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Resumo 

Neste estudo, foi avaliado o potencial de Armazenamento de Energia Gravitacional 

Marinha (MGES), e o conceito de análise de decisão multicritério foi adotado para classificar 

as águas de Cabo Verde em zonas aptas para dois casos de instalação de MGES. O presente 

estudo começou-se por analisar o estado energético de Cabo Verde, dando especial atenção à 

energia eólica. Uma variedade de conjuntos de dados, incluindo sensoriamento remoto, in-situ, 

saídas de modelo, provedores de dados demográficos e publicações de pesquisa foram 

combinados. Esta análise evidenciou que o consumo de energia eólica está diminuindo ao longo 

dos anos, enquanto as emissões de CO2 e o consumo de combustíveis fósseis estão aumentando, 

devido curtailement, intermitência e ineficiência da rede, resultando em preços de eletricidade 

altos e instáveis, desperdício de energia e impactos negativos na economia. Cabo Verde possui 

uma enorme capacidade para outras energias renováveis marinhas e terrestres, mas muitas delas 

são caracterizadas por intermitência temporal. Vários locais no oeste, centro e sul de Cabo 

Verde são adequados para o sistema offshore com uma alta capacidade de armazenamento de 

6 a 11 kWh. A maioria das ilhas também possui porções de suas águas circundantes adequadas 

para o sistema conectado em terra, variando de 4 a 7 kWh e podendo chegar a 8 kWh ao redor 

da cadeia de ilhas na região sul. As ilhas com maior população já detêm turbinas eólicas 

instaladas e também correspondem a ilhas com maior potencial para MGES. Assim, o 

empilhamento estratégico de várias massas poderia atender a capacidade atual de consumo de 

energia em Cabo Verde, e o investimento em tecnologias de armazenamento como o MGES irá 

melhorar a penetração de energias renováveis, reduzir as emissões de CO2 e dependência de 

combustíveis fósseis, melhorar a estabilidade da rede e atingir a meta do governo cabo-verdiano 

de se tornar uma nação 100% renovável. 

 

Palavras-chave: multicritério, redução, intermitência, aptidão, MGES 
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Abstract  

In this study, the Marine Gravitational Energy Storage (MGES) potential was evaluated, 

and the concept of multi-criteria decision analysis was adopted to classify Cabo Verde’s waters 

into zones of suitability and quantify the storable energy for two cases of MGES installation. 

We started by first analyzing the energy state of Cabo Verde with a special attention on wind 

energy.  We combined a variety of datasets including remote sensing, in-situ, model outputs, 

demography data providers, and research publications. This study highlighted that wind energy 

consumption is declining over the years while CO2 emission and fossil fuels consumption are 

increasing due to energy curtailment, intermittency, and grid inefficiency, and consequently 

resulting in high and unstable electricity prices, energy waste, and negative impacts on the 

economy. Cabo Verde possesses an enormous renewable capacity for other marine and land-

based renewables but many of them are characterized by temporal intermittency. Several 

locations in the western, central, and southern Cabo Verde are sites that are optimally suitable 

for the offshore system with a high storage capacity of 6 to 12 kWh per ton of mass. Similarly, 

most of the islands have portions of their surrounding waters optimally suitable for the onshore-

connected system ranging from 3 to 7 kWh and can reach 8 kWh around the South Island chain. 

Many of the highly populous islands with installed wind turbines also correspond to islands 

possessing the greatest potential for MGES. Thus, stacking up several masses strategically 

could meet the current capacity of energy consumption in Cabo Verde, and investment in 

storage technologies like MGES will improve renewable penetration, reduce CO2 emission and 

reliance on fossil fuels, improve grid stability, and achieve the goal of Cabo Verdean 

government of becoming a nation with 100% renewable.  

 

 

Keywords: Multi-criteria, Curtailment, Intermittency, Suitability, and MGES 

 

 

 



 

vi 

 

Abbreviations List 

AHP  Analytical Hierarchy Process 

ARES  Advanced rail energy storage 

BE Buoyant Energy 

CAES Compressed Air Energy Storage 

CC Canary Current 

CC  Canary Current  

CVFZ  Cabo Verde Frontal Zone  

DOGES Deep ocean gravitational energy storage 

DTM   Digital Terrain Model 

EEST  Electrical energy storage technologies 

ESS Energy storage system 

FES  Flywheel energy storage 

GD Guinea Dome 

GES(T)  Gravity energy storage (technology) 

GHG Greenhouse gas 

GPM Gravity Power Module 

GWh  Gigawatt-hours 

ITCZ  Intertropical Convergence Zone 

MC Mauritanian Current  

MCDA Multiple-criteria decision analysis 

MES Mechanical Energy Storage 

MESS Mechanical energy storage system 

MGES(T) Marine Gravity energy storage (technology) 

MGH  Maritime Green Horizon 

MWh  Megawatt-hours 

NEC North Equatorial Current 

NEC North Equatorial Current 

NECC  North Equatorial Counter-Current  

NEU  North Equatorial Undercurrent  

ORES Ocean Renewable Energy Storage 



 

vii 

 

OTEC  Ocean Thermal Energy Conversion 

PSH = PHES Pumped-storage hydropower 

PV Polyvoltaic 

RERs Renewable energy resources 

RES Renewable energy source 

SIDS Small island developing states 

SST  Sea surface temperature  

UOSS  Underwater Ocean Storage Systems 

UWCAES  Underwater compressed air energy storage 

   

   

     

     

    

    

     

 

 

 

  



 

viii 

 

General Index 

Financial support ......................................................................................................................... i 

Dedication .................................................................................................................................. ii 

Acknowledgements ................................................................................................................... iii 

Resumo ...................................................................................................................................... iv 

Abstract ...................................................................................................................................... v 

Abbreviations List ..................................................................................................................... vi 

General Index .......................................................................................................................... viii 

Figure Index .............................................................................................................................. xi 

Table Index ............................................................................................................................... xv 

1. Introduction ........................................................................................................................ 1 

1.1. Problem Statement ....................................................................................................... 5 

1.2. Aims and Objectives .................................................................................................... 6 

1.3. Structure of the work ................................................................................................... 7 

2. Literature review ................................................................................................................ 9 

2.1. Demography and Geomorphology .............................................................................. 9 

2.2. Climate and Oceanographic setting ........................................................................... 11 

2.2.1. Major currents and Climate ................................................................................ 11 

2.2.2. Eddies ................................................................................................................. 12 

2.2.3. SST ..................................................................................................................... 14 

2.3. Energy Storage and State of the Art of ESS .............................................................. 15 

2.3.1. Benefits of Energy Storage ................................................................................ 15 

2.3.2. Energy Storage State of the Art .......................................................................... 17 

2.4. Multi-Criteria Decision Analysis............................................................................... 31 

3. Materials and Methods ..................................................................................................... 35 

3.1. Energy State in Cabo Verde ...................................................................................... 36 

3.1.1. General Energy Consumption ............................................................................ 36 

3.1.2. Wind and Solar Radiation .................................................................................. 36 

3.1.3. Ocean Thermal Energy Conversion (OTEC) Analysis .......................................... 37 

3.1.4. Wave Climate Analysis ...................................................................................... 38 

3.2. MGES Analysis ......................................................................................................... 39 



 

ix 

 

3.2.1. Bathymetry Data Choice and Analysis .............................................................. 39 

3.2.2. Analysis of the Distance from coast ................................................................... 44 

3.2.3. Current Data Procurement and Analysis ............................................................ 45 

3.2.5. Developing Multicriteria Model and Generating Energy Storage Suitability 

Maps..................................................................................................................................54 

4. Results .............................................................................................................................. 58 

4.1. Energy Situation in Cabo Verde ................................................................................ 58 

4.1.1. Thermal Plants, Electricity price and Renewable Energy Penetration in Cabo 

Verde………….. .............................................................................................................. 58 

4.1.2. Harnessed Wind Resources, Cost and Resource Curtailment ............................ 61 

4.1.3. Renewable Energy Resource Potential and their Intermittency ......................... 64 

4.2. Marine Gravitational Energy Storage Analysis ......................................................... 71 

4.2.1. Ocean Current Analysis ..................................................................................... 72 

4.3. Marine Gravitational Energy Storage Resource Potential ......................................... 76 

4.4. Economic Interest (Suitable Energy) Zone 1 - Isolated System ................................ 77 

4.4.1. Suitable Energy Storage Zones for Isolated System .......................................... 78 

4.4.2. Suitable Energy Storage Zones with Resources for Isolated System ................. 79 

4.5. Suitable Energy Storage Zones for Onshore connected System ............................... 80 

4.5.2. Suitable Energy Storage Zones and Resource for Onshore System (Case 1) .... 82 

4.5.3. Suitable Energy Zones for Onshore system (Case 2): Considering the full defined 

criteria, Resource (~Depth), Cost (~closest distance), minimal impact of current (lowest 

Uv_max) ........................................................................................................................... 83 

4.5.4. Suitable Energy Storage Zones and Resources for Onshore System (Case 2) ... 84 

4.5.5. Linking Renewable potential with the Proposed Energy storage Capacity and 

potential Avoided CO2 ..................................................................................................... 85 

5. Discussion ........................................................................................................................ 87 

5.1. Thermal Plants and Renewable Energy Penetration in Cabo Verde ......................... 87 

5.2. Harnessed Wind Resources, Cost and Resource Curtailment ................................... 88 

5.3. Renewable Energy Resource Potential and their Intermittency ................................ 89 

5.3.1. Wind and Solar ................................................................................................... 89 

5.3.2. Ocean Waves and OTEC .................................................................................... 90 

5.4. Ocean Current Analysis ............................................................................................. 91 



 

x 

 

5.5. MGES Resource Potential ......................................................................................... 93 

5.6. Suitable Energy Storage Zones and Resources 1 (Isolated System) ......................... 93 

5.7. Suitable Energy Storage Zones and Resources 2 (On-shore Connected) with C02 

Analysis ................................................................................................................................ 94 

6. Conclusion ............................................................................................................................ 97 

7. References ........................................................................................................................ 99 

Appendix ................................................................................................................................ 117 

Appendix 1: Cape Verde’s estimated population, by island (Instituto Nacional de Estatistica, 

2016) ................................................................................................................................... 117 

Appendix 2:  Seasonal mean speed and direction for scatterometer-derived ocean winds (a–

d) and currents (e–g) in the region of Cabo Verde, within the years 2003–2014. Seasons are 

grouped as follows: Winter (December, January, and February); Spring (March, April, and 

May); Summer (June, July, and August); and Autumn (September, October, November) as 

adapted from Cardoso, et al 2020. ..................................................................................... 117 

Appendix 3: Technical characteristics of some selected energy storage technologies. Adapted 

from Aneke and Wang 2016. ............................................................................................. 118 

Appendix 4: Statosolar Energy storage System (Adapted from Stratosolar) ..................... 119 

Appendix 5: Multibeam Bathymetric Data Sources .......................................................... 119 

Appendix 6: Final Energy Consumption in Cabo Verde according to sources in 2018 (Data 

from energiasrenovaveis, 2020). ........................................................................................ 120 

Appendix 7: C02 Emission by sector (Data from Edgar 2020) ......................................... 120 

Appendix 8: Distance to the coast contoured. .................................................................... 121 

Appendix 9: 1996 to 2021 monthly variation of mean wave power (kW/m) in Cape Verde.

 ............................................................................................................................................ 121 

Appendix 10: 2000 – 2020 Average monthly temperature difference between the surface and 

1000m depth in Cabo Verde ............................................................................................... 122 

Appendix 11: One year monthly and vertical maximum of the current amplitude at the bottom 

(Uvmax_0) ......................................................................................................................... 123 

Appendix 12: MGES resource potential highlighting 5, 10, and 15 km distance from coast in 

red isolines and 1000m depth in black dotted line. ............................................................ 124 

Appendix 13: Economic Interest Zone showing the 10, 15, and 20 km distance from shore.

 ............................................................................................................................................ 125 



 

xi 

 

Figure Index 

Figure 1. (a) Bathymetry and Topography of the Cabo Verde islands, showing the grouping and 

identification of the islands. Isolines have a 500 m interval, (b) Regional setting of the 

archipelago, with the identification of the main coastal features. Isolines have a 1000 m interval 

(Data from GEBCO). ............................................................................................................... 10 

Figure 2. Mean surface ocean currents and features: CC – Canary Current; NEC – North 

Equatorial Current; NECC – North Equatorial Counter Current; MC – Mauritania Current; GD 

– Guinea Dome; CVFZ – Cabo Verde Frontal Zone. The dotted area represents the represents 

the near-field CV) area. The grey and coloured colour maps (with different scales) represent 

the exterior and interior of the study area, respectively adapted from Cardoso, et al 2020. .... 14 

Figure 3. Operation of Energy Storage Systems (ESS). Adapted from Jonathan (2013). ....... 16 

Figure 4.  Mode of Operation of ESS 2. Adapted from Klar et al. (2017). .............................. 16 

Figure 5. Classification of ESS. Adapted from SBC (2011). ................................................... 17 

Figure 6. Pumped Hydro Storage System Mode of Operation: (a) Adapted from Cazzaniga et 

al. (2017), (b) Adapted from Aneke and Wang (2016) (underground version). ...................... 19 

Figure 7. Compressed Air storage system mode of operation. Adopted from Argonne National 

Laboratory (2009). ................................................................................................................... 20 

Figure 8. Flywheel system. Adapted from Faraji et al. (2017). ............................................... 22 

Figure 9. Traction based ARES mode of operation showing the movement of the shuttle blocks: 

(a) Charging phase (left), (b) discharge phase (right). Adapted from Ares (2019). ................. 23 

Figure 10. Concept diagram of the Graviticity energy storage system. Adapted from 

Gravitricity, n.d.. ...................................................................................................................... 24 

Figure 11. StratoSolar GES system: (a) PV in the stratosphere with GES, (b) Block diagram 

showing the connectivity of the elements of a StratoSolar Gravity energy storage system. 

Adapted from StratoSolar (n.d.). .............................................................................................. 25 



 

xii 

 

Figure 12. Energy Vault energy storage concept: (a-d) Charging and discharging cycles of the 

Energy Vault Tower (e) Energy Vault Tower showing the hanged masses as they move 

vertically. (Adapted from Fyke, 2019). .................................................................................... 26 

Figure 13. DOGES system adopted from Cazzaniga et al. (2016). ......................................... 27 

Figure 14. Basic technical concept for Buoyant Energy showing (a) Energy production, (b) 

Energy storage. Adapted from Klar, et al. 2017. ...................................................................... 28 

Figure 15. Hydraulic potential energy storage system: (a) Energy storage with energy source 

(left), (b) Energy storage schematic. Adapted from Heindl (2014). ........................................ 29 

Figure 16. (a) MGH MGES storage system; Adapted from MGH (2015), (b) A typical 

conversion chain for a single electromechanical system of an underwater gravity energy storage 

(UGES) system (right); Adapted from Toubeau et al. (2020). ................................................. 31 

Figure 17. Stages of participation in multi-criteria decision analysis (MCDA) methodologies. 

