turbines 

and diminishes the direct penetration on the solar panels  Less energy generation 

This insight is quite important to find the right balance between renewable energy producing 

technologies e.g. wind turbines and energy storage units for instance pumped hydro storages. 

To advance with the simulation itself it’s necessary to integrate the values from the proposal of 

2015 into Microsoft Excel. The allocation of weekdays and weekends is pretty straight forward 

and accessed quite quickly. However, the distribution of public holidays must be taken into 

account because these days will be considered as weekend days.  

On the Cape Verde Islands each year ten public holidays are celebrated: 1. Jan. – New Year's Day, 

13. Jan. – Democracy Day, 20. Jan. – Heroes' Day, 1. May – Labor Day, 1. Jun. – Children's Day, 

5. Jul. – Independence Day, 15. Aug. – Assumption of Mary, 12. Sep. – National Day, 25. Dec. – 

Christmas Day. Eventually the model contains 8760 values for each hour of the respective year. 

As a result of the utilized source the input values are related to the recorded demand of 2015, 

although the given target is set for 2035, hence the future demand needs to be projected within 

the model. To predict the general electricity demand increase per year two reference models are 

applied. The annual average GDP growth rate of the last 15 years (chapter 2.5) and the 

comparison of the demand increase between 2016 and 2017 (E+, 2017, p. 37). By assessing these 

two concepts an electricity demand increase per year between 4 % and 5 % appears to be suitable 

for Santiago. Although on the other hand general efficiency savings for electrical devices will 

ensue that the overall demand will be reduced slightly. General efficiency savings are fully 
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adjustable by the user but all upcoming simulations will be run with a value of 10 %. For the 

reason that an annual difference for the increasing electricity demand of 1 % does have a huge 

impact over a period of 20 years, a sensitivity regarding future demand prediction will be done in 

chapter 8.3. 

3.4 Transportation Sector    (Oliver Viertmann) 
As the basis for transport data set to be used in our Excel model, we decided to use the fossil fuel 

imports of the Cape Verdean transport sector. 

According to UN data, the Cape Verdes imported 100 000 t of Diesel fuel in 2015 of which 49 000 t 

were used in the road transport sector (United Nations Statistics Division, 2015). With almost 

50 % of the country’s diesel imports, road transportation plays a substantial role in Cape Verde’s 

energy consumption. 

3.4.1 Calculation Approach to Forecast Transport Energy Consumption (OV) 

Since there was no specific data available about Santiago’s share of energy consumption in road 

transport, we had to estimate the respective values using the total number of vehicles in Cape 

Verdes and Santiago. However, the only source we found on this issue was an online article from 

a Cape Verdean newspaper (ASemana) which stated that 63 % of all Cape Verdean vehicles were 

registered on Santiago in 2015 (ASemana, 2015). 

 

Figure 3.3: Calculation approach to estimate Santiago's share of Cape Verde's energy consumption in road 
transport (own fugure) 

Figure 3.3 illustrates the calculation approach we used to estimate Santiago’s share of Cape 

Verde’s road transportation energy consumption. As stated before, the energy demand of the 

transport sector was calculated on the basis of diesel and gasoline imports in 2015 (heating values 

diesel & gasoline). The convertion into the electrical energy equivalent (E_el) needed to power a 

100 % electric vehicle fleet until 2035 was done in three steps: 
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The amount of mechanical energy (E_mech) that Santiagos 2015 vehicle fleet needed was 

obtained by multiplying the diesel and gasoline energy imports with the efficiencies of diesel and 

gasoline engines (33 % and 25 %). To estimate the amount needed on Santiago, this value was 

multiplied by Santiago's share of the total number of vehicles in Cape Verde (63 %).  

To optain the electricity demand by a 100 % electric fleet in 2015, the total mechanic energy 

needed by the current fleet (E_mech) was divided by the efficiency of an eletric vehicle (85 %), 

yielding the corresponding electricity demand on Santiago (E_el). 

For the years until 2035, the transportation growth rate was estimated on the basis of GDP/cap 

growth and population growth (50-50 weighed numbers). For this purpose, we multiplied E_el 

with the 50-50 weighed estimate for every year (see respective Excel model data 2016-2035) until 

2035. 

3.4.2 Additional Energy Savings due to Infrastructure Deficits and Partial Load 

Operation   (Oliver Viertmann) 

We also assumed additional energy savings due to deficits in infrastructure and short average 

distances leading to considerably higher partial load operation than reflected by the efficiencies 

obtained in the literature. Considering the substantially lower efficiencies of old combustion 

engines in partial load, we assumed additional energy savings of 12 % in 2035 due to improved 

infrastructure and high efficiencies of electric vehicles in partial load operation. 
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4. Excel Model  (Hanna Thordsen) 

This chapter is about the centrepiece of the elaboration on Cape Verde. To simulate a 100 % 

renewable scenario for Cape Verde, an excel model had to be created. The following chapter will 

describe the general structure and different possibilities to variate the excel model. 

4.1 General Structure    (Hanna Thordsen) 
The excel model was created based on the given excel model from Prof. Dr. Hohmeyer 

(Hohmeyer, 2018) and therefore, the general structure is strongly orientated towards that model. 

However, the new created excel model is additionally divided in several tabs with background 

data and result data. The main tabs are “Input”, “Output” and “Residual Load and Storage”. All 

further tabs are used to calculate and simulate the whole scenario. The Table 4.1 gives an 

overview of the used tabs. 

Table 4.1: Structure and general information on the content of the excel model (own exposition) 

Tab Content / Background information 

Input Tab to collect all relevant data and settings for the 

simulation. 

Output Overview of the demand and supply of electricity and the 

financial outcome of the simulation. 

Residual Load and Storage Hourly calculation of the demand and supply as well as the 

residual load, storage and needed back-up. 

Graphs Graphic representation of the load and the generated 

electricity from the renewables. 

Wind and Solar input This tab provides all relevant electricity generation data of 

wind and solar for several years. 

Wind and Solar output According to the setting at the tab “Input”, the outcome of 

the production from the renewables is calculated and 

shown in this tab. 

Hourly Load 2015 These tabs evaluate the provided data and edit them for 

the further use. 
Hourly Load 2035 

Power curve wind Technical parameters for the calculation of the wind 

production depending on the used technology. 

Energy Demand Transportation These tabs provide information on the transportation 

sector and the different load patterns as well as the 

resulting demand. 
Transportation_Demand 2035 
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Waste to Energy According to the potentials, the production from waste to 

energy is shown in this tab. 

BAU-Load Santiago 2015 These tabs were created by P. Rutsch, who edited the data 

as described in before. These data are the basis for the tabs 

“Hourly Load 2015” and “Hourly Load 2035”. 
Load Santiago 2035 

Hourly Wind data 2015 Data collection of the weather data from Meteoblue for 

several years. Data basis for the tab “Wind and Solar 

Input”. 
Hourly Solar data 2015 

Furthermore, the excel model has some adjustments, which will be explained in the following 

text. 

4.1.1 Input and Output    (Hanna Thordsen) 

In contrast to the given model, this excel model differentiates the input and output mask in two 

different tabs to achieve a better overview and functionality of each sheet. Therefore, the sheets 

are formatted as two DINA4 papers each with all relevant data to enable an overview for third 

parties, e.g. investors.  

At the input mask, all relevant settings can be made and all data have to be filled in. The input 

cells are differentiated by two colours. The yellow cells have to be filled in, whereas the orange 

cells are calculated. Although the costs per kWh used is output data, this data is also shown at 

the input mask to give a quick result of the input data below.  

The tab “Output” provides a tabular overview of all relevant outcomes according to the demand, 

power production and storage. Furthermore, the second page thematised the cost analysis of this 

project in Euro (€) as well as in Cape Verde Escudo (CVE), the local currency. 

Additionally, Prof. Dr. Hohmeyer requested a small calculation as a back-up. This back-up shall 

ensure, that also during a bottleneck-scenario the supply will be guaranteed. Therefore, 2.5 % of 

the annual demand are assumed as back-up.  According to an annual demand of 649 332 MWh/a 

in 2035 a back-up of 16 233 MWh/a is needed. This demand is assumed to be generated with the 

existing diesel generators, which can be modified to biodiesel generators. Due to the assumed 

biodiesel prices, the back-up amounts to about 1 857 088 €/a. It is assumed to be needed every 

year as reserve fund and will not be used for the general power production. The aim of the 

simulation is to ensure a 100 % renewable power supply for Santiago without any use of back-up 

capacities. 
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4.1.2 Residual Load and Storage   (Hanna Thordsen) 

This tab is the main part of the calculations. According to the settings at the input mask, the 

columns “Load”, “Wind” and “PV” are affected. In this table, the residual load as well as the 

storage capacity and the storage level are calculated. If the renewables produce more electricity 

as needed, the overproduction can be stored in the hydro pump storage as long as the storage 

provides enough capacity. An additional overproduction can not be stored and will be lost.  

On the other hand, if the renewable supply does not fit the demand, electricity can be generated 

by the hydro pump storage. To ensure the discharge depth of the storage, a minimum limit of 5 % 

of the maximum storage capacity was integrated in the excel model.  

4.1.3 Wind and Solar Input    (Hanna Thordsen) 

Due to the data of the solar radiation, a factor was introduced to calculate the solar power 

production generated from the solar radiation. To ensure that the production would not exceed 

the nominal capacity of the solar module, this factor is limited by the nominal capacity of the 

chosen module. As such, even if the solar radiation allows a higher outcome, the module only 

produces the maximum output. 

4.2 Variation Possibilities    (Hanna Thordsen) 

To ensure variability of the simulation, this excel model allows several variations according to 

weather data, used technologies, the demand and other small variables.   

4.2.1 Generation     (Hanna Thordsen) 

For the generation of electricity, there are several factors to consider. At first the available 

technologies for solar and wind are decisive factors. The excel model allows the decision between 

the given Technologies from Prof. Dr. Hohmeyer and the chosen ones for this specific project. The 

Vestas V110 was chosen as wind turbine and for the solar module the Canadian Solar Max Power 

CS6X-320 P were assumed according to the research. The technical data and advantages are 

described more in detail in chapter 8.1. Depending on the wind technology, the used power curve 

for the calculation in tab “Wind and Solar output” also changes. 

The variation possibilities are located at the tab “Input” as shown in Figure 4.1 and Figure 4.2. 
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Figure 4.1: Technical parameters - wind power (own figure) 

 

Figure 4.2: Technical parameters - solar (own figure) 

Furthermore, the main decisive factor for the electricity production is the year that the weather 

data is based on. The weather is a hardly predictable component and therefore three different 

years were chosen to enable precise simulations with various weather conditions. As shown in 

Figure 4.1 data for 2013, 2015 and 2017 were collected and analysed. Due to the comparison of 

the data at Meteoblue, those years were chosen as most suitable. The mean annual wind speed 

and mean annual solar radiation are shown in Table 4.2.  

Table 4.2: Weather data (own exposition) 

 Unit 2013 2015 2017 

Mean annual wind speed 

(height: 80 m) 

m/s 7.53 7.71 7.24 

Mean annual solar 

radiation 

W/m² 195.25 198.15 198.42 

It is notable that the mean annual solar radiation has a lower effect on the power production. 

Therefore, the solar year is set according to the wind year.  

By analysis of the wind data with special attention to the mean annual wind speed, it is visible 

that 2017 was the lowest wind speed, 2013 an average and 2015 a strong wind speed.  

However, the mean annual wind speed is not always the most important parameter. The wind 

distribution over the year can vary a lot and should also be considered.  Regarding to a ranking 

according the wind distribution of the years, 2015 has the worst wind distribution whereas 2017 
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has a good one. 2013 has an average wind speed and an average wind distribution over the year, 

therefore it suits best as base year for the weather data. 

4.2.2 Demand      (Hanna Thordsen) 

The demand is also variable to provide variation possibilities and as a result to simulate different 

scenarios. For the demand variations, one can differentiate between variations of the load curve 

and of the transportation sector. 

According to the demand load curve, the created excel model allows changes in the demand 

increase per year and the efficiency savings due to new technologies, like new electricity devices.  

The Figure 4.3 shows the cells at the tab “Input” where the changes can be made. 

 

Figure 4.3: Variation possibilities of the load curve (own figure) 

Under the heading “LOAD” of the Input mask, the annual electricity demand for 2015 and 2035 is 

shown and the user can variate the two cells below.  

To ensure a 100 % renewable plan for Santiago, the transportation sector has also been included 

as possible demand and the needed data were collected as explained in chapter 3.4. It is assumed 

that in 2035 100 % of the transportation sector has shifted to E-mobility. To ensure a variability 

of the resulting electricity demand, the excel model allows variations of the efficiency savings 

according to deficits in infrastructure and of the car charging profile. As shown in Figure 4.4, the 

excel model provides two different load pattern. The morning and evening charge describes a 

load patterns, which assumes 100 % load at night and midday with decreasing need at morning 

and afternoon, because the car owners drive to work at this time. The dynamic load pattern is 

based on the sun radiation and therefore the pattern only allows charging between 8 am and 

8 pm. This problem will discussed in detail in chapter 8.2. 
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Figure 4.4: Variation possibilities of the transportation sector (own figure) 

These variation possibilities will be used in chapter 8 to analyse the sensitivity of this 100 % 

renewable scenario. 
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5. Status Quo and Business as usual Scenario  (Daniel J. C. 

Thielepape, Hanna Thordsen) 

This chapter is about the centrepiece of the elaboration on Cape Verde. To simulate a 100 % 

renewable scenario for Cape Verde, an excel model had to be created. The following chapter will 

describe the general structure and different possibilities to variate the excel model. 

5.1 Current Capacities   (Daniel J. C. Thielepape) 

The current installed capacity in conventional is 67.2 MW, situated in Gamboa (Praia) 2.8 MW, 

Palamrejo (Praia) 61.9 MW and in Assomoda (Sta. Catarina) 2.4 MW. The existing generators are 

12, different models and sizes running with heavy fuel (IFO180) or diesel. The biggest size is 

11.2 MW, also smaller than 1 MW are running. The power capacity available in Solar is 3.2 MW, 

produced also by ELETRA (ELECTRA S.A, 2016, p.19) (Donohue, 2016, p.41). 

Cabeólica has an installed capacity of 9.35 MW with eleven Vespa V52-850 kW Wind turbines 

(Annual Report, 2016, p.18). 

 

5.2 Existing Legal and Regulatory Frameworks (Daniel J. C. 

Thielepape) 

The key legislation and supporting documents affecting the renewable energy sector are: 

 Cape Verde National Energy Policy, 2008 

 Decree-law nº14/2006, of 20 of February, revises the Decree-law nº54/99, of 30 of August 

that established the bases of the Electric System in Cape Verde. This revision better 

evidences the principle of freedom of establishing the production of electricity in Cape 

Verde. 

 Decree-law nº30/2006 of 12 June, on Independent Producer licensing 

 Decree-law nº41/2006 of 31 July, defining the Electric Energy Crisis and respective 

corrective measures 

 Ordinance nº18/2006 of 24 July, on Power Producers Guarantees 

 Ordinance nº21/2006 of 28 August, on tariff and payment procedure of the fees for 

Independent Producers 

 Art. 54 of Law nº4/VII/2007 of 11 January, Free customs duties on renewable energy 

imports of equipment and accessories 
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 Decree-Law n.1/2011 of 3rd of January, on Promotion and Incentive for the Use of 

Renewable Energy, 

 ECOWAS Treaty 

 Decree-Law nº 26/2003, of 25 August, creating the Economic Regulatory Agency (ARE) 

Ambitions energy and efficiency plans are published, to reach a 100 % in 2020 (National Action 

Plan for Renewable Energy, 2015) but more other priorities like access to electricity for the whole 

population, grid stability, blackouts, promotion of other forms of energy for cooking, reduce the 

consumption of firewood, etc. have to be done. 

5.3 BAU Scenario    (Hanna Thordsen) 

The excel model for the BAU Scenario is separated from the main excel model because of the 

additional adjustments. The general structure is mainly the same but some additional tabs were 

included whereas others were no longer needed in this scenario.  

The input mask were adjusted according to the existing capacities and the possible extensions. 

Due to the fuel types at Santiago, a section “Fuel demand” was included. Furthermore, the 

financial parameters were adjusted in a way that only the fuel costs are relevant and only if an 

extension of the capacity is added, the investment costs will be highlighted. To compare the 

different scenarios of the 100 % renewable plan with this business as usual scenario, the costs 

per kWh are needed. The electricity price according to the BAU Scenario is hardly predictable. As 

such, the electricity prices of the last years were included and used to add additional costs 

according to the demand deficit in 2035 (Cabeólica, 2016, p. 16). 

In addition to the tabs about the wind and solar production, a new tab for the conventional power 

production was included. The excel model assumes that the production of the existing wind and 

solar farms are always to be injected to the grid at first. Therefore, the production from 

conventional follows the demand deficit.  

5.3.1 Our Assumptions   (Hanna Thordsen) 

According to the existing capacities on Santiago, the following setting were made: 

 Wind Power:  9.4 MW 

 Solar:   3.2 MW 

 Conventional:             60.2 MW 

The wind turbine also was chosen as the actual installed Vestas V52 with a hub height of 55 m. 

For the solar module the Canadian Solar Max Power CS6X-320 P was assumed.  
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There are several studies, analysis from various institutions and regulations from the government 

to support the renewable energies. However, there are no legally binding expansion targets for 

Santiago and therefore the BAU scenario assumes no extensions until 2035 and will stay the same 

as the current situation. As such, it assumes that there will be no incentives to invest in new 

electricity devices and therefore the efficiency saving is 0 %. Whereas an increase per year of 4 % 

is assumed for the demand. 