Adapted from Estévez et al. (2021). ......................................................................................... 34 

Figure 18. GEBCO Bathymetry Output (Data from GEBCO). ............................................... 40 

Figure 19. Emodnet Bathymetry Output (Data from Emodnet). .............................................. 41 

Figure 20. ETOPO1 Bathymetry Output. Data: Etopo1. ......................................................... 42 

Figure 21. In-situ data Output (Masson et al., 2008). .............................................................. 43 

Figure 22. NCEI data Output. Data: NCEI. ............................................................................. 44 

Figure 23. Distance from the coast. Data: Natural Earth. ........................................................ 45 

Figure 24. Schematic of the balance of all forces as a body ascend (left) and descend (right) in 

a fluid. ....................................................................................................................................... 50 

Figure 25. Flow-chart for generating suitability model. .......................................................... 56 



 

xiii 

 

Figure 26. Cabo Verde Islands, and the locations of electricity generation and shares of capacity 

among selected Islands in 2012 (UNIDO; ECREE, 2010) and (Electra, 2013) Note: Not drawn 

to scale ...................................................................................................................................... 60 

Figure 27. Comparison of Electricity Prices (KWH/$) in June and September -2020 Data: 

Energypedia.com ...................................................................................................................... 60 

Figure 30. Wind speed output: (a) 2009-2021 Hourly, (b) 2009-2021 monthly average and (c) 

2009-2021 hourly average. Data: Era5. ................................................................................... 66 

Figure 31. Solar power output: (a) 2009-2021 Hourly, (b) 2009-2021 monthly average, and (c) 

2009-2021 hourly average. Data: Era5. ................................................................................... 67 

Figure 32. 1996-2021 average mean wave power. Data: Era5. ............................................... 68 

Figure 33. 1996-2021 Average OTEC Net power Analysis. Data: GlorysV1 from CMEMS. 69 

Figure 34. Yearly total CO2 emission in Cabo Verde (Million-tons-co2yr-1). Source: EDGAR 

2020. ......................................................................................................................................... 71 

Figure 35. One year monthly and vertical mean of the daily standard deviation of the current 

amplitude. Data: GIGATL1. .................................................................................................... 73 

Figure 36. One year monthly and vertical maximum of the current amplitude. Data: GIGATL.

 .................................................................................................................................................. 74 

Figure 37. One year monthly maximum of the current amplitude at the bottom. Data: 

GIGATL1. ................................................................................................................................ 75 

Figure 38. One year average of the vertical maximum of the current amplitude. Data: 

GIGATL1. The impact of eddies are pronounced in the north-west Cabo Verde and far east. 

Also, high current are situated in the south west. ..................................................................... 75 

Figure 39. Marine gravitational energy storage resource potential per ton of mass for Cabo 

Verde. The version showing isolines (1000m, and 10, 15, and 20km distance from coast) can 

be found in Appendix 12. ......................................................................................................... 77 



 

xiv 

 

Figure 40. Marine gravitational energy storage suitability map for the offshore system for Cabo 

Verde. The scaling is non-uniform and gets thinner as the zoning gets higher (0-1.5, 1.5-3, 3-

4.5, 4.5-5.5, 5.5-6). The three black isolines represent 10, 15, and 20 km distance from the 

coast. ......................................................................................................................................... 79 

Figure 41. Marine gravitational energy storage resource potential per ton of mass showing the 

optimally, most, and moderately suitable for offshore system for Cabo Verde. Note: Areas 

encircled in the deep-red, orange and white are the zones representing optimally, most, and 

moderately suitable zones for energy storage.  The two black isolines represent 15 and 20km 

distance from the coast respectively. ........................................................................................ 80 

Figure 42. Marine gravitational energy storage suitability map for the two criteria model 

onshore connected system for Cabo Verde. The scaling is non-uniform which gets thinner as 

the zoning gets higher (0-0.02, 0.02-0.06, 0.06-0.10, 0.10-0.14, 0.14-0.16. This map that shows 

20km isoline distance from the coast can be found in Appendix 13. ....................................... 82 

Figure 43. Marine gravitational energy storage resource potential per tonne of mass showing 

the optimally, most, and moderately suitable for two criteria model onshore connected system 

for Cabo Verde. Note: Areas encircled by the deep-red, orange and white respective are the 

zones representing optimally, most, and moderately suitable.  The two black isolines represent 

15, and 20 km distance from the coast respectively. ................................................................ 83 

Figure 44. Marine gravitational energy storage suitability map for the full criteria model 

onshore connected system for Cabo Verde. The scaling is non-uniform which gets thinner as 

the zoning gets higher (0-0.02, 0.02-0.06, 0.06-0.10, 0.10-0.14, 0.14-0.16. ........................... 84 

Figure 45. Marine gravitational energy storage resource potential per ton of mass showing the 

optimally, most, and moderately suitable for full criteria model onshore connected system for 

Cabo Verde. Areas encircled by the deep-red, orange and white respective are the zones 

representing optimally, most, and moderately suitable. The two black isolines represent 15, and 

20 km distance from the coast respectively. ............................................................................ 85 

 



 

xv 

 

Table Index 

Table 1. Table showing some acronyms and relationships used in MGES system sizing ....... 47 

Table 2.  Wind Energy consumption in Cabo Verde (Source: Cabeolica 2014-2019). ........... 63 

Table 3. OTEC power Analysis ............................................................................................... 70 

 

 

 

 

 

 



 

1 

 

1. Introduction 

Renewable energy technologies have offered humanity a principal solution to 

unsustainable energy consumption. Since the intense civilization and industrialization over the 

past few decades have brought a total reformation to the contemporary society to the levels that 

the importance of energy in engaging in every form of daily activity cannot be overemphasized, 

secured and constant availability of energy is predominant for the preservation of human’s 

civilization (Hall and Klitgaard, 2011; Yergin et al., 2013). Hence, effective, and new ways of 

harnessing our planet’s abundant energy resources are necessary to meet a new era of energy 

utilization that is coupled with an ever-rising energy demand of this century (International 

Energy Agency, 2014). For decades, fossil fuels such as oil, coal, and natural gas have been 

heavily relied upon to power the rapidly growing society (Ahuja and Tatsutani, 2009). 

However, they are finite, non-renewable, non-reliable, unhealthy, and unsafe (Nye, 2011; Htut 

et al., 2014; Mardiana and Riffat, 2015; Marrasso et al., 2019). They are also responsible for 

global warming through the CO2-induced greenhouse effect (IPCC, 2017; Allen et al., 2018). 

Further, these resources are rapidly depleting and increasingly difficult to extract with most 

major reserves now located far offshore (Krishan and Suhag, 2018). The diverse nature, 

environmental-friendly, sustainability, and broad utilization of renewable energy sources 

(RES) offer the best approach for energy production (Ren et al., 2017; Mahmoud et al., 2020). 

In the 1990s, as nations started to acknowledge the urgency and benefits of investing in 

renewable energy resources (RERs), there was a global rise in the number of developed land-

based renewables and hydropower stations Amirante et al., 2016; Ajanovic, 2020). Despite 

such a trend and recent ones, the strong variability of many RERs has been a barrier to 

overcome the traditional energy sources from fossil for mass production (Cheng, 2005; 

Catalano et al., 2011; Amirante and Tamburrano, 2015). For instance, some RERs with great 

potential such as wind and solar are largely unpredictable and stochastic (Ren et al., 2017; 

Krishan and Suhag, 2018). Additionally, demand and supply often do not align, resulting in 

inefficient and inadequate energy available for direct consumption because energy is over-

produced and wasted at low demand (Amirante et al., 2016; Yang et al., 2017). Energy resource 

waste can be translated into significant losses for the economy in the energy industry (Marques, 

2018). The cost of achieving a sustainable and secured energy system is to critically consider 
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and incorporate the missing ingredient; the capacity to store, regulate, and control the amount 

of the generated energy (Ibrahim, 2008; Singh, 2016).   

While renewable deficiencies are still a major concern at the moment, the industry of 

renewable technologies is expected to grow in the future to the extent that the whole world will 

almost be completely powered by RERs (I. E. A and World Bank 2014, IRENA, 2016). 

According to International Renewable Energy Agency 2016, the total electricity generated by 

renewables will equal that of coal and natural gas in 2040. Several emerging and new 

technologies have already been developed in this field (Guney and Tepe, 2017). Thus, the 

investment and development of efficient and cost-effective energy storage technologies is a 

necessity to keep pace with the tremendous growth of renewable energy technologies and the 

increasing demands for electricity arising from continued growth in population and 

productivity (Union, 2014; European Commission 2017; Klar, et al., 2017; Com, 2018; Botha 

and Kamper, 2019). Further, in isolated or weakly connected power systems such as offshore 

platforms, and islands, the maximum exploitation of renewable intermittent energy sources can 

be obtained by means of cost-effective storage technologies making an energy storage system 

a principal factor as to whether RES technology should be accepted or not  (Cazzaniga et al., 

2016). Generally, they can also enhance the grid stability, reliability, and efficiency by 

providing services in power quality, bridging power, and energy management (Römer 2012; 

Com 2016; Ozdemir 2017; European Commission 2017; Krishan and Suhag, 2018). 

The basic principle behind Energy storage is to capture energy produced at one time for 

use at a later time using energy carriers (Øvergaard, 2008; Aneke and Wang, 2016; Mukhedkar, 

2019). On one hand, storing energy in its primary form is the most common and stable form of 

storage as seen when crude oil is stored in tanks before transported to refineries for processing 

or coal stored in large piles either in coal-fired power stations or industrial plants prior to use 

(Geometrica 2008; Lovell, 2013; Schüth, 2013; Nakagawa, 2013; Freeport LNG 2014). On the 

other hand, primary energy forms such as renewables are not easily storable in their natural 

form and must be converted to secondary forms such as work, heat, or electricity (Øvergaard, 

2008; Aneke and Wang, 2016; Mukhedkar, 2019). Work in its form is also not storable but 

must be converted into a more stable and storable energy form with the intent of transforming 

it back to electricity when needed (Aneke and Wang 2016; Mukhedkar, 2019). The 

technologies responsible for the whole process of back-forth electricity transformation are the 
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Electrical energy storage technologies (EEST) and can be categorized as mechanical, chemical, 

electrochemical, and thermal based on their properties (SBC, 2011; Zakeri et al., 2015; World 

Energy Council, 2016; Guney and Tepe 2017; Gür TM 2018). Each of these subdivisions has 

several technologies tailored for specific applications (SBC, 2011; Aneke and Wang, 2016).  

The traditional form of Energy storage is chemical storage in batteries which has fewer 

advantages than disadvantages (Hai Alami, 2014).  It led research focus into exploring 

alternative forms of energy storage that can normalize sharp surges between energy production 

and demand (Hai Alami, 2014). One such promising approach is the mechanical energy storage 

systems (MESS) that can convert electrical energy into forms of easily storable energy (Aneke 

and Wang, 2016), and are among the most efficient and sustainable energy storage systems 

(Mahmoud, et al. 2020). Under this category is the Gravity energy storage technologies 

(GEST) comprising the most mature and widely used large-scale energy storage technology to 

date known as Pump hydro electrical storage system (Rehman et al., 2015; Guezgouz et al., 

2019). Other Mechanical and GEST includes Dry gravity, Flywheel, Compressed air, 

Underwater compressed air, and Deep-ocean gravitational energy storage (Cazzaniga et al., 

2017; Gür 2018; IRENA 2017). Generally, GEST depends on depth or height for energy 

conversion (Klar et al., 2017; Aneke and Wang, 2016) with a wide range of applications and 

advantages including non-degradable capacity after each cycle, and decoupled power capacity 

from energy capacity (Morstyn et al., 2018). The focus of this study is one of the GEST termed 

Marine Gravitational Energy Storage Technology (MGEST).  

Cabo Verde is among the Small Island Developing States (SIDS) in the Sub-Saharan part 

of Africa with huge and diverse renewable energy resource potential but heavily relied on fossil 

fuel for energy generation (Alves et al., 2000; Gesto, 2011; The African Development Bank, 

2014; Sawin, 2018; Nordman et al., 2019). Cabo Verde has no oil refining capacity, having no 

known crude oil or gas reserves on any of its islands or their surrounding coastal waters, thus 

has to import all its petroleum products (REEEP, 2012; UNEP, 2017). The lack of indigenous 

fossil energy resources and low renewable energy penetration have made Cabo Verde a net 

importer of energy, and also place it in a fragile position continuously threatened by the 

volatility of international oil prices (Duić 2008; Tavares et al, 2019). Some energy proposals 

were made but most could not be implemented because they didn’t address the energy 

curtailment and intermittency of RERs in Cabo Verde especially in a cost-effective manner 
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(Segurado et al., 2011; Heck et al., 2013; Segurado et al. 2015). Recently, a 20 MW off-stream 

Pumped Storage Hydropower was chosen to be installed on three sites in Santiago (Barreira et 

al., 2017), and a hydraulic battery storage was stated to be in the final stages of completion to 

be installed on the same island (Lusa, 2021). Nevertheless, more is needed to be done to meet 

the growing energy needs, improve renewable penetration, and reduce fossil fuel consumption. 

As previously mentioned, energy storage systems (ESS) should be an integral part of 

energy production and distribution because of their role in the energy supply chain (Hai Alami, 

2014; Dehghani, 2019; Ajanovic et al., 2019). Several electrical forms of ESS are currently 

being developed (Luo et al., 2015; European Commission 2017). However, no single storage 

technology is neither applicable to all RERs due to diversity, nor establishes a clear solution to 

overcome the associated deficiencies as the rate of penetration of RERs onto existing electricity 

grids increases. The application of storage technologies is based on factors including storage 

properties, energy challenges, and technological and financial capacity (Andrijanovits, 2012). 

We critically considered these major factors in proposing MGEST for Cabo Verde. MGEST is 

an emerging and new storage technology that can take advantage of the huge available depth 

of the marine environment to lift masses and store a large amount of energy (Toubeau, 2020). 

The implementation can be possible in diverse locations from the nearshore to the offshore 

region. The technology can also offer flexible integration into existing or newly developed 

intermittent energy sources or can serve as a standalone technology. It is environmentally 

friendly with a little required level of sophistication. The materials of construction such as 

concrete, reels, and pulleys are widely available and less costly (Brancato, 1992). 

In this study, we adapted an operational research decision concept known as Multiple-

criteria decision-making (MCDM) or multiple-criteria decision analysis (MCDA). MCDA 

evaluates multiple conflicting criteria in decision-making. The goal is not only to propose a 

storage technology or analyze derivable resources but to examine ways of minimizing 

implementation cost while applying the technology in a secured and safe location. Much is yet 

to be known about MGES, and this research will add to the dearth of information on MGES. 