5.3.2 The Result and Consequences  (Hanna Thordsen) 

According to the previous settings, the total electricity production in 2035 will be about 

490 617 MWh. However, due to the demand increase the total demand in 2035 will be 

499 808 MWh. That means that a production deficit of 9 191 MWh will occur, because the hourly 

production does not always fit the hourly demand. The Figure 5.1 shows the production from 

renewable and conventional as stacked lines. The grey line indicates the electricity demand.  

 

Figure 5.1: Daily demand and production (own figure) 

The figure shows the demand gap as highlighted in the red circle. The deficit is mainly from July 

to October, which can be explained by the rainy season and the associated lower solar radiation. 

To close this gap, an extension of the capacity of 16.71 MW will be needed. Such an extension 

could be a hydro pump storage or an extension of the fossil generators. An extension of the 

conventional generators would be a total investment of 12.27 Mio. €. To ensure a stable 

electricity supply, the electricity price would increase according to the investments. 

Figure 5.2 shows the electricity price in Ct€/kWh in the last years. 
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Figure 5.2: Electricity price in Ct€/kWh (referring to Cabeólica, 2016, p. 16) 

According to the heavy fuel and diesel prices, the electricity price is not stable and unpredictable. 

Therefore, the price of 22.22 Ct€/kWh in 2015 is assumed to be the same in 2035. The additional 

investments and costs for the fuel due to close the gap would be around 0.56 Ct€/kWh 

(Investment costs: 0.32 Ct€/kWh, heavy fuel/diesel costs: 0.24 Ct€/kWh). If these additional costs 

were added to the electricity price, the price in 2035 would be 22.78 Ct€/kWh. According to the 

exchange rate of 110.26 CVE for 1 €, the effect is more noticeable in CVE. The current electricity 

price in 2015 of 24.50 CVE/kWh will increase to 25.12 CVE/kWh in 2035. These data will be used 

for the comparison with the following analysis. 

 

  



Frame Scenario   (Laura Dahm) 

26 
 

6. Frame Scenario   (Laura Dahm) 

After simulating the BAU-Scenario for 2035, a scenario for a 100 %-renewable-supply is modelled. 

As the input for future scenarios can be varied in many ways due to the flexibility of the excel 

model, a frame scenario was set to analyse further sensitivities. This achievable scenario is the 

outcome of a row of trials with different combinations of input data where the energy supply can 

be covered completely and economically by renewable energy.  

6.1 The Preconditions   (Laura Dahm) 
The weather data is taken from the year 2013 as wind conditions were average and the solar data 

is always taken from the same year to respect correlations in case they matter.  

For the demand side, the load curve from 2015 is used as a base and combined with a yearly 

demand increase of 4 %. Overall efficiency savings are assumed to be at 10 % regarding 2035 in 

comparison to the base year 2015. Adding to the basic load curve, the transport sector in future 

will demand electricity as well. More modern vehicles and the change towards a new technology 

will lead to efficiency savings of 12 % in this sector. The charging pattern for electric cars is set as 

dynamic.  

The energy generation is provided by an installed capacity of 70 MW of wind turbines and 

200 MW of solar modules. The technologies of the turbines and modules are relating to 

technologies that are actually planned on Santiago and based on site-specific research. Energy 

storage is realized with pump storage systems on four sites with a total capacity of 1,350 MWh 

and a discharge depth of 5 %.  

6.2 The Result    (Laura Dahm) 
This combination of input data leads to a situation where no energy generation from biodiesel 

generators is needed. As the Cape Verde Islands are scarce on land for agriculture, any fuel would 

have to be imported from abroad which again means dependence on import prices and 

availability of resources from others parties and not match with a really sustainable energy supply 

system. Preceding studies also confirm that the potential for domestic biofuel are practically non-

existent on the Cape Verdes (UNIDO, ECREEE, 2012, p. 59).  

Due to periods with strong wind where the energy cannot possibly be consumed directly or 

stored, in combination with good solar irradiation, the scenario leads to an overproduction of 

roughly 466 GWh which is about 40 % of the actual renewable energy generation during a year.  
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The costs for electricity generation come to 14.39 Ct€/kWh and thus lie more than 8 Ct€/kWh 

below the price from the BAU-scenario. This comparison makes a renewable energy supply 

financially attractive. 

When the projected load curve is regarded in reference to the renewable energy supply, it is easy 

to see that during most months it is no problem to cover the demand directly from the electricity 

generated by wind and solar plants directly. Only on some occasions in late summer and autumn, 

the generation falls below the demand. During these months, the winds usually blow lower. 

Furthermore, thicker and more frequent cloud covers lead to a reduced solar irradiation. Thus it 

was this time of the year that had to be respected when dimensioning the storage capacity under 

the precondition that no backup should be used. More detailed insights into this topic will follow 

in the sensitivity analysis. The graph in Figure 0.1 (appendix) illustrates such a critical situation for 

the month of October. 
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7. Renewable Potentials  (Jannike-Sophie Unger) 

The renewable energy potential on Cape Verde is well assessed. The Portuguese consulting 

agency “Gesto Energia” studied the potential for the installation of renewable energy on Cape 

Verde and especially for Santiago. Cape Verde’s government takes an active part in research and 

promotion of renewables and on Cape Verde (Gesto Energia S.A., 2011, pp. 5-7). 

7.1 Renewable Development Zones (Jannike-Sophie Unger) 

Santiago, the main Island of Cape Verde is rich in renewable resources. The sources are diverse 

and on no other island of the archipelago are the conditions better to install renewable energy 

technologies (Gesto Energia S.A., 2011, p. 11). 

Cape Verde’s Government has defined “renewables energy development zones” for immediate 

intervention but also for medium and long-term projects in renewable energy. They were defined 

to guarantee more renewable energy penetration on Cape Verde and to safeguard this areas for 

future generations (Gesto Energia S.A., 2011, p. 38). 

 

Figure 7.1: Renewables Energy Development Zones Santiago (Gesto Energia S.A., 2011, p. 40) 

Figure 7.1 depicts the renewables energy development zones on Santiago. In total the area for 

the development of renewables has a size of 62.42 km² (Gesto Energia S.A., 2011, p. 40). 320 MW 

of solar- and wind power can be installed and 1009.3 MWh of storage capacity (Gesto Energia 

S.A., 2011, p. 38). As Figure 7.1shows, most of the renewable resources are concentrated in the 
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south of the island. In the centre of the island area is reserved for pumped storage projects.  Most 

of Santiago’s industry is concentrated around the capital Praia in the south, hence generation and 

demand occur in spatial proximity (AHK Portuga, 2018, pp. 75-77). 

7.2 Solar Potential    (Jannike-Sophie Unger) 

Gesto Energia found that the installation of 243 MW on photovoltaic projects is economically 

feasible on Santiago. According to that, solar power has the biggest potential among the 

renewable energies on Santiago. Due to the high global solar radiation especially in the south of 

Santiago the conditions for photovoltaic projects are excellent. The evaluation of the natural 

exposure and slope of the terrain reveals that in many areas the global radiation exceeds 

2000 kWh per m² and year. The results of the analysis are depicted in Figure 7.2 (Gesto Energia 

S.A., 2011, p. 51). 

 

Figure 7.2: Global Solar Radiation Santiago (Gesto Energia S.A., 2011, p. 51) 

The installation of 243 MW solar power occupies only a small part of the solar development 

zones. The 10 different renewables energy development zones for solar energy are located in the 

south, right next to the coast. Being close to the electric grid they present outstanding conditions 

for the installation of solar modules.  The solar development zones have a total size of 14.18 km² 
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(Gesto Energia S.A., 2011, p. 39). The coverage of solar panels, calculated with the Excel model is 

1.2 km² in the frame scenario. 

As 200 MW of solar power are needed in the frame scenario the available studied potential 

exceeds the requirements. The installation of solar modules is cheaper than the installation of 

wind turbines according to the Excel model. That needs to be considered when the installed 

capacities are optimized. 

7.3 Wind Potential    (Jannike-Sophie Unger) 

The average mean windspeed on Santiago is around 7.5 m/s at 80 m above ground, varying 

slightly with the analysed year. This provides good conditions for the installation of wind turbines. 

The wind development zone is located on a broad plateau between 500 m and 900 m above sea 

level. It lies in the southern centre of Santiago and represents the best location for the installation 

of wind turbines due to its easy accessibility and good wind resource (Gesto Energia S.A., 2011, 

p. 55). The area has an overall size of 36.27 km² which allows the installation of several large wind 

projects (Gesto Energia S.A., 2011, p. 39). According to the output of the Excel model 7 km² are 

required for the installation of the wind turbines.  

The main wind direction in Santiago is north- north-east (Donohue et al., n. d., p. 29). There is a 

mountain range in the centre of the island that reduces the wind in the inland, so the highest 

wind speeds occur at the north coast. The evaluation of height differences with Google Earth 

shows that due to a very steep terrain on this part of the island the installation of wind turbines 

in this area is not feasible.  

All in all, Gesto Energia studied 76.5 MW economically feasible potential in the wind development 

zone. (Gesto Energia S.A., 2011, p. 55).The frame scenario settings suggest the installation of 

70 MW of wind power, so it stays within the studied potential.  

7.4 Hydro Pumped Storage  (Jannike-Sophie Unger) 

The environmental conditions for pumped storage plants on Cape Verde are far from ideal. There 

are long draught periods without any precipitation over months. Rivers only occur during rainy 

season and a short time later they fall dry again. Most of Cape Verde’s islands are categorized as 

a desert area with an annual runoff below 250 mm (Jorge et al., n. d., pp. 1-2). 

Santiago is categorized as a semi-arid region with an average annual rainfall between 250 and 

500mm. Nevertheless, pumped storage plants turned out to be a better solution than other 
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storage technologies like battery storage (Jorge et al., n. d., p. 2). The pumped storage potential 

was assessed by Gesto Energia with a custom-built GIS model considering technical, hydrological 

and economic criteria (Jorge et al., n. d., p. 3). 

 

Figure 7.3: Pumped storage potential Santiago (Jorge et al., n. d., p. 4) 

As Figure 7.3 shows, the pumped storage potential for Santiago was mapped afterwards. Crucial 

for the decision on a location was that the initial filling time for both reservoirs does not exceed 

one year. Furthermore, a minimum operation volume of 8 hours per day was required (Jorge et 

al., n. d., p. 5). 

Due to water scarcity on Santiago, the monthly and yearly runoff where very important 

parameters for the site assessment. In advance of the site selection extensive hydrological studies 

were conducted. The required rated power for the pumped storage plants is small and due to the 

steep terrain, the volume for the reservoirs is compatible with the yearly estimated runoff (Jorge 

et al., n. d., p. 1). 
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After a careful assessment several potential locations were found, primarily in the Southwest part 

of Santiago. Geotechnical questions needed to be considered due to the almost vertical walls in 

some of the valleys.  It was possible to find adequate engineering conditions in high potential 

areas for three pumped storage projects and the three most promising were selected (Jorge et 

al., n. d., p. 5). The location of the three pumped storage projects are indicated by the numbers 

in Figure 7.3. 

7.5 Municipal Waste   (Jannike-Sophie Unger) 

Currently the municipal waste of Praia is dumped at open air. This causes an environmental and 

territorial problem for the city. Waste combustion can help to solve these problems and 

furthermore it is a possibility to generate thermal and electrical energy. Studies found that the 

waste combustion potential for Praia is 5 MW. The waste-to-energy plant could be connected to 

the grid easily. A 5 MW plant was identified to be feasible regarding the waste amount in Praia. 

Still, studies are required to find the best technology because of the small size of the waste-to-

energy plant (Gesto Energia S.A., 2011, p. 69). 

Because combustion parameters like dwell time and temperature must be carefully adjusted the 

waste-to-energy plant runs in non-stop operation as a base load plant in the frame scenario 

(baumotion, n. d.). In the frame scenario the whole potential of municipal waste is exhausted.  

7.6 Additional Pump Storage  (Jannike-Sophie Unger) 

As Table 7.1 indicates, the installed capacities of renewables in the frame scenario do not exceed 

the studied potentials for Santiago. Only the studied potential for pumped storage is below the 

settings of the frame scenario by around 340 MWh.  

Table 7.1: Comparison studied potential and Frame Scenario (Own figure) 

Technology Studied potential Basic scenario 

Solar 243 MW 200 MW 

Wind 76.5 MW 70 MW 

Waste  5 MW 5 MW 

Storage 1009,.3 MWh 1350 MWh 

Gesto Energia assessed 1009.33 MWh of pumped storage potential on Santiago (Jorge et al., n. 

d., p. 6). In their modelling an electrification of the transport sector was not considered. 
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Therefore, the demand was below the settings of the frame scenario of this report, so there was 

no need for an additional pumped storage plant (Donohue et al., n. d.).  

7.7 Storage Size    (Jannike-Sophie Unger) 
The Excel model shows that due to an increased pumped storage the electricity costs can be 

decreased by 1.81 Ct€/kWh if the storage size is raised to 1350 MWh.  With an additional increase 

of the storage size to 2000 MWh the electricity costs can be decreased further. By keeping the 

solar resource constant and decreasing wind power the cheapest generation costs of 

13.66  Ct€/kWh can be achieved. By further investigations of the installed capacity size relations 

a cost-optimal setting of the installed capacities could be found with the Excel model.  

Table 7.2:Storage size (own figure) 

 

Regarding the hydrological settings on Santiago, explained in 3.2.3, a storage size increase by 

2000 MWh does not appear to be feasible. Assuming that one more pump storage plant is 

installed with roughly the same size of the other three plants, electricity costs could be decreased, 

probably without exceeding the water resource on the island.  

7.8 Site Location    (Jannike-Sophie Unger) 
Knowing that the availability of water is the critical parameter, Figure 7.4 was evaluated to find a 

location for an additional pumped storage.  

 
STORAGE SIZE 

1009.33 MWh 1009.33 MWh 1042 MWh 1350 MWh 2000 MWh 2000 MWh 

Solar [MW] 

Wind [MW] 

243 200 200 200 161 200 

76.5 70 70 70 70 12 

Backup [MWh] 
 

28.38 
    

Costs [ct/kWh] 16.2 15.34 15.39 14.39 14.34 13.66 
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Figure 7.4: Mean annual runoff Santiago (Jorge et al., n. d., p. 3) 

As depicted in Figure 7.4, the highest mean annual runoff occurs in the north-east of the island. 

The main wind direction is north-north-east, so the clouds come down here in the form of rain 

and create runoff (Donohue et al., n. d., p. 29). Therefore, the area is very attractive for pumped 

storage projects.  

The national park Serra de Malagueta is located in the area as well where an installation of a 

pumped storage plant is to be avoided (Protected Planet, n. d.). Considering this and evaluating 

the terrain data with Google Earth, a good location for a pumped storage plant was found. 

The upper reservoir could be located around 15°11’40.08‘‘N and 23°40’02.43 W. The lower 

reservoir could be centred around 15°12’07.08“N and 23°39’40.87“.  

Figure 7.5 simulates the upper and lower reservoir of the fourth pumped storage plant with 

Google Earth. The net height difference between the two reservoirs is around 300 m. Especially 

in the area of the upper reservoir the terrain is very steep. Therefore, an estimation of the actual 

water level is difficult.  
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Figure 7.5: Simulation of the fourth pumped storage plant with Google Earth. Own figure 

7.9 Calculation    (Jannike-Sophie Unger) 
Assuming that one additional pumped storage plant can be built at this location the technical 

parameters of the plant can be calculated. To achieve an overall storage volume of 1350 MWh 

the additional plant requires a capacity of 340.6 MWh. This storage volume matches the sizes of 

the other three pumped storage plants, with a storage volume between 308 MWh and 362 MWh 

(Jorge et al., n. d. p. 6). 

From the Excel model can be derived that a maximum pump capacity of 196.34 MW is required 

to pump the water quick enough from the lower to the upper reservoir. That leads to an average 

rated power of 49.085 MW for each of the four plants. Therefore, the nominal power of the 

additional pumped storage plant is assumed to be 50 MW. 

The flowrate for the plant can be calculated with 

Equation 1 

𝑃 = 𝑔 × ρ × h × Q 

Equation 2 

𝑄 =  
50𝑀𝑊

1000 𝑘𝑔
𝑚³

× 0.87 ×
9.81𝑚

𝑠²
× 300𝑚

=
19.53 𝑚³

𝑠
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Q = volumetric flow rate (m³/s) 

P = potential power = 50 MW 

ρ = density of water = 1000 kg/m³ 

g = acceleration of gravity = 9.81 m/s² 

h = head penstock height = 300 m derived from the site location 

μ = efficiency = 0.87 (Donohue et al., n. d., p. 49) 

From Equation 2 the flowrate can be derived with 19.53 m³/s. Knowing the amount of energy that 

needs to be stored and with the calculated flowrate in Equation 2, the size of the upper reservoir 

can be calculated.  

Equation 3 

𝐸 =
𝑃 × 𝑉

𝑄
 

Equation 4 

𝑉 =
341𝑀𝑊ℎ ×

19.53𝑚³
𝑠

50 𝑀𝑊
= 479 500,56 𝑚3 = 480 000 𝑚³ 

V = volume (m³) 

E = stored energy potential = 341 MWh 

P = power= 50 MW 

Q = volumetric flow rate = 19.53 m/s 

With the results from Equation 4 the dimensions of the upper reservoir can be estimated. A 

potential solution regarding the site location is 20 m deep, 80 m wide and 300 m long. 

The lower reservoir volume is bigger than the upper one. Considering the proportions from the 

other three pumped storage plants the upper reservoir size is doubled (Jorge et al., n. d., p. 6). 

Thus, the lower reservoir has a size of 700 000 m³.  