Also, this will the first study applying the MCDM principle to identify potential sites for energy 

storage systems. Thus, we developed our own strategy to conduct the study and utilized the 

MCDA concept. We considered two cases, a situation where we want to store energy and stay 

connected to the grid onshore; an Onshore-connected system, and a situation where we want 
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to consume our stored energy offshore such as offshore installation, and oil platform; an 

Isolated system. For the first case, the three conflicting criteria include resources as a function 

of depth, cost as a function of distance to shore taking a maximum distance of 20 km, and 

security as a function of underwater current. While we considered resources, and security as 

the major two criteria for the isolated systems since the stored energy is to be consumed 

offshore such as in a desalination plant, or during offshore installations, and offshore 

mariculture practices. 

1.1.  Problem Statement 

The major setbacks facing most renewable energy resources are their intermittency and 

the challenge to synchronize demand with supply which makes them unreliable for steady 

energy supply (Amirante et al., 2017; Ren et al., 2017; Yang et al., 2017). For instance, Hove 

2017 reported that 46% of wind-generated electricity in Cabo Verde was wasted in 2017, and 

directly ascribed this power curtailment to the lack of energy storage. Energy storage offers the 

best solution to overcoming the asynchronous nature of energy demand against production 

(Ibrahim, 2008; Singh et al., 2016). Thus, it is essential to intensify scientific research into 

systems of energy storage that can improve production efficiency and reduce or prevent the 

need to burn fossil fuels. 

In comparison, the level of investment, research, development, and the installed capacity 

of intermittent renewable energy far exceeds available storage at present (Dragoon, 2012). A 

typical example is Cabo Verde where much research has been conducted on both land and 

offshore renewables including their diverse nature, yet less are known about storage systems. 

However, the most promising way of transforming renewable energy resources RERs into 

reliable and steady energy sources is integration with energy storage systems indicating the 

role of advancing efforts both locally and globally to research and development of energy 

storage especially in a country like Cabo Verde which is one of the SIDS aiming for 100% 

electrification from RERs (Sawin et al., 2018).  

Cabo Verde is home to one of the largest land-based and marine RERs due to its tropical 

climate, strong winds, surrounded by the vast Atlantic, and blessed with the longest coastline 

in West Africa (World Atlas, 2021; Gesto Energy, 2011; African Development Bank, 2014; 
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Sawin et al., 2018; Nordman et al., 2019). Despite the huge renewable potential, fossil fuel 

dominates the energy supply of Cabo Verde. For example, Cabo Verde generated 82.2% and 

87 % of its electricity in 2017 and 2015 respectively through thermal power plants (AFREC, 

2015). Tavares et al., (2019) linked the electrical energy generated in 2017 from imported fossil 

fuels to energy resource underutilization and highlighted the need for diversifying energy offers 

and investing in renewable energy infrastructure. However, energy storage systems possess the 

capacity to rescue renewables from their associated deficiencies including unpredictability, 

stochastic nature, and response to demand variations, and as a result improve their penetration 

(Ajanovic et al., 2020). 

Some the negative effects of fossil fuel consumption are the associated impacts of 

emitting more quantity of greenhouse gas (GHG) and other air pollutants into the environment. 

Although, it should not be regarded as an advantage for countries that have, but Cabo Verde 

has no known fossil fuel reserves and has to import all its consumed fuels. The price of 

importation coupled with the volatility of the resource price position its economy to be highly 

susceptible to the impacts of oil crises (African Development Bank 2014). A typical example 

is fluctuations in oil prices that usually parallels frequent changes in electricity price (Tavares 

et al. 2019).  

Lastly, the electricity cost in Cabo Verde is very expensive reflecting the price of 

imported oil. The average price of electricity in 2017 was 0.26 €/kWh (Electra, 2018), a price 

higher than the European average of 0.2113 €/kWh (Eurostat, 2018) which calls for investment 

in renewable energies such as marine-based renewables, and energy storage and energy storage 

to diversify the energy supply and make the energy market a more competitive one.  

1.2.  Aims and Objectives 

This study aims to evaluate Marine Gravitational Energy storage resource potential and 

develop a multi-criteria model that identifies the best locations to site the technology around 

the coastal waters of Cabo Verde while maximizing resources and cost, and the specific 

objectives are: 
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i. Highlight the energy state including energy sources, demands, utilization, potential, 

and fossil fuel emissions under a growing population and climate change regime in 

Cabo Verde; 

ii. Quantification of the amount of marine gravitational energy around the islands of 

Cabo Verde based on depth and mass; 

iii. Zoning, classification, and identification of places with their maximum individual 

energy storage potential based on depth, mass, distance from shore, and the effect of 

current for the Isolated system; 

iv. Zoning, classification, and identification of places with their maximum individual 

energy potential based on depth, mass, and the effect of current for the Onshore 

connected system; 

v. Estimation of CO2 emission that will be prevented with the implementation of this 

technology.  

1.3. Structure of the work 

This research work is divided into nine sections. We have highlighted the background of 

this study including the problems that have led to this research in the introductory session. We 

have also stated our aims and objectives. The rest of this study is organized as follows:  

Section two describes the demography, climate, and oceanographic characteristics of the 

study area to have a brief overview of those major environmental factors that are related to this 

research either the energy situation portion of the underwater storage system. It further 

introduces energy storage systems but focuses on mechanical type, MGES, and their state of 

the art. 

Section three highlights the characteristics of the sets of data used in this study, and the 

processing methodology adopted. Here, we detailed the approaches we used, our assumptions, 

and the rationale behind those methods. 



 

8 

 

Section four is split into two, first part presents the result related to the energy situation 

in Cabo Verde including electricity prices, renewable energy potential, wind consumption, and 

related cost with the amount of CO2 avoided, while the second part shows the results related to 

MGES including resource potential, ocean current analysis results, and suitability maps 

imbedded into resource potential map. 

Section five discusses the result, and the final Section concludes this work. Then, the 

articles cited for this work were shown in Section seven, and lastly, the Appendix section shows 

some additional results.  
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2. Literature review 

This Section is used to review the geographic settings, demography, and oceanographic 

settings of the study area to better understand the depth variation, underwater features, climate, 

and the nature of circulation in the study area. We also highlight some important concepts such 

as energy storage systems, their benefits and characteristics, and some of the technologies used 

at the moment with a focus on MESS, GEST, and MGEST. A brief review of MCDA is also 

presented in this Section.  

2.1. Demography and Geomorphology 

The Republic of Cabo Verde is an archipelago (Figure 1) of islands and islets situated in 

the subtropical region of the Atlantic Ocean between 17° 12’15’’N and 14° 48’00’’N and 22° 

39’20’’W and 25° 20’00’’W. Nine out of the ten major islands are inhabited (Figure 1a and 

1b) but all the islets are uninhabited. The islands are all volcanic in origin at an approximate 

distance of 400 km off the coast of Senegal and organized in a west-facing horseshoe 

disposition (Ramalho, 2011). Cabo Verde has a total land area covering 4033 square kilometers 

with a significant coastline spanning 1020 km2 approximately (DGA, 2004). 

The archipelago can be divided into the Windward Islands at the north and the Leeward 

Islands at the south as shown in Figure 1a. Whilst the islands of Santo Antão, São Vicente, 

Santa Luzia (uninhabited island), São Nicolau, Sal, and Boa Vista constituted the Windward 

Islands, the Leeward Islands are made up of the islands of Maio, Santiago, Fogo, and Brava. 

Santiago is the largest island dominating a total of 991 km2 while Santa Luzia is the smallest 

covering just 35 km2. The distance between islands varies from 8 km between São Vicente and 

Santa Luzia to 270 km between Maio and Santo Antão (Ramalho, 2011).  

There are several features revealed by the bathymetry of Cabo Verde but two structures 

stand out. The first structure is the northern chain consisting of islands from Santo Antão to 

São Nicolau in a west-east orientation and characterized by shallow depths between them 

(Figure 1a and 1b). The second structure is composed of islands from Sal to Santiago formed 

by two detached edifices oriented in a north-east–southwest disposition (Figure 1a and 1b; 

Ramalho, 2011). Another important feature is the João Valente bank, a very shallow area 
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situated between Maio and Boa Vista Island with the highest summit of about 14m depth 

(Figure 1a; Ramalho, 2011). 

Cabo Verde has a total estimated population of 550,000 inhabitants with a population 

growth rate of about 1.8% p.a (Instituto Nacional de Estatistica, 2016). A large portion of the 

population is concentrated in Santiago, especially in the capital city of Praia as shown in 

Appendix 1. Generally, 62% of the total population lives in cities (Instituto Nacional de 

Estatistica, 2016). 

The archipelago has an arid and rugged terrain with little vegetation. Boa Vista, Maio, 

and Sal have long beaches and flat surfaces, but other islands are majorly mountainous. The 

weather condition is characterized by prevailing northeast trade winds occurring throughout 

the year (Appendix 2). These winds influence the intensity and direction of surface currents. 

Higher wind intensities are more frequent in the Leeward Islands than in the Windward Islands 

(DGA, 2004). 

 

Figure 1. (a) Bathymetry and Topography of the Cabo Verde islands, showing the grouping and identification of 

the islands. Isolines have a 500 m interval, (b) Regional setting of the archipelago, with the identification of the 

main coastal features. Isolines have a 1000 m interval (Data from GEBCO). 

a) b) 
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2.2. Climate and Oceanographic setting 

This subsection presents the climatic regime as well as the predominant ocean currents 

and water masses that can be found in the study area. Some other associated physical properties 

and dynamics such as sea surface temperature (SST) and eddies are also presented. 

2.2.1.  Major currents and Climate 

Cabo Verde is located at the southernmost tip of the Canary current (CC) in the eastern 

boundary of the North Atlantic subtropical gyre (Fernandes et al., 2005). This area falls within 

a zone of large-scale interactions (Figure 2) between the North Equatorial Counter-Current 

(NECC), the North Equatorial Current (NEC), the CC, and the seasonal Mauritanian Current 

(MC) (Mittelstaedt, 1991). This large-scale surface circulation varies seasonally as a response 

to the meridional migration of the Intertropical Convergence Zone (ITCZ) (ITCZ; Stramma 

and Schott, 1999). The prevailing northeast trade winds directly affecting this region 

throughout the year have a higher intensity during winter and spring of 9.5 m s−1 maximum 

mean speed as shown in Appendix 2a and 2b (Lázaro et al., 2005; Varela-Lopes and Molion, 

2014). 

As highlighted, one of the prominent oceanic features influencing circulation patterns in 

Cabo Verde is the Canary Current (CC), transporting cold water off the coast of Africa from 

the north to the south, then migrating south-westward near Cabo Blanc where it joins the North 

Equatorial Current (NEC) (NEC; Mittelstaedt, 1983, 1991; Stramma et al., 2005). CC is 

stronger near the African coast in summer, and stronger west of the Canary Islands in the winter 

(Stramma and Siedler, 1988). The NEC has a mean speed of 10–15 cm s−1 in a dominating 

west/northwestward direction (Stramma and Siedler, 1988; Zhang et al., 2003), with a 

weakening in winter and maximum speed during summer (Arnault, 1987) as highlighted in 

Appendix 2 bottom panels.  

As for the NECC, it is generally located between latitudes 5- and 10-N with an eastward 

mean flow speed of approximately 42 cm s−1 (Fratantoni, 2001). It also exhibits seasonality, 

being strong when the ITCZ reaches its northernmost position (Lázaro et al., 2005) 

corresponding to early autumn, and summer (Arnault, 1987; Mittelstaedt, 1991). During this 

time, the zonal flow can extend over the whole of Tropical Atlantic (Mittelstaedt, 1991; 
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Stramma & Siedler, 1988) and can influence the Cabo Verde archipelago (Fernandes et al., 

2005).  

The Mauritanian Current (MC) is another prominent feature around the west African 

coastal water that might not be directly impacting circulation around Cabo Verde (Figure 2) 

but contributing to the large-scale circulation in this region, as it has been documented to be 

partly responsible for the suppression of the regional coastal upwelling (Mittelstaedt, 1991). 

This narrow northward flowing current flowing forms as a result of the interaction of the NECC 

with the Africa coast transporting warm equatorial water to the eastern tropical Atlantic and 

can reach 14° N during winter/early spring (Appendix 2e and f), and ~20° N during 

summer/early autumn (Appendix 2g and h).  

Lastly, there exists the Guinea Dome (GD) southwest of Cabo Verde formed as a part of 

the large-scale near-surface flow fields associated with the NEC, the NECC, and the North 

Equatorial Undercurrent (NEU) (Siedler et al., 1992). This permanent cyclonic geostrophic is 

developed by divergent wind-stress curl (Richardson, 1983; Siedler et al., 1992).  

Different water masses meet around Cabo Verde typically in the large-scale frontal 

system formed between Cabo Blanc and the northernmost Cabo Verde Islands termed Cabo 

Verde Frontal Zone (CVFZ) (Zenk et al., 1991). This thermohaline front (Zhang et al., 2003) 

separate the cooler, fresher South Atlantic Central Water from the warmer saltier North 

Atlantic Central Water (Mittelstaedt, 1983, 1991; Pérez-Rodríguez et al., 2001; Meunier et al., 

2012). 

2.2.2.  Eddies 

Oceanic eddies are ubiquitous rotating water bodies moving across the ocean, either 

cyclonic or anticyclonic with a typical horizontal scale of about 50 km - 500 km and time scale 

of a few days to hundreds of days. Eddies are characterized by considerable kinetic energy in 

the peak of the ocean kinetic energy spectrum, and they can directly influence the distribution 

of current speed, the thermohaline structure, and also transport heat and momentum, and can 

strongly influence the physical properties of the upper ocean. (Li et al., 2012). 

Canary Current Upwelling System is a major regional upwelling system situated off 

Northwest Africa, and is associated with several mesoscale features including filaments that 
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can stretch out from the adjacent coast to hundreds of kilometers offshore (Van Camp et al., 

1991; Kostianoy and Zatsepin, 1996; Lange et al., 1998); and eddies (e.g., Karstensen et al., 

2015; Löscher et al., 2015; Fiedler et al., 2016; Schütte et al., 2016a; 2016b), with both having 

a profound effect on the regional oceanography. The part of this upwelling system in close 

proximity to Cabo Verde is the Northwest Africa upwelling system which even though it is 

situated in waters relatively close to the coast, the associated eddies and filaments, and the 

propagation of Rossby waves could lead to the impact of this cold SST to be felt 300 to 600 

km offshore, or other regions elsewhere (Mittelstaedt, 1991). 

The diverse physical mechanisms in the ocean that can induce eddy generation are: the 

effect of topography (Barkley, 1972; Heywood et al., 1990; Alpers et al., 2014); ocean-

atmosphere interaction (Calil et al., 2008; Jiménez et al., 2008; Couvelard et al., 2012; Hogg 

et al., 2016); current shear (Chelton et al., 2011; Schütte et al., 2016a), or even eddy-eddy 

interaction (Sangrà et al., 2009; Chelton et al., 2011), and the island-induced processes 

(Cardoso, et al 2020). The majority of these features are present around the archipelago and 

are influencing the dynamics of this area. 