Potential dimensions of the lower reservoir are 20 m deep, 140 m wide, 250 m long.  
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Table 7.3: Technical details additional pumped storage plant. Own calculation 

Technical details  

Stored energy 340.6 MWh 

Nominal power 50 MW 

Upper reservoir volume 480 000 m³ 

Lower reservoir volume 700 000 m³ 

Maximum pumping flow 19.53 m³/s 

Net height 300 m 

Table 7.3 summarises the technical details of the additional pumped storage plant.  

The electricity network on Santiago consists of a 60-kV transmission system and a 20-kV 

distribution system. There is a transmission line running from the south to the centre and north 

of the island with a substation in Calheta, near the fourth pumped storage power plant (Barreira 

et al., n. d., p. 3). Therefore, a connection of the pumped storage plant to the grid should be 

simple.  

7.10 Cost Estimation   (Jannike-Sophie Unger) 
To calculate the costs of the additional pumped storage plant the estimated costs of the other 

pumped storage plants are consulted. 

Table 7.4: Total cost estimate pumped storage. Own compilation based on (Jorge et al., n. d., p. 6) 

Table 7.4 summarises the estimated costs for the three pumped storage plants that were 

assessed by Gesto Energia. The total investment sum is 119.5 Mio € with an overall storage 

volume of 1009.33 MWh (Jorge et al., n. d., p. 8).  

This leads to pumped storage costs of 118 395 € per MWh. 

Equation 5 

119 500 00 €

1009.33 𝑀𝑊ℎ
=

118 395.84 € 

𝑀𝑊ℎ
 

Site location Stored Energy [MWh] Total Cost Estimate [€] 

Cha Concalves 338.886 39 500 000 

Mato Sancho 308.034 41 000 000 

Ribeira Dos Picos 362.406 39 000 000 

Summe 1009.33 119 500 000€ 
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With the average costs of pumped storage per MWh from Equation 5, the price of the new plant 

can be calculated. 

Equation 6 

118395,84 €

𝑀𝑊ℎ
× 340.6 𝑀𝑊ℎ = 40 325 623.1 € 

According to Equation 6, the overall investment sum for the fourth pumped storage plant is 

around 40.33 Mio €. 
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8. Sensitivity Analysis  (Pascal M. Rutsch) 

To understand how the frame scenario performs with different input variables, running 

sensitivities is a suitable approach. It’s important to make only small adjustments for chosen input 

values otherwise the connection between the input and output values won’t stand out and 

dependencies can’t be identified. The upcoming sensitivities are divided into generation and 

demand changes.  

8.1 Generation   (Jannike-Sophie Unger) 

To analyse the development of electricity costs and backup volume, different alterations can be 

on the generation side and the results are calculated by the excel model. The power generation 

can be affected by changing solar and wind conditions in the model. Furthermore, the efficiency 

of the generation and the required area can be altered by taking other technology options into 

consideration. 

8.1.1 Varying the Wind and Solar Data   (Laura Dahm) 

A challenge in the development of renewable energy supply systems is the fluctuation and 

volatility in the availability of wind and solar energy. The analysis of the weather data showed 

that this also applies to the Cape Verdes. Especially the wind speed varied between different years 

whereas the wind direction and solar irradiation only shows little deviations. As explained in the 

chapter on our excel model, we chose to implement three different years in the model. 2013 

represents an average year, as the distribution of wind over the months can be regarded as evenly 

and the mean wind speed with 7.53 m/s is average. A rather unfavourable year in respect to wind 

energy generation is 2015. Even though the mean wind speed lies above average, the overall 

yearly distribution is not ideal. Periods with strong wind outweigh lower wind speed in other 

months. In contrast to this, 2017 with a rather low average wind speed shows a good distribution 

of higher and lower wind speeds during the whole year so that 2017 represents a favourable year. 

Simulations are also run with unfavourable wind conditions to test the required storage capacity 

and the necessity of back up generation in these cases. Leaving all other setting as they are in the 

frame scenario, wind conditions as in 2015 would lead to an energy generation deficit of 

416 MWh in total. As the deficit mainly occurs in the second half of the year, this is where the 

storage is requested to a large extend. With an added storage capacity of 5.5 MWh the demand 

could be met. However, it would not be reasonable to enlarge the storage volume to that extend. 

Much more space would be needed and the additional capacity would hardly be used. This leads 

to the decision that in such cases backup generation would start to operate. Still, the energy 
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generation costs would only be raised by about 1 Ct€ /kWh and be clearly below the costs in the 

BAU-scenario. 

Running simulations for the wind conditions from 2017 shows that the low wind season in late 

summer and autumn is a limiting factor while dimensioning the installed capacities for energy 

generation. Despite the relatively evenly distributed wind speeds, the storage volume cannot be 

reduced when the demand still shall be covered without using backup generation. There are some 

periods where low wind speeds and low solar irradiation lead to a constantly low generation and 

the storage is emptied until the discharge depth. Installing more generation capacity in form of 

wind turbines and solar modules would be another option that leads to more possibilities. These 

will be examined in the following section on the variation in technologies where turbines, 

modules and storage are treated. 

8.1.1.1 Wind Turbines    (Jannike-Sophie Unger) 

The existing wind farm on Santiago consists of 11 turbines with an estimated hub height of 55 m. 

The model type is Vestas V52 850 kW (Donohue et al., n. d., p. 44). For the installation of new 

windfarms, the turbine type Vestas V 110 2.0 MW was found to be most suitable for the 

conditions on Santiago (Donohue et al., n. d., p. 45). This turbine is very productive for low wind 

locations so that usually non-viable sites can be utilized. The 110 m rotor works very well at wind 

speeds of 3 m/s (Direct Industry, n. d.).  

The hub height for the potential wind farms is assumed to be 80 m (Donohue et al., n. d., p. 45). 

The Vestas V 110 has a cut-in speed of 3.0 m/s and the cut-out speed is 20 m/s (Direct Industry, 

n. d.).  

Many turbines are designed with higher cut-out speeds of 25 m/s, but an evaluation of the wind 

data shows that on Santiago wind speeds over 20 m/s at hub height did not occur in 2013 or 2015 

at all. Only in 2017 higher wind speeds were measured in a few hours. (Meteoblue AG, 2018e) 

Therefore, the comparatively low cut out speed of the turbine model is not a constraint for the 

electricity generation. On the contrary, the Vestas V 110 is a good choice for Santiago due to its 

high efficiency at low wind speeds.  
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Figure 8.1.1: Power Curve Standard Turbine. Provided by Prof. Dr. Hohmeyer (own figure) 

 

Figure 8.1.2: Power Curve Vestas V 110. Calculated based on (wind-data, n. d.) 

A comparison of the power curves of the standard turbine (Figure 8.1.1) and the interpolated 

power curve of the Vestas V 110 (Figure 8.1.2) shows that the slope is steeper which leads to a 

higher power production.  

The yearly wind energy output with the settings from the frame scenario and the standard turbine 

is 241 936.26 MWh per year calculated with the Excel model. Using the same settings except the 

turbine type is changed to Vestas V 110, 352 468.63 MWh per year are generated from wind 

energy. The simulation with the two different power curves shows that the generation from wind 

power is increased by around 100 000 MWh per year.  
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Because of this efficiency gain, the Vestas V110 is chosen for the wind turbine type in frame the 

scenario. To install 70 MW of wind power 35 Turbines with a common hub height of 80 m need 

to be installed.  

8.1.1.2 Solar Modules    (Jannike-Sophie Unger) 

Also, regarding power production from solar energy technological alterations can be made. The 

given standard module has a capacity of 8 m²/kWp. Studies found the use of a solar module with 

a higher efficiency of 6 m² per kW peak on Santiago more suitable. The module type is Canadian 

Solar Max Power CS6X-320 P (Donohue et al., n. d., p. 42)  

Both modules have a specific annual production of 3 909.27 kWh per kWp according to the Excel 

model output. Although the overall solar power output remains the same the land use by solar 

farms can be decreased with the Canadian Solar module.  

The area requirement of the standard module is 1.60 km². The Canadian Solar module requires 

only 1.2 km² to produce the same amount of energy. If additional modules are installed on the 

remaining 0.4 km², additional 66 MW of solar power can be installed according to the Excel 

model. 

8.1.2 Alterations of the Storage Size  (Jannike-Sophie Unger) 

As discussed in 3.2.5 an additional pump storage with a capacity of 340.6 MWh can be installed 

considering the hydrological and territorial settings on Santiago. To avoid backup at least 1042 

MWh of storage are required if the renewable capacity sizes from frame scenario are installed. 

When the storage size is only 1009.33 MWh the whole potential of solar power with 243 MW and 

the whole wind potential with 76.5 MW must be installed otherwise biodiesel backup is required. 

Due to the high electricity costs of 16.22 Ct€/kWh this is not to be aspired. With a storage size of 

1 350 MWh in total the electricity costs decrease to 14.39 €. A further increase of the storage size 

is probably not feasible as the water resource on Santiago is scarce (chapter 7.67.7). 

8.2 Transportation Sector  (Oliver Viertmann) 

Electrifying the transportation sector is a substantial system change. Our model showed a 

demand increase by 226 GWh/a due to the electrification of this sector. This section takes a look 

at how different charging scenarios affect the system in terms of electricity price, overproduction 

and back-up production. 
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8.2.1 Dynamic Sun-Load Profile  (Oliver Viertmann) 

In the frame scenario we assumed a dynamic load profile that follows the production of solar 

energy. As the Cape Verdes are very close to the equator, the sun is a more reliable source of 

energy than the wind. Therefore, we chose the charging pattern illustrated inFigure 8.2.1. For 

simplicity reasons as well as time and modelling constraints in Excel, we chose this pattern for 

every single day in the year. In reality though, a dynamic charging pattern would slightly differ 

each day, depending on PV-and wind production.  

 

Figure 8.2.1: Dynamic Sun-Load Profile (own graphic). 

As can be seen in Figure 8.2.1 cars will be charged between 8 am and 8 pm, peaking around 2 pm. 

The load factor represents the share of the total numbers of cars charged (i.e. the share of the 

maximum load by the transportation sector). It is important to note, that the model as we chose 

it, does not allow for the utilization of wind energy before 8 am and 8 pm. In reality, a dynamic 

charging model would also utilize wind production whenever it’s feasible from a system view 

point.  

8.2.2 Morning and Evening Load Profile (Oliver Viertmann) 

As an alternative to dynamic charging, we chose a morning and evening load profile which is 

based on a profile we obtained from the literature (Gobmaier & Roon, 2017). The reasoning 

behind the morning and evening load scenario is to charge electric vehicles when the majority of 

cars is not used – i.e. when people either work or sleep. Similar to the dynamic load profile, we 

also assumed this profile to be the same for every single day of the year. 
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Figure 8.2.2: Morning and Evening Load Profile (own graphic) 

As can be seen in Figure 8.2.2, there is always a base load of around 20 % of the maximum load 

with peaks at midnight and 12:30 am. 

8.2.3 Comparison, Evaluation and Consequences of the Two Scenarios  (O. V.) 

This section compares the consequences of the two scenario described in 7.2.1 and 7.2.2 with 

regards to back-up production, overproduction and resulting electricity price. 

Table 8.2.1: Comparison of the two Load Scenarios (own graphic). 

 Morning and 

Evening Hours 

Dynamic Load 

Installed capacity 275 MW 275 MW 

Back-up production from (bio-)diesel 91.11 MWh 0 MWh 

Overproduction 442.7 GWh 466 GWh 

Electricity price 14.40 Ct€/kWh 14.39 Ct€/kWh 

Comparing the values in Table 8.2.1, it is striking that the dynamic load profile results in a higher 

overproduction while it needs less back-up than the morning and evening load profile. This is due 

to the fact, that our model did not allow for wind energy utilization before 8 am and after 8 pm. 

This also explains the minimal price advantage of the dynamic profile. In reality, a dynamic load 

profile would also make use of wind energy production at night time, when the sun does not shine 

and thus result in a lower electricity price than shown in our model. This price advantage of the 

dynamic profile will increase even more, if increased prices for biodiesel are considered. As 

outlined in 8.5, it can be expected that the price for biodiesel will increase until 2035 due to an 

increasing number of renewable energy plans and hence an increased demand world wide 
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8.3 Demand Increase Scenario  (Pascal M. Rutsch) 

After introducing the concept of a 100 % e-mobility elaboration for Santiago is it necessary to 

analyze how the created frame scenario performs in deviating conditions with regard to a shifting 

demand of the households and industry. To compare the altering annual load in between the 

scenarios the settings of the frame settings were applied accordingly to create a base value. The 

settings of the frame scenario are as followed: Load curve of 2015, weather date of 2013, dynamic 

load charge pattern for the all electrical cars on the island, general efficiency savings of 10 %, 

transport savings of 12 % and the general electricity demand increases by 4 % in each year from 

2015 to 2035. This values are ultimately resulting in an annual load of 649 332 MWh for 2035. 

By adjusting only a single input variable and holding everything else constant is it possible to 

identify the response of the system for the changed variable. Regarding the demand increase 

scenario the introduced parameters from above will all remain the same except the general 

electricity demand increase per year, which will be increased to 5 % for each year. Eventually this 

results in an annual load of 744 214 MWh for 2035. Therefore an increase of 1 % for the general 

electricity demand in each year results in a total difference of 14.61 % for 2035 in between the 

two scenarios. This outcome appears to be quite impressive but it doesn’t allow the evaluation 

of how good the installed renewable technologies perform under changing side conditions. 

To gain more information about the right amount of installed renewable capacities the sizes of 

the frame scenario will be held constant and back tested with the demand increase of 5 % for 

each year. The installed amounts are set as follows: 200 MW of wind turbines, 70 MW of solar 

power, 5 MW of waste to energy and a max storage capacity of 1 350 MWh. To compensate 

unpredictable input changes e.g. an increase in demand the model contains a bottleneck of 2.5% 

of the annual load of the respective year. This bottleneck will be realized by converting the 

existing diesel generators on the island into biodiesel generators. As a result of that a dependence 

on biofuel and it’s market price occurs. 

The simulation with the higher electricity demand shows that a seasonal deficit of 769 MWh for 

2035 occurs, which needs to be compensated through biodiesel generators. The bottleneck of 

2.5 % allows a maximum seasonal deficit of 18 605 MWh and therefore the needed back-up 

energy is fully compensated by the bottleneck hence the citizens of Santiago don’t have to fear 

the incident of a blackout. 

Biodiesel generators are operating more dynamic and therefore the overproduction reaches a 

value of 362 445 MWh which is in comparison to the annual load 31.31 % for the respective year. 
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The overproduction of the frame scenario reaches a value of 465 626 MWh, which is 39.86 % of 

the annual load of the frame scenario in 2035. Consequently the overproduction reduces by 8.85 

percentage points. 

Due to the same amount of installed renewable capacities in both scenarios the overall 

investment cost will remain the same. However the higher quantity of utilized kWh are 

compensated through biodiesel generation, which decreases the price for one kWh by 1.82 Ct€, 

consequently one kWh costs 12.57 Ct€. This price reduction is hardly connected to the world 

market price of biodiesel which is set to 132.86 € per MWh. Increasingly biodiesel prices would 

ultimately result in a higher price for one kWh than in the frame scenario. Furthermore this 

scenario doesn’t comprehend the given goal of a 100 % renewable energy provision but it shows 

that the frame scenario performs well in advanced side conditions. 

8.4 Worst Case Scenario   (Pascal M. Rutsch) 

As in the previous sensitives the frame scenario provides the foundation to gain information if 

the installed technologies are sufficient enough to guarantee a 100 % renewable energy provision 

under varying side conditions. For this analysis some very important parameters aren’t directing 

in favour of the desired goal, a 100 % renewable energy provision for Santiago. In comparison to 

the frame scenario the general electricity demand is set to 5 %, the weather pattern for wind 

speeds and solar radiation will be used from 2017, electrical cars will only be charged in the 

morning and evening and the construction work of the last storage unit isn’t finished until 2035 

and therefore only 1009 MWh of fixed storage capacity are operational. The installed capacity of 

the wind and solar technologies will remain as in the frame scenario: 200 MW of wind turbines, 

70 MW of solar panels and 5 MW of waste to energy. The 2.5 % bottleneck of the annual load in 

2035 amounts 18 605 MWh and is covered through biodiesel generators. 

The simulation with this parameters shows that in 2035 a back-up amount of 7 512 MWh is 

necessary to make sure that a blackout on Santiago doesn’t occur at any time. This value is within 

the scope of the 2.5 % bottleneck and therefore absolutely feasible. In comparison to the 

outcome of the Demand Increase Scenario in chapter 8.3 the back-up increases due to the unideal 

weather pattern, the unideal load pattern of the electrical cars, the unfinished last storage unit 

and the 5 % increase of the annual general electricity demand. 

This scenario confirms one more time that a higher share of biodiesel energy results in less 

overproduction, which is based on the operating characteristic of the refitted heavy fuel 
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generators. All in all the input variables and the defined setup of renewable technologies are 

leading to an overproduction of 321 259 MWh, which is 27.79 % of the annual overall energy 

production in 2035. Accordingly the overproduction reduces by 12.08 percentage points in 

comparison to the frame scenario. 

Regarding the price per kWh this scenario performs even better than the previous scenarios. The 

needed demand stays the same as in the Demand Increase Scenario in chapter 7.3 but even more 

energy is provided through biodiesel generators. This energy production is linked to the relatively 

cheap world market price for biodiesel of 132.86 € per MWh. Therefore the price ends up to 

12.17 Ct€ per kWh, which is 2.12 Ct€ cheaper than in the frame scenario. As mentioned in previous 

analysis also this scenario is not a 100 % renewable energy provision solution, it just shows that 

even under bad side conditions the installed technologies are sufficient to prevent the risk of a 

blackout.  