Much theoretical evidence has supported the shadow effect induced by the topography 

of the island in the lee of all major islands when weaker winds detach from the sides of strong 

winds. This mechanism has now been fully established to be capable of fueling the generation 

of anticyclonic and cyclonic eddies in the island(s) wake (Calil et al., 2008; Jiménez et al., 

2008; Yoshida et al., 2010; Jia et al., 2011; Couvelard et al., 2012; Caldeira et al., 2014). 

According to Varela-Lopes and Molion 2014, the wind shadowing effect may be responsible 

for the nearly permanent anticyclonic eddy south-southwest of the islands of Cabo Verde, 

which was found to be more pronounced during the periods of strongest wind intensity. 

Caldeira et al., 2014 also confirmed that the islands of Cabo Verde are exposed to a remarkable 

number of far-field eddies from the western African coast that interact with the islands and 

local eddies, and at such, it is difficult to discern the major eddy generating mechanism. 
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2.2.3.  SST 

This region experiences one of the largest SST cycles in the tropics (Faye et al., 2015). 

The SST variation has a considerably lower amplitude in offshore waters than in coastal waters, 

a fact that is conspicuously related to the coastal upwelling seasonal cycle (e.g., Mittelstaedt, 

1991; Van Camp et al., 1991; Marcello et al., 2011). In the area of Cabo Verde Islands, 

maximum values (29 ºC) are found from July to November – coincidently with higher 

chlorophyll pigment concentrations near Cabo Verde (Fernandes et al., 2005) –, whilst 

minimum values (21 – 22 ºC) are conversely seen between December and May (DGA, 2004). 

 

Figure 2. Mean surface ocean currents and features: CC – Canary Current; NEC – North Equatorial Current; 

NECC – North Equatorial Counter Current; MC – Mauritania Current; GD – Guinea Dome; CVFZ – Cabo Verde 

Frontal Zone. The dotted area represents the represents the near-field CV) area. The grey and coloured colour 

maps (with different scales) represent the exterior and interior of the study area, respectively adapted from 

Cardoso, et al 2020. 
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2.3.  Energy Storage and State of the Art of ESS 

This subsection describes the logic behind storage systems and MESS and their state of 

the art. Electrical energy storage technologies are designed to directly absorb electrical energy 

produced at a time (act like increased demand) and release it as electrical energy (act like a 

generator) at a later time (Aneke and Wang, 2016). The process of absorbing the energy is 

termed the charging phase while that of giving out the energy is the discharging phase 

(Jonathan 2013; Klar et al., 2017). Different materials known as energy carriers as indicated in 

figure 3 are used in the process of storing the energy (Aneke and Wang, 2016). The whole 

scheme of energy generation and transmission from an intermittent energy source to the grid 

is depicted in figure 4, illustrating one of the major roles of energy storage system to store and 

control energy. 

2.3.1.  Benefits of Energy Storage 

The benefits associated with ESS are enormous (Krishan and Suhag, 2018; Dehghani, 

2019; Mahmoud et al., 2020). They can function as a key player in the energy supply chain 

and thus have to be considered as an essential component of energy production and distribution 

(Hai Alami, 2014; Dehghani, 2019; Ajanovic et al., 2019). Adding to the storage of excess 

energy, some of their key advantages include: 

i. Energy management 

Energy storage systems are essential in energy management as they help to reduce 

energy wastage through peak demand reduction, and serve as a backup, and increase the energy 

utilization efficiency, and power quality (Chan et al., 2013; Abedin and Rosen, 2012). The 

storage of secondary forms of energy such as work, electricity, and heat, helps to reduce the 

quantity of primary energy forms (ie. fossil fuels) consumed to generate them. Consequently, 

this lowers the emissions of CO2 and other greenhouse gas, and associated global warming 

(Mahlia et al., 2014). 

ii. Transmission, distribution, and Micro-grid applications  

Energy storage helps in voltage support, power system planning, operation, and 

frequency regulation (Tan X et al. 2012, Chen H. et al., 2009). Other functions include 



 

16 

 

maintaining stability in energy systems, managing grids, renewable integration, grid 

enhancement, synchronizing demand with supply (Tan et al., 2013; Castillo and Gayme, 2014; 

Ibrahim et al., 2008), and load shifting (Kousksou et al., 2014). 

iii. Major Energy player  

Energy storage can also be a major player in increasing the rate of penetration of green, 

clean, renewable, and intermittent energy resources to the grid including solar energy, wind 

energy, and offshore energy resources such as marine waves, and tidal current (Zhou et al., 

2013; Plebmann et al., 2014; Pardo et al., 2014; Castillo and Gayme, 2014). 

 

Figure 3. Operation of Energy Storage Systems (ESS). Adapted from Jonathan (2013). 

 

Figure 4.  Mode of Operation of ESS 2. Adapted from Klar et al. (2017). 
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2.3.2.  Energy Storage State of the Art 

A range of energy storage technologies exist, each with different trade-offs for particular 

applications (Morstyn et al., 2019). Several storage systems are under development and 

compete with each other. Figure 5 shows one of the major classifications of the electrical 

storage system and Appendix 3 highlights the differences and similarities among them. The 

focus of this Section is those that are exclusively marine-based. 

 

Figure 5. Classification of ESS. Adapted from SBC (2011). 

Before going into the state of the art of the energy storage systems under study, it is 

important to understand some factors characterizing energy storage systems. According to 

Aneke and Wang (2016), and Castillo and Gayme (2014), the fundamental attributes to 

evaluate any storage system are the following: 

❖ Energy storage capacity and duration – Refers to the amount of energy that can be 

stored and the duration that said energy can be stored. 

❖ Energy/power density – The power density (Wm-3) is the output power per unit volume, 

and the energy density (Whm-3) is the amount of energy that can be stored per unit 

volume of the system. 

❖ Lifetime – Measured in years or total charge/discharge cycles, it is the functioning life 

span of the storage technology 
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❖ Charge/discharge and response time – The amount of time required for the storage 

system to become fully charged or discharged. Response time is the time required to 

start providing rated power output. 

❖ Roundtrip efficiency – Also called the AC-to-AC efficiency, this is defined as 

percentage ratio of Output-Energy to Input Energy per one charge/discharge cycle. 

❖ Capital Cost – This is the upfront costs of a storage technology per unit of energy or 

power discharged. 

Some of the major Mechanical energy storage systems are presented below: 

i. Pumped-storage hydropower (PSH) technology 

PSH is a robust, most used, and most mature large-scale energy storage technology 

(Aneke and Wang, 2016). The storage system has high efficiency of around 85-90% 

(Cazzaniga et al., 2017), with an unlimited storage period. The global capacity for pumped 

storage in 2015 is 144 GW (World Energy Council, 2016), and by the end of 2017, nearly 96% 

of the total installed electrical energy storage capacity across the globe, with over 183 GW, 

was in the form of PHES (Gür, 2018; IRENA 2016), with a lifetime of about 30 to 50 years.   

This traditional energy storage system that was also called the Pumped Hydroelectric 

Energy Storage (PHES) by many authors (Pickard, 2011; Mahlia 2014; Plebmann et al., 2014; 

Castillo and Gayme, 2014) is based upon the principle of the gravitational potential to store 

energy by utilizing the energy produced by a power plant (intermittent sources) during off-

peak periods to pump water into a reservoir at a high elevation from a lower reservoir (figure 

6a and 6b). The water flows back to the lower-altitude basin through the same pump to generate 

electricity during the high energy demand period. The pump act as a generator during pumping 

and turbine during discharge. The power capacity of the system is proportional to the head 

(height difference between the upper reservoir and the turbine) and flow rate.  

The major limitations are the huge capital cost (600 to 2000 $/kW), and heavy reliance 

on the morphological feature of a site such as two basins at different elevations (Rehman et al., 

2015). Hence, it is only applicable in certain regions. For example, the possible application of 

this technique near the sea was explored under the condition of an available high elevation 

water basin near the coastline. The advantage of the seawater pumped storage plants includes 
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lower civil construction and power distribution costs due to the proximity to steam turbine 

power plants although corrosion resents another technical challenge (Yang et al., 2011). 

a) b)

 

Figure 6. Pumped Hydro Storage System Mode of Operation: (a) Adapted from Cazzaniga et al. (2017), (b) 

Adapted from Aneke and Wang (2016) (underground version). 

ii. Compressed Air Energy Storage (CAES) 

The working principle of CAES is similar to that of the conventional gas turbine 

technology where the elastic potential of compressed air is used for storing the energy (Succar 

and Williams, 2008, Huang et al., 2018). CAES system harnesses off-peak electricity to 

compress air and store it in a reservoir such as salt caverns, depleted gas fields, aquifers, 

aboveground pipes, underground caverns, and vessels (Akhil, 2013). This air is released during 

peak periods, heated, expanded, and used in a turbine generator to produce electricity (Figure 

7). 

CAES is second to PSH from the perspective of the commercial bulk energy storage 

plants available today, ranging around hundreds of MW (Chauhan and Saini 2014; World 

Energy Council 2016). CAES has an estimated efficiency of 40 - 70% with an expected lifetime 

of about 40 years (Kousksou et al., 2014). Further properties include large storage capacity (up 

to 500 MW), high discharge duration (8‐12 h), and quick response time (Energy Storage 

Association 2017; Nikolaidis and Poullikkas, 2017). There are three commercial plants using 

CAES for energy storage applications such as the 290 MWe Huntorf air storage gas turbine 
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power plant in Germany, and a 110 MWe CAES in Mclntosh, USA (Chen et al., 2009). There 

are also some plants being planned or under construction (Chen et al., 2009). 

The limited exposure of this technology, and suitable geological locations are the prime 

constraints in the development of CAES technology. However, new technologies are being 

developed which use different working fluids to improve the thermal cycle. They include 

advance adiabatic CAES which re-utilizes heat released by conventional approach to improve 

efficiency (Luo et al., 2016), liquid air energy storage which converts liquefied air or nitrogen 

from liquid to gas to improve efficiency and energy density, and underwater CAES (Guo et al., 

2016). 

iii. Underwater CAES 

Underwater compressed air energy storage (UWCAES) is a promising way to achieve 

isobaric storage by taking advantage of hydrostatic pressure. In the UWCAES system as shown 

in Figure 7, the air stream is compressed to the hydrostatic pressure present at depth in the 

marine environment where the air accumulators are located (Wang et al., 2016). 

 

 

Figure 7. Compressed Air storage system mode of operation. Adopted from Argonne National Laboratory (2009). 
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iv. Flywheel energy storage (FES) 

A flywheel is an electromechanical system that stores energy in the form of kinetic 

energy by utilizing the angular momentum of a rotating mass - a disc or a cylinder (Figure 8). 

This technology has been in existence for decades but recently draw attention for being suitable 

as a largescale ESS. The working principle involves storing energy during the charge phase in 

a rotating mass. The energy is stored by an electric machine acting as an electric motor which 

accelerates the rotating mass during the charge phase, and during the discharge phase, the same 

machine behaves like an electric generator to deliver energy to the distributed generated (DG) 

power system of the flywheel, thus decelerating the rotating mass (Sebastián and Alzola, 2012; 

Daoud et al., 2012).  

Several approaches are used to reduce friction (Faraji et al., 2017; Li et al., 2017). The 

two operational designs are high speed and low-speed flywheels whose details can be found in 

Daoud et al. (2015), and Wicki and Hansen (2017).  

The main advantages of FES systems include their very fast response, instant supply of 

a large amount of power (to the tune of MW), long useful life (up to 20 years or 105‐107 cycles) 

irrespective of the depth of discharge (DoD), and temperature (Pena-Alzola et al., 2011). 

Besides, high efficiency (80%‐99%) and not having much adverse effects on the environment 

are the other salient features of FES systems (Amirante R. et al. 2017; Cavanagh et al., 2015; 

Anonymous, 2016).  

Huge cost (250‐350 $/kW), and very high standing losses (self-discharge rate for 

complete FES system is one‐fifth of the stored capacity per hour) are prominently the two 

major limitations of FES systems (Pena-Alzola et al., 2011, Lund et al., 2015). 
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Figure 8. Flywheel system. Adapted from Faraji et al. (2017). 

v. Dry Gravitational Energy Storage 

The idea behind the gravitational energy system technologies is to store electrical energy 

by converting it to gravitational potential energy. The system is charged and discharged by 

lifting and releasing a certain mass. Amongst all the highlighted mechanical energy storage 

systems, pump hydro is the only storage system that uses the gravitational method of storage. 

Before going into Marine-based GEST besides pumped-hydro, let’s briefly look at those that 

require no water body which are described as follows: 

❖ Advanced rail energy storage (ARES)  

ARES was developed by a California company (Ares, 2019). This rail-based, traction 

drive technology uses surplus renewable energy or low-cost electricity from the grid to move 

a mass in the form of concrete blocks uphill by railroad shuttles (Letcher, 2016; Ares, 2019). 

During the discharge phase, the shuttles are allowed to descend under gravity as shown in 

Figure 9. Each of the shuttle (block) weighs around 45–64 tons and travel on a 16 km trail with 

a slope of less than 10% (6 degrees). 
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Citing the pilot project located in Tehachapi in California, United States, the system has 

an efficiency of 78–80% with no self-discharge storage loss and a 40 years lifetime. The first 

commercial project is being built in Nevada:  a 50 MW power system with 780 tons transport 

mass on a 9.3 km path generating 12.5 MWh power capacity (Figure 9a and 9b). ARES has 

potential for large-scale applications but has a major limitation of topographic dependence due 

to an altitude difference requirement for its installation (Ruoso 2019; Sandru 2012; ARES 

2019). Another major disadvantage is a great amount of initial CapEx that would be required 

for laying rail track including the associated cost of the rail pieces in the absence of 

decommissioned railways (Fyke, 2019). 

 

Figure 9. Traction based ARES mode of operation showing the movement of the shuttle blocks: (a) Charging 

phase (left), (b) discharge phase (right). Adapted from Ares (2019). 

❖ Gravity energy storage proposed by Gravitricity 

This storage technology (Figure 10) is based on the movement of a heavy mass vertically 

up and down a shaft in the ground (Blair 2016; Gravitricity n.d.). Gravitricity planned to build 

pistons of mass of about 12,000 tons (24 weights of 500 tons each) and shafts that can go as 

deep as 2000 m (Gravitricity, n.d.), using mineshafts either purposely built or existing. Similar 

to the hoisting systems used in cranes and mines, a system of cables, and winch is implemented 

to lift the masses. Each of the winches is capable of lifting its share of the weights. The system 

stores electricity as potential energy by raising the weights which can then be converted into 

power for driving a generator by lowering those weights. The design life is 50-year, efficiency 

is around 80–90%, the response time is around 0.5 s, and the output duration is between 15 

min to 8 h. The fact that Gravitricity can readily store excess energy whenever required – either 

in short bursts, or very rapid, and over a long period of time are some major advantages. 