Undisputed it’s necessary to have some type of back-up capacity installed to make sure that a 

continuously energy supply is given at any time. Nevertheless this back-up capacities shouldn’t 

be used to substitute technologies as wind turbines or solar panels. Even though if the utilization 

of this back-up technologies reduces the electricity price for today or the near future it’s not the 

most secure way. One of the greatest advantages of realizing a 100 % renewable energy provision 

is the independence of importing fuel from other countries.  

An investigation of substitute renewable technologies with technologies as biodiesel generators 

to reduce the electricity price as much as possible was done in chapter 8.5 of this report. 
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8.5 Biodiesel Scenario  (Oliver Viertmann) 

Instead of relying on storage capacity, this sensitivity scenario considers using biodiesel as a 

backup fuel to be used in modified diesel generators for whenever the supply by wind and solar 

energy does not meet the demand.   

We expect the biodiesel price to rise substantially due to the implementation of more and more 

renewable energy plans across economies world wide who rely on biodiesel as a backup fuel. In 

this context we assumed a price increase of 10 % until 2035. As the base price for 2015, we used 

the original data from the Excel model provided for this course (Hohmeyer, 2018). 

Table 8.5.1: Parameters of the biodiesel scenario vs. frame scenario parameters (own compilation)  

Parameter Frame Scenario Biodiesel Scenario 

Storage Capacity 1350 MWh - 

Max. Back-Up Capacity 

necessary 

60.2 MWh/h 75.51 MWh/h 

Bottleneck ( =2.5 % of annual 

demand) 

16233 MWh 16233 MWh 

Total Back-Up Demand - 56617 MWh 

Biodiesel Price 520 €/t 572 €/t 

Additional Costs of Biodiesel 1.69 Mio €/a 8.27 Mio €/a 

Electricity Price 14.39 Ct€/kWh 13.62 Ct€/kWh 

As can be seen in Table 8.5.1, relying on biodiesel instead of storage technology, seems to be the 

cheaper option with a price advantage of 77 Ct€/kWh. However, the installed maximum back-up 

capacity is not big enough to meet the necessary capacity. Also our model did not allow for 

additional investment and modification costs for the surplus back-up capacity. This means that 

the actual price advantage of the biodiesel will be lower than shown in Table 8.5.1. Especially 

from a strategic point of view, it is questionable if  the price advantage of biodiesel over storage 

technology is big enough to justify a heavy reliance on imported biodiesel fuel in the context of a 

world with an increasing number of renewable energy plans that might include biodiesel as the 

main back-up technology. 
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9. Transition Pathway and Outlook  (Laura Dahm) 

The preceding sensitivity analysis showed that an affordable energy supply from 100 % renewable 

energy is possible. Thus it has to be the goal to obtain a self-sustaining and long-term working 

energy supply as well as independence from imports, which means other nations, global and 

individual price developments. On the one hand, technologies and sites have to be analysed and 

developed. On the other hand, the organisational, regulatory and financial framework has to be 

such that the realization of the planned infrastructure is attractive and uncomplicated so that it 

can happen as fast as possible. The following sections will point on the most important aspects 

that have to be respected in a smooth and quick transition process until 2035. 

9.1 Technology Expansion   (Laura Dahm) 
Examining the potentials of different renewable generation technologies, the possible 

construction sites, weather and climate, the grid infrastructure and further electrical 

requirements on the islands has to be the first step in the transition to 100 % renewable energy. 

This will help to estimate the dimensions of additional measures such as the financial and legal 

framework or information of the population and stakeholders.  

The target after the excel simulation and profound sensitivity analysis is to have an installed 

capacity of 70 MW wind power, 200 MW solar power and 1,350 MWh of pump storage until the 

year 2035. Biodiesel generation will provide a possible backup but not contribute to the general 

energy generation as the national potentials for bio fuel are close to zero (UNIDO, ECREEE, 2012, 

p. 59). Biofuel stocks are calculated to be 2.5 % of the average yearly demand.  

First of all, detailed site-assessments should take place to plan the concrete wind and solar parks 

in the already spotted locations. Also the pump storage sites have to be assessed and prepared 

so that the construction can start as early as possible. The goal is be to expand the installed wind 

and solar capacities first slowly and then faster over the years. This makes it possible to start 

quickly with the well-assessed sites and only little suitable infrastructure. Later on, experiences 

from the start and better general conditions will support a faster construction while approaching 

the year 2035. In parallel, the construction of the first pump storage will start right away after the 

first successful site assessment with the lower basin so that it can fill while the pressure pipelines 

and the upper reservoir are built. The goal is to have the first pump storage ready for operation 

when 25 % of the targeted generation capacity is installed. Each of the pump storages accounts 

for about 25 % of the total capacity which makes this a good milestone. 
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Until now the energy supply is based on generators that are located in proximity to the demand 

centres and smaller generators supply remote places directly (ECREE, 2011, p. 4). The erection of 

especially future wind energy plants will not always be profitable in these areas. This requires a 

new grid infrastructure. Wind parks have to be connected to the centres of demand as the 

windiest locations are the most profitable and economical ones but rarely next to bigger towns. 

Besides an island-wide infrastructure, also mini- and micro-grid systems shall be established. 

Supporting new and alternative grid models has already been a topic in national policy which has 

to be put in concrete terms for a quick transition (UNIDO, ECREE, 2012, p. 80). These systems in 

particular will enable solar energy supply in rural regions in combination with a smart demand 

side management which can be controlled for example by flexible electricity prices. Also rooftop 

solar plants are a possibility and can even lead to off-grid systems in some places. Studies already 

showed that a combination of micro-grids in demand areas and wind generation on remote but 

lucrative sites can reduce costs by 50 % when compared to a scenario where many individual 

generation points are set in places where the demands requires it (Ranaboldo et al., 2014, p. 18). 

A transformation of the transport sector towards electrical vehicles will come with an additional 

possibility to support the grid infrastructure. With the help of an appropriate charging pattern, 

the fleet can be treated like a storage system that can relieve the load on the grid or provide 

additional electricity when needed. Electrical cars are perfectly suited to Santiago’s conditions as 

a roundtrip on the islands has a length of about 150 km which is already today in the reach of the 

batteries (Kasten, 2018, p. 4). The setup of charging points for these cars has to be part of the grid 

expansion and transformation. 

9.2 Financing      (Laura Dahm) 
The expansion of technologies and the introduction of a whole new grid infrastructure will come 

along with non-negligible costs. Right at the beginning, high investments are necessary to start 

the construction and extension effectively. For this purpose, we suggest to develop plan for a 

Nationally Appropriate Mitigation Action (NAMA) to request international funding from the 

NAMA Facilty (NAMA Facility, 2018a). Such a plan would include financial as well as policy aspects 

in order to reach an environmental and climate friendly energy supply (NAMA Facility, 2018b). It 

is also possible to get support from the donors of the fund during the further development of 

national strategies, as many of them already have good experience in renewable energy supply 

like Germany or Denmark (NAMA Facility, 2018c). 

In general, a functioning financing system has to unite affordability, access to finance and 

information about the financing possibilities. On national level it is necessary to establish financial 

support mechanisms and incentives. This can be realized with the help of favourable tariffs and 
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rewarding schemes for energy consumers as well as for those who have private generation plants 

which generate enough energy to sell the surplus. Seed funds and guarantees can help to make 

the installation of small-size renewable plants attractive to private persons or companies that 

then produce their own energy. The investment in renewable energy projects additionally should 

be supported by low or no interest rates in these cases. These possibilities have already been 

suggested in former studies (UNIDO, ECREE, 2012, p. 77).  To enable the coordination of all 

different incentives and support mechanisms and for their communication to potential 

stakeholders, well-trained experts are needed. They should know about the risks and 

opportunities of renewable energy projects and be able to develop custom-fit business plans 

together with the interested parties. Furthermore, they should know about all different funding 

possibilities. Therefore a comprehensive list of potential funders would be of use. On long-term, 

financial security can be guaranteed with trustworthy and reliable laws and regulations that 

enable a self-sustaining energy supply system. 

9.3 Legal Framework    (Laura Dahm) 
The Cape Verde Islands already did good research on the potentials of the renewable energies. 

They even made plans on future developments and set a base for the expansion of suitable 

projects. The existing framework includes the Decree Law on the Promotion and Incentives for 

the Use of Renewable Energy (DLn 1/2011), a regulatory body (ARE) and the possibility to 

generate energy in the private sector through Independent Power Producers (IPP) (UNIDO, 

ECREEE, 2012, p. 74). These and other regulatory measures prove that the intention to build a 

renewable energy system definitely is there. However, the framework lacks concrete plans and 

targets in order to push investments in renewable energy projects and realize their extension in 

the near future. Starting now, it would be reasonable to set targets for the yearly expansion of 

installed renewable capacity so that in ten years (2028) 50 % of the energy demand should be 

covered by renewable energy. The remaining 50 % shall be reached until 2035. The transport 

sector should be included in this transition which could be facilitated with the help of higher taxes 

on fossil fuels and vehicles that rely on them. Furthermore, favourable charging tariffs will make 

electrical cars more attractive and at the same time support the grid infrastructure.  