Gravitricity received funding in early 2018 to build a prototype with 250 kWh capacity in South 

a) b) 
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Africa (Bungane, 2018; Huisman, 2018). The major disadvantage as indicated by Botha and 

Kamper (2019) is the limitation of the storage capacity by both the hoisted piston mass and the 

system height. 

 

Figure 10. Concept diagram of the Graviticity energy storage system. Adapted from Gravitricity, n.d.. 

❖ StratoSolar GES  

This proposed storage technology stores energy using winches that are driven by an 

electric motor/generator to raise relatively small masses (hundreds of tons) from the ground to 

a buoyant platform at 20 km (Figure 11a, and 11b; Appendix 4). The buoyant platform is a PV 

farm floating at 20 km, acting as a renewable intermittent energy source (StratoSolar, 2018). 

Each kilogram of weight raised stores about 54 Wh energy. Figure 11a depicts a stacked 500 

tons of weight corresponding to a storage capacity of about 25 MWh. The mode of energy 

storage and distribution of this storage system in a simplified version, including the operation 

of a single winch that is raising and lowering an individual weight, is shown in Figure 11b. The 

winches are suspended beneath the platform modules and are not visible in Figure 11a. 

As highlighted by StratoSolar (2018), this system is a highly reliable, very simple storage 

technology that doesn’t degrade with use, and has a design life greater than thirty years with 

85% round trip efficiency. Other acclaimed properties include scalability (adding platform 

elements and weights can increase the energy from kilowatt to terawatt), zero geographic 
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constraints, little environmental impact due to small weights, and low initial capital cost than 

any available or planned energy storage technology (approximately $125/kWh), suggesting 

that PV in the stratosphere combined with GES could provide a large proportion of electricity 

requirements at a lower market cost than fossil fuels. Some of the major challenges with this 

technology include the impact on feasibility and constructing and maintaining such an elevated 

platform. 

a)
b)

 

Figure 11. StratoSolar GES system: (a) PV in the stratosphere with GES, (b) Block diagram showing the 

connectivity of the elements of a StratoSolar Gravity energy storage system. Adapted from StratoSolar (n.d.). 

❖ Energy Vault  

Energy Vault is another innovative technology that applies the principle of MESS (Figure 

12). The recently launched demonstration plant is a 4 MW-35 MWh aboveground storage 

technology (Figure 12 a – 12 e) is characterized by a six-armed crane standing like a tower in 

the middle of the system, vertically moving 35 tons of concrete blocks up and down over a 

distance of 120 m (Fyke 2019; EnergyVault, 2019). The charge phase occurs when there is 

excess solar or wind power. This energy is transmitted through the power electronics to rotate 

the electric motor, which in turn is used to raise a brick and place it on top of another stack of 

bricks at a higher elevation. The bricks which are neatly stacked around the crane during the 

discharge phase are identified in singleton by the crane’s arm as directed by a complex 

computer algorithm and aided with a camera attached to the crane arm’s trolley. 
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To complete the charge-discharge cycle, the bricks are again picked up by the crane and 

lowered, thus returning energy to the grid. During this discharge phase, the motor is driven in 

reverse as a generator by gravitational energy to generate electricity. The total storable energy 

is 20 MWH, enough to power 2,000 Swiss homes for 24 hours. In August 2019, $110 million 

was raised by Energy Vault to develop this storage technology. Some of the disadvantages of 

this system include heavy reliance on cranes, visual impact on the environment, and the 

influence of bad weather conditions such as high winds (Toubeau, 2020). 

a) d)c) e)b)

 

Figure 12. Energy Vault energy storage concept: (a-d) Charging and discharging cycles of the Energy Vault 

Tower (e) Energy Vault Tower showing the hanged masses as they move vertically. (Adapted from Fyke, 2019). 

vi. Exclusively Marine GEST 

The storage technologies under this category are those that are engendered as the 

principle of GEST is applied in the marine environment. They are as follows: 

a. Deep ocean gravitational energy storage (DOGES)  

Also described as Ocean Renewable Energy Storage (ORES) (Slocum et al., 2013) or 

Underwater Ocean Storage Systems (UOSS) (Cazzaniga et al., 2016), DOGES is another 

mechanical energy storage technology that can exploit the concept of gravity storage by 

reversing the storage configuration of pump hydro (Slocum et al., 2013; Cazzaniga et al., 

2016). According to the aforementioned authors, this alternative approach to the traditional 

storage can be implemented wherever the intermittent energy, Photovoltaics, or wind energy 

production sites are on seas or oceans of sizeable depths. The operating principle is to power a 
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pump or turbine that forces water out of an underwater tank whenever the renewable supplies 

the storage system, and the external water flows back into the empty tank driving turbine on 

its way whenever energy is to be recovered (Figure 13).  

DOGES was proposed to bypass the problems associated with UWCAES (submarine 

piping and compression), and PHES (topography). Presently, no utility-scale applications of 

ORES have been completed. According to Botha and Kamper (2019), the size or capacity of 

DOGES should be completely dependent on the generating unit but Cazzaniga et al. (2016) 

showed that an underwater tank at a depth of 1000 m with a volume of 360 m3 can store 984 

kWh 90% efficiency, while Slocum et al. (2013) presented larger scale systems around few 

GWh at 65–70% estimated efficiencies. 

 

Figure 13. DOGES system adopted from Cazzaniga et al. (2016). 

b. Buoyant Energy  

Buoyant Energy (BE) is an offshore energy storage solution based on pumped-storage 

hydropower (PSH) technology. BE transfers the PSH key features to an offshore environment 

with major difference being the basic arrangement and the location of the reservoirs. While 

conventional PSH systems consist of an upper and a lower reservoir, BE uses a smaller 

reservoir (the inside space of a floating structure), located within a larger reservoir (the sea or 

a lake). Water can be moved from one reservoir to the other by means of pumps and turbines 

or a pump-turbine (Figure 14a and 14b). The required head (the height difference between an 
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upper and a lower water level) is defined by the mass m and the shape of the floating structure. 

The inside space of the structure serves as lower reservoir. Klar, et al. (2017) describes BE 

concept as a very flexible one that can be applied in “shallow” water, where wind turbines 

typically are bottom mounted and in deep water, where floating wind turbines are required. 

The buoyant object is affixed to a cable and rigged through a pulley mounted at the 

bottom of the water body. The cable then passes to a surface mounted reel unit. As the reel is 

turned in one direction by an external force, the buoy is forced below the water surface and 

locked for the desired charge period. When the force acting on the reel is removed the buoy 

will rise and perform work on the reel. The basic buoyancy storage system is depicted in Figure 

14. 

 

Figure 14. Basic technical concept for Buoyant Energy showing (a) Energy production, (b) Energy storage. 

Adapted from Klar, et al. 2017. 

c. Hydraulic potential energy storage  

This MESS uses electrical pumps to lift heavy mass hydraulically (Gravitypower, 2011; 

Heindl, 2014; Heindl Energy, n.d.). Initially proposed by Gravity Power LLC (Gravitypower, 

2011), the heavy mass is a movable rock piston. During the charge phase (storage mode), 

energy from the intermittent source is used to pump water beneath the rock piston through the 

powerhouse, and this vertically moves the piston in the upward direction to store potential 

energy (Figure 15). This process also puts the water under high pressure. The downward 
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motion of the piston during the discharge phase (energy generation mode) releases this pressure 

forcing the water to power a turbine on its path and produce energy. While Figure 15a shows 

the working principle of hydraulic potential energy storage integrated with solar PV as energy 

source, 15b only gives the working principle in a schematic. The energy storage capacity is 

between 1 and 10 GWh with an efficiency of 80% with an investment costs ranging depending 

on size from 120 and 380 USD/kWh storage capacity (Heindl Energy, n.d.). According to 

Heindl Energy, this storage technology requires suitable geological conditions (solid bedrock), 

and storage capacity is a function of the fourth power of the radius of the piston while the price 

per kilowatt-hour of storage inversely decreases with the square of this radius. 

 

Figure 15. Hydraulic potential energy storage system: (a) Energy storage with energy source (left), (b) Energy 

storage schematic. Adapted from Heindl (2014). 

d. MGES  by Maritime Green Horizon (MGH) and SinkFloatSolutions  

These two storage technologies are propositions that aimed at storing and converting 

potential energy by raising and lowering of masses from the ocean surface through an offshore 

floating platform to the seabed. The mode of operation is similar to dry gravitational energy 

storage systems but applied in an aquatic setting. However, this technology relies on depth 

instead of height, and avoids the use of mine shaft infrastructure as in some dry gravitational 

storage technologies.  

The pending proposition by MGH (Figure 16a) is a design that uses a motorized lifting 

device to capture the surplus of electricity production on the land grid (renewable such as wind 

a) b) 
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or solar) to lift some weights in form of masses to the surface from the seabed thus transforming 

electrical energy into potential gravity energy during this ascent (storage mode) (MGH, 2015). 

The discharge mode occurs when energy is needed to be supplied to the terrestrial network. 

The weights which are now detached from the platform and attached to the generators are 

transferred back to the seabed, releasing the stored potential energy as electricity. The system 

is completely loaded (and unloaded) when all the weights get to the surface (and seabed) during 

ascent (and descent). A high voltage submarine power cable is used to connect the offshore 

platform to the power grid. 

Similarly, the proposition by SinkFloatSolutions is moving concrete masses attached to 

floats vertically upward and downward in a marine environment with the aid of a winch that 

also hooks and unhooks the masses from the float. This transforms excess energy from wind 

or solar to potential energy during ascent, and back to electricity during descent when no energy 

is available. Several variants of this technology are patented by this company to reduce cost, 

facilitate hooking operations of masses, and increase the life of the system, but all these come 

with compromises (SinkFloatSolutions, n.d.). One of them is positioning floats far below the 

surface and stabilizing them permanently using anchoring cables to prevent the effects of winds 

and surface waves or even storms. The same can be done by accompanying the mass with floats 

during descent. Other variants include: using stabilized support to position the winch several 

meters below the surface; using systems like mini winches, remotely operated vehicles 

(ROVs), and thrusters to hang and unhook masses; and optimized design to limit hydrodynamic 

friction losses. 

In practice, a recent work of Toubeau et al. (2020) investigated the techno-economic 

feasibility of one of the variants of SinkFloatSolutions. The system is designed to move heavy 

blocks (typically between 5 and 50 tons) between the bottom of the water and its surface, 

considering a waste material of steel making process known as steel slag as the blocks. As 

shown in Figure 16b, a winch can be used to connect each block to an induction machine, 

which acts bidirectionally as a motor, and a generator during the charging and discharging 

phase respectively. An automated robot hooks (and unhooks) each block to the 

electromechanical system that is housed in a mobile waterproof platform. A variable-frequency 

drive controls the speed of the induction machine. As illustrated by the author, a major 

constraint comes from the inability to capture a new block before the previous one ends its 
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travel due to lower depth considered (200 m) that does not give enough time to perform the 

hooking operation. Further, a robust system would consider two to three electromechanical 

systems to ensure the continuity of the output power and increase the number of blocks that 

can be simultaneously moved. The efficiency is about 80% and can change depending on the 

speed of float during both vertical movements, and the operation condition.  This model was 

tested in an existing quarry with a sizeable depth of about 300m. This case study showed that 

1  MW of energy is derivable from 25 tons of steel slag for this depth, and the investment cost 

is low at an estimated value of around 100 €/kWh with a payback period below 10 years. 

a) b)

 

Figure 16. (a) MGH MGES storage system; Adapted from MGH (2015), (b) A typical conversion chain for a 

single electromechanical system of an underwater gravity energy storage (UGES) system (right); Adapted from 

Toubeau et al. (2020). 

Other similar tested storage technologies worth mentioning are the work of Bassett et al. 

(2016) and (2017), and Alami (2014), but both are based on using buoyant bodies (floats and 

buoys) as masses that store energy as they move vertically between the surface and bottom of 

the aquatic medium. The whole technology is also a system of pulleys, cables, reels, and energy 

converters. These studies concluded that more experimental testing is required of this 

technology especially for quantifying the achievable round trip efficiencies for the system and 

utility-scale energy storage. 

2.4.  Multi-Criteria Decision Analysis 

Multi-criteria decision analysis (MCDA) or Multi-criteria decision method (MCDM) is 

a group of decision-making techniques that evaluate and prioritize multifaceted, multi-
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objectives, and multi-attribute problems (Estévez and Gelcich, 2015; Belton and Stewart 2002). 

This unique tool has been widely employed in engineering and several fields of life dealing 

with the issues of selection, choice, and decision making including sustainable energy 

planning, and suitability and choices of location, materials selections, and supply chain for the 

design of mechanical systems (Yoon et al., 1995; Wang et al., 2009; Huang et al., 2011; 

Zavadskas and Turskis, 2011). This method helps decision makers in segmenting the problems 

into smaller sections, which are analysed based upon experience and observational 

professionalism of the decision makers to find reasonable solutions for the issues under 

evaluation (Okokpujie et al., 2020). 

MCDM is a consistent and easy tool to use encompassing several methods, including 

multi-attribute value theory (MAVT), entropy method, evaluation based on distance from 

average solution (EDAS), analytical hierarchy process (AHP), fussy AHP, data envelopment 

analysis (DEA), the analytic network process (ANP), the technique for order of preference by 

similarity to ideal solution (TOPSIS), and weighted aggregated sum product assessment 

(WASPA) (Fatemi and Rezaei-Moghaddam, 2019; Almeida, 2019). While the most commonly 

implemented MCDA approaches are AHP, MAVT, outranking, and goal programming, AHP 

is the most practical and well-known MCDA method (Mahdy and Bahaj, 2018; Belton and 

Stewart 2002). 

MAVT is an approach that supports consistent and transparent decision-making among 

multiple alternatives in complex situations with conflicting objectives (Belton and Stewart, 

2002). This method allocates a numerical value to each alternative under evaluation (Estévez 

and Gelcich, 2015), thus developing an order of preference for the alternatives which is based 

on the decision maker’s value judgment (Belton and Stewart 2003). MAVT uses an attribute 

tree to structure the decision problems, and a central component of this technique is the 

generation of partial value functions (generally in the form of an additive function), which are 

later aggregated to deduce an overall ranking function (Von and Edwards et al., 1986). 

AHP was proposed by Saaty (1980) for planning, resource allocation, and priority setting 

in operations such as transportation and military. This method is an organized process that 

divides the decision-making procedure into a few simple steps to generate weighted factors 

(Saaty, 2008). The method of AHP is similar to the MAVT approach as also based on an 
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additive preference function (Belton and Stewart 2002). However, AHP adopts pairwise 

comparisons by converting verbal statements into preference scores to evaluate the relationship 

between alternatives and a set of criteria, for example, how essential objective a is with respect 

to objective b) (Chopin et al., 2019). A variant of AHP is ANP which can integrate a higher 

level of sophistication when evaluating the interdependence of criteria, thus offering a solution 

to complex multi-criteria problems (Hsueh et al., 2015). The transparency, and simplicity of 

the aggregation methods of AHP and MAVT partly make them become widely used, but the 

same simplicity can bring about doubt regarding their validity (Harper et al., 2019). 