An easier handling of single renewable projects and their operation can be enabled with the help 

of standardized contracts and agreements, such as power purchase agreements (PPAs), ensuring 

long-term validity of these agreements and electricity generation licences (UNIDO, ECREEE, 2012, 

p. 76). Such a framework should be detailed and comprehensive but not too complicated so that 

the mechanisms are easy to understand and realize. The financial frame should also be regulated 

in the legal framework to build confidence and show reliability. This includes feed-in tariffs and 
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subsidies as well as flexible consumer tariffs. Quota systems can support renewable energies in 

the beginning when they do not yet make up 100 % of the energy supply.  

Building on the existing framework it is now important to formulate explicit targets and transform 

them into laws and regulations. Coordination and cooperation between the different parties like 

international advisors, private persons, industry and many more has to be ensured and according 

support mechanisms (as mentioned above) have to be established. 

9.4 Cooperation and Information  (Laura Dahm) 
During the transition towards a completely new energy supply system including infrastructure 

and pricing, it is important to continuously inform the population and potential stakeholders. Also 

their points of view, worries and proposals should be considered.  

Information on the one hand means that the broad population gets to know the plans and their 

advantages from a 100 % renewable energy supply. This is important because private investors 

can be a great support for the transition and furthermore the installation of private plants can 

accelerate the expansion of renewable technologies. For this purpose, awareness campaigns 

including radio and TV spots, posters and a website should be launched. They can include 

different aspects like the reliability of renewable generation, the financial advantage on long-

term, the independence from imports and health and environmental benefits. Demonstration 

projects up to medium size mini-grid systems have already been on the agenda when discussing 

plans on renewable energy expansion (UNIDO, ECREE, 2012, p. 80). 

On the other hand, information includes building domestic expertise. Like mentioned above, 

experts have to know about the financing possibilities and mechanisms. Furthermore, technical 

and political knowledge has to be extended to maintain and extend the energy system on long-

term. This expertise can be built with the help of international experience and then be integrated 

into a national strategy. Future training should include various aspects such as on-the-job-

training, weekend-workshops or seminars abroad. Recommendations for an overall strategy also 

include university programs for example at the Cape Verde University and school classes on the 

role of renewable energies (UNIDO, ECREE, 2012, p. 79). 

Cooperation between the stakeholders ensures an efficient and future-orientated energy supply. 

This is because many aspects unite in a renewable energy system. Energy is provided by the 

national energy utility ELECTRA and private persons now shall be animated to install renewable 

plants on their own. Also the industrial and commercial sector shall be integrated as energy 

producer, investor and also consumer. Demand side management can help to manage the grid 
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efficiently and keep the electricity supply stable. Like explained in the chapter above, the 

transport sector also plays a big role for the operation of the grid infrastructure. 

All in all it can be said that the plans for a transition towards 100 % renewable energy have to be 

communicated clearly, their attractiveness has to be pointed out and all relevant persons and 

sectors have to be respected in order to realize a smooth and sustainable transition. 

9.5 Additional Possibilities   (Daniel J. C. Thielepape) 
More and more people are attempting at the transition of energy, implementing new solutions 

and collecting experiences. Selecting the appropriate technologies bind the investment risk, 

giving an economical solution. There are several different a technologies but not all attach to the 

local potentials in nature and human resource available.  

For our island selected the water scarcity is an important factor, which required desalination 

plants. Currently the desalination plants in Santiago are running by fuels and it needs an energy 

production of 18.6 GWh annually (ELECTRA S.A, 2016, p.28). Doing it with renewable energy could 

save tons of CO2 emitted, even better if during excess of electricity production by renewable 

energies, it directly power the desalination process, and if there is also an overproduction of 

water, it is possible to combine it with a pumped hydro storage system. Analysing the energy and 

water supply together could find a solution that minimizes the cost (Segurado, 2015). 
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10. Conclusion 

This paper assessed the potential of providing Santiago with 100% renewable energy until 2035. 

For the analyses a frame scenario was developed, and the validity of its assumptions tested. The 

described frame scenario is a realistic target for 2035 and will come along with benefits for the 

population and economy such as better environmental conditions and independency from other 

nations by energy imports. Furthermore it is suitable to the island’s topography and nature. 

The research on Santiago and its energy system showed that there are already well documented 

and official studies about the possibilities for a 100 % renewable energy system. For the analyses 

we used an Excel Model to simulate different scenarios and test the system. The excel model is 

based on the given model from Prof. Dr. Hohmeyer but offers several adjustments and variation 

possibilities. Due to the variability, the weather data, generation technologies and demand 

according to the load curve and the transportation sector, can be adapted. 

To compare the frame scenario with the opportunity that no renewable extension takes place, a 

business as usual scenario was developed. As there are no legally binding expansion targets of 

the government, the business as usual scenario represents the continuation of the current 

situation. Therefore, the predicted model assumes no further expansion. However, the total 

production of the existing power plants will not cover the total demand in 2035. The forecast 

situation results in a production deficit of about 9 191 MWh, which has to be closed. The assumed 

necessary extension of the conventional power plants causes additional costs of 0.56 Ct € /kWh 

according to investment costs and additional costs for heavy fuel and diesel. Thus the electricity 

price increases to 22.78 Ct € /kWh (25.12 CVE/kWh). All assumptions for prices highly depend on 

the actual trend of the import prices, e.g. heavy fuel, diesel and biodiesel price development. 

However, even if Santiago does not invest in renewable energies, adaptations still need to be 

made because of an expected demand increase. 

To define the installed capacities of renewable energies in the frame scenario the renewable 

potentials on Santiago were assessed. Due to its offshore location in the atlantic close to the 

equator, Santiago experiences extremely favourable wind and solar conditions for energy 

generation from these sources. The environmental conditions on Santiago allow the installation 

of different renewable energy sources. The government has created renewable energy 

development zones where renewable energy projects with over 320 MW installed capacity can 

be realized. Photovoltaic projects have the biggest potential on Cape Verde followed by wind 

power and municipal waste. Despite being an arid region pumped storage projects can be 

implemented on Santiago. A careful assessment of the hydrological, territorial conditions is 
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crucial for the success of these projects. The storage size affects the electricity generation costs 

substantially. By increasing the storage volume, the generation costs decline. Due to the water 

scarcity on Santiago the storage volume is limited. Therefore, the settings of the frame scenario 

exceed the studied potential by only 340,6 MWh. 

To determine the demand for the frame scenario, shifts in demands needed to be considered. 

The demand increased with growing population numbers, live style changes or the electrification 

of the transport sector. The expansion of the renewable technologies could help to overcome this 

challenge. Due to the fact that their planning process and construction works is not completed 

from one day to another, this type of adjustment takes too much time. Another concept is the 

availability of back-up capacities. While holding the installed capacities constant, the additional 

demand is compensated with biodiesel generators. This leads to less overproduction and cheaper 

electricity prices. The problem here is that the backup price is highly dependent on the current 

market price for biodiesel. Furthermore, in that way the objective of a 100 % renewable energy 

penetration is not achieved, and fuels still need to be imported from foreign countries. 

The frame scenario also considered the electrification of the transportation sector. In the case of 

Santiago, our model showed a demand increase by about 226 GWh/a (35 %). Load management 

will be key to successfully implement e-mobility. E -vehicles can be used as a storage option and 

to reduce the need for back-up power and grid extension. As shown in the comparison of a 

morning and evening load scenario vs. a dynamic sun load profile, a dynamic load profile results 

in a slightly lower electricity price. In reality however, it can be safely assumed, that a dynamic 

load profile will have a significantly bigger price advantage than shown in our sensitivity analysis.  

Implementing e-mobility on an island with relatively short round trips is more a socio-economic 

than a technical challenge. Santiago is part of a developing country with low per capita income. 

For a successful implementation of e-mobility, it is therefore most important to ensure that e-

mobility is affordable for the average household. 

As the sensitivity analysis showed, even challenging situations can be managed in a 100% 

renewable energy system on Santiago. Nevertheless, for the realization of this ambitious goal it 

is essential that concrete development plans for a transformation of the energy system and the 

expansion of renewable energy generation are made, starting right away. This addresses policy 

measures as well as the financing system and domestic education to make the development 

sustainable. In combination with a well-designed infrastructure, it is possible to supply the island 

with exclusively renewable energy as fluctuations and low-wind-seasons can be balanced with 
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the help of appropriate storages. With a well-planned roadmap, support from experienced 

nations and a clear dedication it is possible for Santiago shift to a renewable energy system until 

2035. 
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Figure 0.1: Load generation curve for october (own figure)  



Appendix 

62 
 

Electronic Appendix 

B.1  „SES_CV_Model“ 

B.2 „SES_CV_BAU-Model“ 