There exist many different methodologies to implement multi-criteria analysis (Estévez 

and Gelcich, 2015), however, their theoretical formulation shares some major stages (Figure 

17). The procedure is never unidirectional, and researchers have to consider one or more of the 

following steps for practical applications (Estévez, 2021) including: 

❖ Decision problem formulation: This stage explores the range of values comprising the 

decision-making problem (Estévez, 2021). 

❖ Developing indicators and objectives: This stage put decision-making problems into 

operation by converting the generated values into objectives and indicators (Keeney et 

al., 2005). 

❖ Development of alternatives: in this stage, strategies for the achievement of objectives 

are explored and defined (Gregory & Keeney, 1994). 

❖ Weights calculation: This major step in multi-criteria analysis establishes the relative 

importance of objectives which are generally represented as weight factors (Belton and 

Stewart, 2002); 

❖ Consequences evaluation: The establishment of the potential impact of alternatives on 

the objectives is done in this stage with the aid of either qualitative evaluations or 

quantitative models, generally done by experts (Gregory et al., 2012). 
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Figure 17. Stages of participation in multi-criteria decision analysis (MCDA) methodologies. Adapted from 

Estévez et al. (2021).  
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3. Materials and Methods 

This study proposes the application of a state-of-the-art energy storage technology using 

gravitational potential energy form in Cabo Verde. A methodology that is used for determining 

the best locations for siting wind farms majorly on the continent is extended for the first time 

to the energy storage system, specifically an offshore energy storage system.  We divided our 

study into sections by first evaluating the energy state of our study area. This includes 

electricity price, fossil fuel usage, CO2 emission, and renewable penetration where much 

attention was paid to the dominant energy, wind energy. We also analyzed the amount of CO2 

emission prevented through wind resource utilization before briefly delving into renewable 

potential, and cost analysis.  

The second and major aspect focused on the MGES itself and was subdivided into two 

systems; an isolated system and an onshore-connected system. We defined the isolated system 

as one that the off-peak energy is to be stored and consumed offshore without connecting to 

the grid onshore majorly by offshore facilities, while the onshore-connected system would be 

used for storing the excess generated renewable energy during off-peak period and transferring 

the energy to an onshore grid when needed. We have several conflicting criteria to consider for 

each of the two systems mainly resources as a function of depth, cost as a function of distance 

to the shore, and a secured location as a function of minimal impacts from currents. Thus, we 

are treating them separately as follows: 

❖ Isolated system 

This system focuses on regions with the maximum resources with little impact of 

underwater currents. 

❖ Onshore connected system 

This system focuses on all the three conflicting criteria that we want to maximize which 

are: resource (depth), cost (minimum distance to the coast), and security (minimum level of 

underwater perturbation).    
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Python and R are the programming languages used for data analysis and part of data 

acquisition. Considering the nature of this study, several datasets and processing approaches 

were employed. As earlier mentioned, this study is divided into energy state, and MGES. 

3.1. Energy State in Cabo Verde 

3.1.1.  General Energy Consumption  

The sources of data for this sub-section were numerous. They include several databases 

and past publications and annual reports such as Gesto Energy, Cabeolica (Cabeolica, 2021), 

Energy renewable of Cabo Verde (energiasrenovaveis, 2020), Emissions Database for Global 

Atmospheric Research - EDGAR (EDGAR, n.d.; Crippa et al., 2019 and 2020), Eurostat 

(Eurostat, 2018), and Electra (Electra, 2018). We conducted analysis on fossil fuel 

consumption, renewable penetration, wind energy usage, intermittency, and C02 emission. 

Further, the price of electricity in Cabo Verde was compared with other European and West 

African countries. Lastly, the final energy potential and their intermittency based on their 

sources of either renewable or non-renewable were evaluated. 

3.1.2. Wind and Solar Radiation 

Daily wind (10 m) and solar radiation over a surface under a clear and normal atmosphere 

were downloaded from Copernicus climate data1 (Hersbach et al., 2018). These datasets that 

span between 2012 and 2020 were averaged for the entire Cabo Verde, and the annual, 

monthly, and hourly variations were shown. Details about the dataset will be presented under 

wave climate analysis.  

The wind dataset comes in west-east (U) and south-north (V) velocity components which 

were then processed then processed using the formula: 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  √(𝑈2 +  𝑉2)                                                                (1)  

 

1 https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview    

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
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Where U and V are the wind velocity components in the x and y direction respectively (Zhang et al., 2019). 

3.1.3. Ocean Thermal Energy Conversion (OTEC) Analysis  

The dataset used for OTEC analysis is the GLORYS12V1 reanalysis data product of the 

Copernicus Marine and Environment Monitoring Service – CMEMS (E.U. CMEMS, 2020). It 

is a homogeneous 3D gridded description of the physical state of the ocean-spanning several 

decades (Fernandez and Lellouche, 2018; Perruche et al., 2016). It is produced with a 

numerical ocean model constrained with data assimilation of satellite and in situ observations 

by means of a reduced-order Kalman filter. Nemo platform is the model component and it was 

driven by ECMWF ERA-Interim product and ERA5 reanalyses at the surface in the past and 

recent years respectively (Lellouche et al., 2018 and 2021). The correction of the slowly-

evolving large-scale biases in the temperature is done using the 3D-VAR scheme. The Gridded 

daily seawater temperature (°C) model output has 50 vertical layers and 1/12 degrees in 

horizontal resolution (Lellouche et al., 2018, and 2021). We downloaded this ocean 

temperature product covering 12 years. 

OTEC works on a principal of temperature difference between the surface and 1000 m 

depth (Mofor et. al, 2014). A minimum temperature gradient of 20 ºC between these two depths 

is necessary to achieve acceptable performance to drive turbines (Devis-Morales, et al., 2014). 

Three major types of technologies are employed for the thermal gradient ocean system namely:  

Close cycle, open cycle and hybrid cycle (Adesanya et al., 2020, Khan et al., 2017, Adiputra 

et al., 2020). This study adopted the approach to develop open and hybrid systems (Shadman 

et al., 2019, Khan et al., 2017, Adiputra et al., 2020) as the toxicity and availability of the 

working fluids for the close cycle such as ammonia, and chlorofluorocarbons, and the possible 

biofouling of the heat exchangers during operation are some of the major challenges facing the 

close system. 

Using the 12 years (2009-2020) gridded daily seawater temperature data obtained from 

CMEMS, the total average and seasonal extractable or available power called the gross power 

(P gross), and the total annual and seasonal usable or output power (P net) are calculated for 

the 12 years period for some locations and the whole of Cabo Verde using the methodology 

described by Nihous, 2007, and Devis-Morales et al., 2014. The net power is usually 30% of 
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the gross power due to a considerable amount of the gross power that is exhausted to pump the 

large seawater flow rates through the OTEC plant (Vega and Nihous, 1994; Nihous, 2017), and 

it can be expressed by considering ΔTdesign as 20 °C and the other losses presented in Nihous, 

2007. 

The model was constructed based on the highlighted estimations and assumptions as 

follow:  

a. Gross Power𝑷𝒈:     

                                              𝑃𝑔 =  
3𝜌𝑐𝑄𝑐𝑤𝛾𝜀𝑡𝑔(∆𝑇)2

16(1 + 𝛾)𝑇𝑤
                                                   (2𝑎𝑖)       

    (Luomi, 2014; Syamsuddin and Attamimi et al., 2015) 

                                                     𝛾 =  
𝑄𝑤𝑤

𝑄𝑐𝑤
                                                                             (2𝑎𝑖𝑖) 

          IMF (2019)  

b. Net Power𝑷𝒏:  

𝑃𝑛 =  
3𝜌𝑐𝑄𝑐𝑤𝛾𝜀𝑡𝑔

8𝑇𝑤(1 + 𝛾)
  (

3𝛾(∆𝑇)2

2(1 + 𝛾)
− 0.18(∆𝑇𝑑𝑒𝑠𝑖𝑔𝑛)

2
− 0.12((𝛾/2)2.75 (∆𝑇𝑑𝑒𝑠𝑖𝑔𝑛)

2
) 

               (2b) 

(Uehara and Ikegami, 1990) 

Where ρ is the density of seawater in kg/m3, c is the specific heat of seawater, as 4000 kJ/kg K, Qcw is cold water 

flow rate in m3, Tw is the temperature of warm surface water in K, ΔT is the temperature difference between warm 

water and cold water in K, εtg is the turbine generator efficiency and γ is the ratio between warm water and cold 

water flow rate, ΔTdesign is represented by the surface temperature. 

3.1.4.  Wave Climate Analysis 

The wave dataset which was gotten from the operational global ocean analysis and 

forecast system of Era 5 from Copernicus climate data portal1. According to Hersbach et al. 

2018, ERA5 is the output of the fifth-generation ECMWF reanalysis for the global climate and 
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weather over the past 40 to 70 years. It is a combination of model data with observations using 

data assimilation techniques into a globally consistent and complete dataset for several 

atmospheric, ocean waves, and land variables. The data undergoes daily updates with a latency 

of about 5 days. The final reanalysis product is provided on a regular grid of latitude-longitude 

0.25 degrees horizontal resolution. We used 24 years (1996 -2021) wave data consisting of the 

significant wave height, mean wave direction, and wave period. The power density P was 

calculated from the significant wave height Hs and the wave energy period Te as follows: 

                                                                𝑃 =  
𝜌𝑔2

64 𝜋
 𝐻𝑠

2𝑇𝑒                                                             (3)  

(Nielsen, 2009) 

Where ρ and g represent the seawater density (1025 kg m–3) and gravity acceleration (9.806 m s–2) respectively; 

Hs is the significant height (m), and Te is the energy wave period (s).  

This simplified expression uses deep-water approximation which fits well for most of the 

modeled domains as illustrated by Nielson (2009). However, some sophisticated techniques as 

well as in situ measurements might be required to precisely determine the shallow water wave 

climate as explained by the same author. 

The spatial distribution of the mean wave power with its seasonal and monthly 

climatology was computed. 

3.2. MGES Analysis  

3.2.1.  Bathymetry Data Choice and Analysis 

Marine gravitation energy storage MGES is a technique that strongly depends on depth 

for its resource evaluation. Hence, the selection of the final bathymetry dataset used in this 

study was done after examining various bathymetry datasets. They include EMODNET, 

GEBCO, ETOPO1, and other in-situ sources. The output of this data is described below: 

a. General Bathymetric Chart of the Oceans (GEBCO) 
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GEBCO’s gridded bathymetric data set, the GEBCO_2020 grid is the latest global 

bathymetric product released by the General Bathymetric Chart of the Oceans (GEBCO) and 

has been developed through the Nippon Foundation-GEBCO Seabed 2030 Project2. This a 

continuous, global terrain model for ocean and land with a spatial resolution of 15 arc-seconds 

(450 m). The grid uses as a ‘base’ Version 2 of the Shuttle Radar Topography Mission (STRM) 

which is SRTM15+ data set (Tozer et al, 2019). This data set is a fusion of land topography 

with measured and estimated seafloor topography (Becker et al., 2009). It is augmented with 

the gridded bathymetric data sets developed by the four Seabed 2030 Regional Centers. 

Sources includes regional dataset, Multibeam and Single Beam Survey Data. This dataset has 

a good coverage but low resolution for the intended study (Figure 18). 

 

Figure 18. GEBCO Bathymetry Output (Data from GEBCO). 

b. Emodnet Data 

According to Emodnet Bathymetry Consortium (2018), the European Marine 

Observation and Data Network (EMODnet) bathymetry dataset includes survey and composite 

Digital Terrain Models (DTMs) collated from public and research organizations. The source 

data majorly constitute data from single and multibeam surveys that are delivered either as a 

 

2 Book, I. I. G. C., & Contributors, O. D. GEBCO_2020 Grid. 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2020/#ref
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set of soundings or as a high-resolution DTM produced from a single survey. GEBCO 30 arc-

second gridded data is used to complete the coverage where high-resolution data are 

unavailable, and this region starts from the southern part of Cabo Verde southwards. For the 

global coverage, the resolutions are: 

❖ 1/8 * 1/8 arc minutes (230m) for deep sea; 

❖ 1/16 * 1/16 arc minutes (circa 115 * 115 meters) for deep-sea and shelf, and continental 

margin; 

❖ 1/32 for continental margin. 

We downloaded from Emodnet data portal3, and generated a plot for the region covered 

by the high resolution portion of the data (Figure 19). The high resolution does not cover south 

of 15 N as shown in Figure 19. 

 

Figure 19. Emodnet Bathymetry Output (Data from Emodnet). 

c. ETOPO1 

ETOPO1 is a 1 arc-minute (2km) global relief model of Earth's surface that integrates 

land topography and ocean bathymetry (Amante and Eakins, 2009). Built from global and 

 

3 https://portal.emodnet-bathymetry.eu/  

https://portal.emodnet-bathymetry.eu/
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regional data sets, it has a higher resolution version of ETOPO2, which is a 2 arc-minute global 

relief model of Earth's surface. An arc-minute is 1/60 of a degree. The dataset has a good 

coverage but with a low resolution (Figure 20). 

 

Figure 20. ETOPO1 Bathymetry Output. Data: Etopo1. 

d. Survey Data 

Basically, it is multibeam bathymetry and acoustic backscatter images. Multibeam 

bathymetry and backscatter data were collected using an Atlas Hydrosweep system on 

R/V Meteor cruise 62/3 and a Simrad EM 12 system on RRS Charles Darwin cruise 168. 

Multibeam coverage extends along both flanks of the northern island chain from São Nicolau 

in the east to Santo Antão in the west (Masson et al., 2008). For the southern island chain, the 

western flank of Santiago and the area around Fogo and Brava were surveyed (Figure 21). No 

data were collected around the eastern islands of Sal, Boa Vista and Maio. Although, places 

without data are filled with NASA SRTM data, we only focus on the multibeam data and filled 

places lacking data with zero. This dataset has a very good resolution but does not cover the 

whole of Cabo Verde (Figure 21). 
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Figure 21. In-situ data Output (Masson et al., 2008). 

e. NCEI Multibeam Bathymetry Data 

NCEI is the U.S. national archive for multibeam bathymetric data and holds more than 9 

million nautical miles of ship trackline data recorded from over 2400 cruises and received from 

sources worldwide (NOAA National Centers for Environmental Information, 2004). In 

addition to deepwater data, the Multibeam Bathymetry Database (MBBDB) includes 

hydrographic multibeam survey data from NOAA's National Ocean Service (NOS). A 

comprehensive list of the sources can be found in Appendix 5. More details can be found on 

NCEI website4. 

The high resolution of this dataset allows it to capture several features and depth 

variations better than other dataset presented. The coverage also spans through the whole of 

 

4 https://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html  

https://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html
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Cabo Verde making it a best fit for this research (Figure 22). We selected 50 m by 50 m grid 

horizontal resolution which is very high.  

 

Figure 22. NCEI data Output. Data: NCEI. 

3.2.2. Analysis of the Distance from coast  

The distance to the coast was computed in R by adopting a function developed by 

Davidatlarge retrieved from the GitHub repository link that can be found in the footnote5. This 

function was developed to calculate the distance of geo points to the nearest coastline and was 

meant to be used for marine data. We used the more precise approach of the function to 

generate finer and filtered coastline with a plot output and extracted values for each of our geo-

points which were later contoured. The plot output is shown as Figure 23. 

 

 

5 https://github.com/Davidatlarge/dist2coast  

https://github.com/Davidatlarge/dist2coast
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Figure 23. Distance from the coast. Data: Natural Earth6.  

3.2.3. Current Data Procurement and Analysis 

The current dataset is among the output of a set of Atlantic Ocean numerical simulations 

performed with the Coastal and Regional Ocean Community model (CROCO). CROCO was 

developed based on the Regional Oceanic Modeling System (ROMS). Four sets of high 

resolution output have been released namely GIGATL24, GIGATL6, and GIGATL3, and the 

latest version and highest resolution version GIGATL1 covering the June 2008-May 2009 

period which is used in this study. GIGATL1 provides hourly outputs with a resolution is <1 

km in the horizontal and 100 "topography-following" vertical levels initiated from GIGATL3 

simulations with boundary conditions supplied by SODA. We used the simulation with tides. 

The link to the data information is   

https://github.com/Mesharou/GIGATL/tree/v1.0.  

The computed statistics for this data include: minimum, maximum, mean and standard 

deviation of the current amplitude for the surface, bottom and vertical mean throughout the 

water column. We computed from the hourly data the monthly and annual statistical variables 

 

6 www.naturalearthdata.com  

https://github.com/Mesharou/GIGATL/tree/v1.0
http://www.naturalearthdata.com/
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and analyzed for the variable that can best fit our study focus since we are considering one 

system that can be far offshore and the other that is shore dependent. 

3.2.4. Marine Gravitational Energy Storage Resource Potential  

❖ Concept  

The electrical energy derived from the intermittent renewable source at peak energy is 

used as an electric engine and transformed to mechanical energy that acts in lifting a number 

of masses (solid blocks) using systems of pulleys and winches connected to an 

electromechanical system acting as both a motor and a generator. As the mass rises, the 

potential energy increases. When the mass gets to the maximum height, the energy is then 

stored as mechanical potential energy, and this step is referred to as the system loading mode. 

The discharge mode happens when the demand for energy increases, and this is released to the 

descent. In this way, the motor acts in reverse, acting as an electric generator (Botha and 

Kamper, 2019; Morstyn, 2019; Toubeau, 2020). 

❖ System Sizing and Quantifying Resource Potential 

The marine gravitational method using potential energy from heavy masses has not been 

fully implemented in the marine environment, unlike the buoyancy method (another marine 

gravitational method), and UWCA. To determine the system’s energy storage sizing and 

capacity, we first adopted the approach of Bassett et al. (2016), Botha and Kamper (2019), 

Morstyn et al. (2019), and Ruoso (2019). While Bassett et al. (2016) presented a theoretical 

and experimental validation of a wet gravitational energy storage system where the vertical (up 

and down) movement of a buoyant body generates potential energy, the works of Botha and 

Kamper (2019), Morstyn et al. (2019), and Ruoso (2019) focus on the dry gravitational energy 

storage system using suspended (heavy) masses.  

We supplemented the aforementioned studies with the works of Bassett et al. (2017) 

(which showed a full theoretical system sizing of a wet gravitational potential energy using a 

buoyant mass), and one of the variants of the technologies patented by SinkFloatSolutions that 

was presented by Toubeau (2020). The reason for not fully adopting the work of Toubeau 

(2020) even though it also focuses on MGES of heavy masses (not buoyant bodies), and has 
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also been tested experimentally (a practical case study conducted in a quarry of depth 200 m), 

is due to the fact this presented work considers a full marine system with a potential depth that 

can exceed several kilometers thus giving enough time for hooking and unhooking of masses 

that Toubeau (2020) stated as a major challenge to this system. Further, our proposed storage 

system avoids both the use of robots for hooking operations, and several electromechanical 

systems by adopting a simple more flexible proposed solution patented by MGH7. 

Some relationships and abbreviations used in the system sizing of MGES are shown in 

Table 1. 

Table 1. Table showing some acronyms and relationships used in MGES system sizing 

Abbreviation/Acronym Meaning and Relationship 

1 W h 3600 J 

1 J 2.78 × 10 −4  𝑊ℎ𝑟 

d Diameter of mass/weight 

Efficiency Efficiency of the system 

D Total available Depth 

D’ Usable depth in the marine environment to lift the weight 

H Height of the weight 

h hour 

V Volume of the weight 

m mass of the weight 

ρ density of the weight 

ρw density of water 

Fb Force of Buoyancy 

Fd  drag force 

Cd drag coefficient 

A Area of the weight perpendicular to motion 

Vc drag velocity 

 

The first two assumptions are that weight is composed of heavy concrete (or slag waste 

incorporated steel fiber-reinforced concrete (SSFRC)) with a long cylindrical shape. These two 

materials were considered as a result of factors like cost, environmental impacts, durability, 

and resistance to corrosion and chlorine penetration (Kim et al., 2021). According to Koyuncu 

(2007), streamline bodies have the lowest drag in water which is unachievable for underwater 

structures. Water pressure is the primal factor in determining the shape of an underwater 

 

7 https://youtu.be/cllRJUuJ_7s  

https://youtu.be/cllRJUuJ_7s
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structure. Only taking into account this factor, every underwater structure would have a 

spherical shape especially for hollow bodies. However, for heavy concrete or SSFRC, a 

cylindrical shape might be the best option as complex shapes will require customized molds 

which might be quite expensive and thus difficult to get. Thus, we are considering a cylindrical 

weight. 

                                              𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑒𝑖𝑔ℎ𝑡 =  
𝜋𝑑2𝐻

4
                                                       (4𝑎)  

                          𝑚 =  𝜌𝑉 =  
𝜌𝜋𝑑2𝐻

4
                                                                    (4𝑏) 

1. Defining storage potential using depth alone: 

a. Consider the total potential without the efficiency of the system; 

                               𝐸𝑛𝑒𝑟𝑔𝑦(𝐽) = 𝑚𝑔𝐷                                                                              (4𝑐𝑖)  

                             𝐸𝑛𝑒𝑟𝑔𝑦(𝑊ℎ) = 2.78 × 10−4  × 𝑚𝑔𝐷                                            (4𝑐𝑖𝑖)  

b. Inclusion of the efficiency of the system; 

                        𝐸𝑛𝑒𝑟𝑔𝑦(𝑊ℎ) = 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 2.78 × 10−4  × 𝑚𝑔𝐷                                 (4𝑐𝑖𝑖𝑖) 

                       Energy (Wh) =  
2.78 × 10−4 (𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ×  𝜌𝑔𝐷𝜋𝑑2𝐻) 

4
                      (4𝑐𝑖𝑣)  

2. Taking account of the height of the weight;  

                              𝐸𝑛𝑒𝑟𝑔𝑦 (𝐽) = 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝑚𝑔𝐷′                                                (4𝑑𝑖)            

𝑤ℎ𝑒𝑟𝑒 𝑡ℎ𝑒 𝑢𝑠𝑎𝑏𝑙𝑒 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝑙𝑖𝑓𝑡 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡, 𝐷′ = 𝐷 − 𝐻   

                                  𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ) =
2.78 × 10−4 (𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝑚𝑔𝐷′)

4
                      (4𝑑𝑖𝑖) 

                                                   𝑚 =  𝜌𝑉 =  
𝜌𝜋𝑑2𝐻

4
 

      𝐻 =  
4𝑚

𝜌𝜋𝑑2
                                                                            (4𝑑𝑖𝑖𝑖) 
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                                             𝐷′ = 𝐷 − 𝐻 =  𝐷 −
4𝑚

𝜌𝜋𝑑2
                                                              (4𝑑𝑖𝑣) 

          𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ) =
2.78 × 10−4 (𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝑚𝑔(𝐷 −

4𝑚
𝜌𝜋𝑑2)

4
                           (4𝑑𝑣) 

3. Efficiency 

To determine the Efficiency of the system, we have to look at the amount of energy 

generated during ascent, and the amount released during descent which are a function of the 

system’s design in general including mass used, depth of operation, shape of the mass, and 

energy loss due to drag, friction etc. 

According to Archimedes and principle of floatation (established laws of physics), forces 

acting on a body fully or partially immersed in a fluid are: 

i. Its weight always acting downwards; 

ii. Buoyancy force always acting upward due to pressure increasing with depth making 

the pressure gradient force to be directed upward; 

iii. Drag, acting in opposite direction to the body’s motion i.e ascent or descent depending 

on the stage of the vertical movement.  

During ascent (system loading), the tension (C) in the string or rope is a function of the 

weight (purple arrow in Figure 24b), and the opposing force (deep blue arrow) will only be the 

drag. While during descent (discharge), the opposing forces are drag and buoyancy force 

(Figure 24a). Thus, the tension can be expressed as the resultant force depending on ascent and 

descent as: 
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                                             𝐶 = 𝑊𝑒𝑖𝑔ℎ𝑡 ± 𝐹𝑏 −  𝐹𝑑                                                            (5𝑎)8  

Weight Weight + 𝐹𝑑

  𝐹𝑏

a) Descent b) Ascent

Fb + 𝐹𝑑

 

Figure 24. Schematic of the balance of all forces as a body ascend (left) and descend (right) in a fluid. 

a. Buoyancy force  

The magnitude of the buoyancy force is simply the weight of the fluid displaced as 

explained by Archimedes principle, and this is the product of the surrounding fluid density, the 

volume of the object, and the acceleration due to gravity.  For this study,  

      𝐹𝑏 =  𝜌𝑤𝑉𝑔                       (5b) 

In addition, the ambient density of water increases with depth although might not be 

greater than 1 to 1.5 % per 1000 and 1500 respectively. 

b. Efficiency loss as a result of other factors 

In addition to buoyancy force that can influence the efficiency of the storage system, 

other factors that are always considered during system sizing of an underwater technology that 

works under this principle includes the following: 

 

 

8 Equation 5a depicts that weight is always the dominant force since we are considering a heavy mass. The tension 

C is larger during ascent as a result of drag force complementing weight. 
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i. Hydrodynamic losses 

The float will perform work to the fluid proportional to the hydrodynamic drag force 

opposing the float’s motion which is proportional to the velocity. Drag force is expressed 

below. 

𝐹𝑑 = 0.5𝜌𝑤𝐴𝑉𝑐
2𝐶𝑑                                                                 (5c) 

Where A is the area of float perpendicular to motion, Cd is drag coefficient, and Fd is the drag 

force acting opposite direction of float velocity, and Vc is charge velocity. Assumption here is 

the same charge and discharge velocity. Since Fd is acting against the float motion for both the 

charge and discharge phases, the total energy loss will be the sum of the losses for charge and 

discharge. 

Cd is not a constant but varies as a function of flow speed, flow direction, object position, 

object size, fluid density, fluid viscosity, and the Reynolds number (Re), and normally be 

derived empirically. 

𝑇𝑜𝑡𝑎𝑙 𝐷𝑟𝑎𝑔 𝐸𝑛𝑒𝑟𝑔𝑦 = (𝐹𝑑1 +  𝐹𝑑2)𝐷′ 

=  𝜌𝑤𝐴𝑉𝑐
2𝐶𝑑𝐷′                                                  (5d) 

Since Energy is the product of force and distance, and Cd equals 0.82 or 0.84 for a long 

cylinder or good aerodynamic shape according to Toubeau (2020) that also computed Re from 

linear dimension (L) of mass of 1m, speed of 1 ms-1, and kinematic viscosity (μ) of 1.007 × 

10−6 (m2/s) as shown below: 

    Re =  
VeL

μ
=  

1×1

1.0007 ×10−6  ≈  106                                           (5e) 

ii.  Electrical losses 

When an electric motor and generator are used in connection to the reel such that 

electrical energy can be stored and discharged using Gravity approach, additional losses will 

be experienced. The power input or output from the motor unit will be proportional to system 
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voltage and current. The required power level and thus current can be calculated for a given 

float and water depth as: 

               𝐼 =
𝐶𝑉𝑐

𝑄
                                                                              (6𝑎) 

Where C is the tension in the string, Vc= charge velocity, I is current (amps) and Q is system’s voltage (volts). 

The resistive losses within the motor are related to amperage through; 

                                             𝐸𝑙𝑜𝑠𝑠_𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  {[
𝐶𝑉𝑐

𝑄
]

2

 𝑅𝑇}                                                              (6𝑏) 

Where R is the total resistance of the electric motor coils, E lost is electrical loss and T is time.  

Substituting t as distance/ velocity, we arrive at: 

                                             𝐸𝑙𝑜𝑠𝑠_𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  {
𝐶2𝑉𝑐𝑅𝐷′

𝑄2
}                                                                  (6𝑐) 

For equal charge and discharge power levels, and when charge and discharge occurs 

through the same electric motor (i.e. equal resistance of both charge and discharge phases), the 

total loss can be expressed as twice of that: 

                                         𝐸𝑙𝑜𝑠𝑡_𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐_𝑡𝑜𝑡𝑎𝑙 =  2 {
𝐶2𝑉𝑐𝑅𝐷′

𝑄2
}                                                         (6𝑑) 

iii. Total Round-Trip Efficiency 

 The total round trip efficiency of the system can be expressed after accounting for the 

total major losses as: 

           Efficiency = 1 −  {(𝐸𝑙𝑜𝑠𝑠_𝑑𝑟𝑎𝑔 + 𝐸𝑙𝑜𝑠𝑠_𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ) + 𝐸𝑙𝑜𝑠𝑠_𝑢𝑝𝑤𝑎𝑟𝑑𝑏𝑢𝑜𝑦𝑎𝑛𝑡𝑓𝑜𝑟𝑐𝑒}            (7a) 

Note: We separate the energy due to buoyancy because we can incorporate it directly 

into the Energy Equation by using density instead of mass and deducting mass of fluid 

displaced from the total mass which now becomes our new equation. 

Incorporating buoyancy force into the initial energy equation; 
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             𝐸𝑛𝑒𝑟𝑔𝑦(𝐽) = (𝜌 − 𝜌𝑤)𝑉𝑔 (𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑙𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑑𝑟𝑎𝑔 𝑎𝑛𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)             (7b) 

𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ)

=  
2.78 × 10−4 ((𝜌 − 𝜌𝑤)(𝐷 −

4𝑚
𝜌𝜋𝑑2)𝑔(𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑙𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑑𝑟𝑎𝑔 𝑎𝑛𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)

4
 

(7c) 

c. Total Round Trip Efficiency 2 

Assumption for Drag losses: 

The effect of hydrodynamic drag is of a significant importance as it accounts for the 

fundamental losses of energy due to viscous dissipation. As shown in the previous equations, 

drag force is governed by drag coefficient. Drag coefficient is also a function of Bejan number, 

Reynolds number, and the ratio between wet area and front area (shape) (Liversag and 

Trancossi, 2018). Drag coefficient is inversely proportional to Reynold’s number but drag force 

and energy are directly proportional to drag coefficient. Since drag is a complicated issue that 

requires a detail analysis, we further adopted the concept of Bassett et al. (2016) for circular 

cylindrical bodies, and other similar studies that explained the concept of drag crisis, indicating 

that drag coefficient drastically decreases for high Reynolds numbers of 3 × 105 as a result of 

the boundary layer transition from laminar flow with a wide wake, to turbulent flow with a 

narrowed wake (Fluent Inc., 2016; Singh and Mittal, 2004). Bassett et al. (2017) analyzed 

ranges of speed of drag crises between the best case and worst case scenario of drag losses 

from 0.2 to 12 respectively, and showed that for a float moving very slowly in relation to its 

size, the hydrodynamic drag losses are very small compared to total energy storage capacity, 

and as such the efficiency range is very high. 

Finally, to quantify the efficiency in other components of this system, we adopted the 

work of Morgan (2010), an existing patent form of gravity energy storage through buoyancy 

that also utilizes barges, pulleys and other system’s design similar to this study. Although no 

specific references were presented, the patent utilized a generator efficiency of 95%, pulley 

efficiency of 99%, and motor efficiency of 97% in the calculation. Siemens (2016) showed that 

the efficiencies used by the patent for motor and generator respectively are obtainable. Further, 
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the maximum efficiency of pulley obtained by a research by Balance Community in 2016 is 

96%. In addition, we can consider an electric motor/generator of the model W22 Magnet IR5 

Ultra-Premium, manufactured by the company WEG. This motor is a synchronous type with 

high-performance permanent magnets and has 97% efficiency (Ruoso et al., 2019).  

Putting everything together, 

𝜂𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝 =  𝜂𝑚𝑜𝑡𝑜𝑟 × 𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 × 𝜂𝑐ℎ𝑎𝑟𝑔𝑒 ×  𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 × 𝜂𝑝𝑢𝑙𝑙𝑒𝑦 

                                      𝜂𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝 = 0.97 × 0.95 × 0.97 ×  0.97 × 0.96 = 0.86                   (7𝑑) 

The computed roundtrip efficiency of 86% in Equation 7d is reasonable as also 

highlighted by Toubeau (2020) that the round-trip efficiency in MGES can be higher than 80%. 

In this regard, our equation becomes: 

                  𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ) =  
2.78 × 10−4 (𝜌 − 𝜌𝑤) (𝐷 −

4𝑚
𝜌𝜋𝑑2) 𝑔 × 0.86

4
                     (7𝑒) 

❖ Reel and pulley anchorage 

Since we are considering depth around 800-1000m or more, a fixed structure might not 

be feasible, thus a floating platform should be considered. The required foundation mass that 

can support the floating system will be proportional to factors including the volume of the 

mass, ambient fluid velocity, and design safety factor. For zero ambient fluid velocity, the 

required foundation mass can be expressed as: 

                                                          𝑀 =
2𝐶{𝑆𝑓}

𝑔
                                                                                  (8) 

Where C is the tension in the cable without drag (ρVc g - mg), and Sf is the safety factor, a dimensionless quantity 

that gives a wholesome of the amount of mass the foundation mass can support. 

3.2.5. Developing Multicriteria Model and Generating Energy Storage Suitability Maps  

The last subsection was used to quantify the resources. This subsection is showing the 

approach adopted to identify the best locations and develop a suitability map using MCDA 
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concept. MCDA is a widely used tool in proposing sites for wind farms and generally in wind 

spatial planning. Some of the major criteria they consider for onshore wind are wind speed-

factor, distance to roads, and the proximity of farms to built-up areas, whereas water depth and 

wind speed are the major factors under consideration for offshore indicating MCDA is problem 

orientated. Based on this, we developed our own criteria tailored to our problem and identified 

our criteria for each of our focus. According to Salty (2008), one of the best ways to solve a 

multiple criteria problem is to study the problem and its characteristics, then arrive at specific 

conclusions. We have already highlighted that we are focusing on two systems, Onshore-

connected and Isolated, and we have identified our criteria for each. The approached we used 

is shown in Figure 25.  

After problem definition that we have already done, we set a weight of one. Weight in 

this regard is used to establish the relative importance of each of the criteria that are used in 

our model as explained by Belton and Stewart (2002). However, we are considering all the 

criteria to be of equal significance. After rescaling the model output, and creating a refined 

scale, the final suitability map has five indices namely; optimally suitable, most suitable, 

moderately suitable, least suitable, and not-suitable. Our major focus is highlighting the 

optimally suitable zones and quantifying their storable energy. However, zones with great 

storage potential falling under the category of the most suitable class is also of high importance 

to this research. Refining the scale allows us to filter the major areas of our focus especially 

the optimally suitable zones. A detailed procedure of how we adopt the concept of MCDA and 

generate our suitability models is presented next. 
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Figure 25. Flow-chart for generating suitability model. 

❖ Economic Interest Zone 

A part of the previous subsections was used to describe the principle behind MGES, the 

choice of data for this study, the procedure we used to quantify the resource potential including 

the storage system’s efficiency, and all the associated assumptions. To determine the best 

locations to site this technology in Cabo Verde that we termed Economic Interest or suitable 

zones, we split our analysis into two as stated in the introductory zone. The first system 

(Isolated system) is majorly concerned with the maximum derivable resources, hence, the 

factors under consideration are just both resources and minimal current impact. In the second 

system (Grid or Onshore Connected system), the focus includes maximizing resources (depth), 

minimizing distance to the nearest coast, and minimizing the impacts of ocean current.   

a. Economic Interest Zone1 with resources  

For isolated system, the bathymetry was first filtered to remove any associated land 

dataset. We incorporated the current data into our model. We generated a suitability map. We 

delineated the three best suitability indices into the resource map. 

 

PROBLEM DEFINITION

SETTING AN INITIAL WEIGHT OF 1

MULTIPLY WEIGHT BY CRITERION TO 
MAXIMIZE AND DIVIDE BY THE ONE TO 

MINIMIZE

RESCALE THE OUTPUT

REDEFINE THE SCALE

SUITABILITY MODEL
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b. Economic Interest Zone2 with resources 

For the onshore-connected system, we first filtered the land bathymetry out. The second 

part is divided into two: we only considered the resource (~depth) and the closest distance from 

the shore for the first one, then generate the suitability map and delineate the best three 

suitability indices in our resource map. This is to give an understanding of the effect of 

switching criteria or the influence of a certain criterion. The second case includes all the three 

criteria (depth, distance, and ocean current). We generated our suitability model and map, and 

finally delineate the three best suitability indices in our resource map. Another critical factor 

we considered is a maximum distance of 20 km for this system for achieving a realistic output. 
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4. Results 

4.1. Energy Situation in Cabo Verde 

This sub-Section highlights the need for engaging in energy storage research by 

analyzing the energy situation in Cabo Verde, the resource strength and intermittency of the 

available renewables, the portion of fossil fuel and renewables in the total energy mix, the high 

and fluctuating electricity price, and some renewables option with their huge potential. 

4.1.1. Thermal Plants, Electricity price and Renewable Energy Penetration in Cabo Verde  

The three major consumed energy sources in Cabo Verde are wind energy, fossil fuels, 

and solar energy (Figures 26, 27, and 28; Appendix 6). There is at least an installed thermal 

plant on each island as shown in Figure 26. In 2015, the islands with the minimum number of 

thermal plants are Maio, Sal, São Nicolau, and Brava, having one thermal plant each. Santo 

Antão, Fogo, and the island of São Vicente have two thermal plants each. The most populous 

island has the largest number of thermal power plants of five (Figure 26). In 2018, a large 

fraction (ninety percent) of the locally consumed energy in Cabo Verde comes from fossil fuels 

(Appendix 6). 

Similar to the number of thermal plants, the share of fossil fuels also varies for each 

island. Boa Vista is the only island that consumed less than fifty percent electricity from fossil 

fuel in 2012. The island of Sal generated electricity of close to fifty-five percent from fossil 

fuel, while Santo Antão, Santiago, and São Vicente consumed more than seventy percent of 

electricity from this same source in 2015. São Nicolau, Brava, Fogo, and Maio run completely 

on fossil fuels for electricity generation.  

Renewable energy sources represent approximately twenty, eighteen, and seventeen 

percent of the consumed energy in Cabo Verde in 2018, 2019, and 2020 respectively shared 

between wind and solar energy, with solar taking approximately two, three, and three percent 

of this share within those respective periods (Appendix 6; Table 2). A significant rise in the 

consumption of renewables was witnessed between the period of 2011 and 2012, a trend that 

extended till 2014 though at a reduced rate of increase. After the first and second peaks 
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achieved in 2014 and 2018, the electricity consumption from renewables always undergoes a 

decline phase, with a minimum in 2017 (Figure 28).  

The trend in the consumption of renewables for electricity generation is clearly illustrated 

in the pattern of wind usage for electricity generation in Cabo Verde. Between the periods of 

2010 to 2019, both wind and total renewable show similar trends of increase and decrease 

although the manner of increase witnessed in the total renewable between 2017 and 2018 is far 

beyond that of wind consumption. Five out of the nine inhabited islands have electricity power 

plants running on wind energy in 2015 (Figure 26). They are Santo Antão, São Vicente, Boa 

Vista, Sal, and Santiago. Only Sal and Santiago generate electricity from solar power for that 

year indicating that these two islands have the most diverse energy mix of any islands in Cabo 

Verde.  

The comparison of the price of electricity in Cabo Verde with other countries clearly 

expresses the impact of heavy reliance on fossil fuels on price fluctuation (Figure 27). Except 

for Angola, Zimbabwe, China, and Japan, all other countries experienced a price change within 

an interval of just three months. The price change corresponds to an increase in electricity 

prices for all the countries. Ireland, New Zealand, and Cabo Verde are some of the countries 

that experienced a very high change in price between these three months period which can be 

strongly linked to higher fuel prices as a result of fuel supply constraints or disruptions or an 

increase in price on the world market. Out of these three countries, Cabo Verde and New 

Zealand witnessed the highest change having undergone a price change of 0.05 and 0.06 United 

States dollars per kilowatt-hour of electricity respectively (Figure 27).  

In June and September 2020, Cabo Verde ranked fourth out of the 19 countries whose 

prices of electricity were studied (Figure 27). Germany, Bermuda, and Denmark are the three 

countries whose citizens pay a higher fee than Cabo Verdeans to purchase electricity. The price 

of electricity in Cabo Verde is far higher than in some of the advanced countries including the 

USA, Japan, and Italy. A more detailed illustration would highlight that Cabo Verdeans pay 

more than twice the price paid by a USA citizen for this period over the same or similar 

commodity. Regionally, the price of electricity is higher than in other studied countries in West 

Africa and Africa. Approximately, it doubles that of Sierra Leone and Mauritius while it is in 

a five-fold multiple for countries like Nigeria and Ghana, as depicted in Figure 27.   



 

60 

 

 

Figure 26. Cabo Verde Islands, and the locations of electricity generation and shares of capacity among selected 

Islands in 2012 (UNIDO; ECREE, 2010) and (Electra, 2013) Note: Not drawn to scale 

 

Figure 27. Comparison of Electricity Prices (KWH/$) in June and September -2020 Data: Energypedia.com 
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Figure 28. Wind, Total Renewable and CO2 Emission in Cabo Verde. Data: Edgar (2020); Cabeolica (2021) 

4.1.2. Harnessed Wind Resources, Cost and Resource Curtailment 

The installed wind capacity in the archipelago has been almost constant since 2012. To 

date, wind plants are installed on only five of the islands of the archipelago: Santiago, São 

Vicente, Boa Vista, Santo Antão, and Sal as shown in Table 2 and Appendix 6. Note, Table 2 

considers data from Cabeolica which focuses on four of the islands while Appendix 6 focuses 

on the Total Renewable on all the islands. Thus, all the four most populous islands constituting 

more than eighty percent of the total population have installed wind on them (Appendix 1). 

However, this does not ignore the fact that the renewable penetration on those islands is also a 

bit low (Table1, Appendix 6).  

The ratio of the consumed to the generated wind energy (Consumed/Generated in Table 

2) for wind is generally low. This indicates that the total amount of energy that the wind power 

plants are supposed to produce from the available wind resources is low, thus generating less 

than its actual potential, a term that is usually referred to as energy curtailment. This reduction 

in potentially generated wind energy is generally high in Cabo Verde and varies from thirty-

four percent in 2012 to twenty-two percent in 2019 as can be deduced from Produced/Available 
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in Table 29. Although, the result shows an improvement in curtailment over the years. Yet, it 

has been fluctuating by year and the maximum over the years was recorded in 2019 with a 

seventy-eight percent (Generated/Available), thus twenty-two percent curtailment9. Among 

islands, Santiago has the highest percentage of produced to available while the lowest is 

experienced on Sal Island. A great improvement of 24% occurred within the period of study in 

Sal which improved the overall annual penetration rate in the country. The improvement on 

other islands is approximately 9.6.  

Similar to the resource, the sum of money paid for wind purchase changes per year but 

the minimum has been 8.5 million Euros while the maximum is ~11 million Euros. Judging 

from this cost, ~2.9 million euros worth of wind energy was wasted as a result of energy 

curtailment in 2012, and ~4 million euros was lost in 2016. However, although other factors 

including wind speed, grid efficiency, and cost of management could also play some roles. The 

amount of produced energy from wind also grows within the span of 2012 to 2019 by 7.9 % 

approximately. The year with the highest production is 2018 with a significant value of 85.154 

GWh. 

The estimated rate of penetration – ERP (ratio of the amount of electricity consumed 

from wind to the total electricity consumed in the country) has been unstable since 2012. The 

maximum penetration rate occurred in 2014 (24%) while the minimum occurred in 2019 (15%) 

indicating a decline of approximately 38% over these two periods. However, the penetration 

rate has never been above the third quarter of the total percentage. Another thing worth 

mentioning is that the maximum penetration rate does not occur in the year with the maximum 

production. Among islands, the estimated rate of wind penetration varies from low in Santiago 

to high in Boa Vista according to the statistic from Table 2. Among islands, the estimated rate 

of wind penetration is always lowest on Santiago island and highest on Sal and recently with 

Bao Vista although everything keeps changing per year. 

 

 

9 Curtailment = 100 – (Generated/Available) in Table 1 
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 Table 2.  Wind Energy consumption in Cabo Verde (Source: Cabeolica 2012-2020). 

  

 

Indicator/Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Average wind speed 8.3 8.6 9.1 9 9.1 8.9 9.4 9 8.5 

Installed capacity (MW) 25.5 25.5 25.5 25.5 25.5 25.5 25.5 25.5 25.5 

Average (Produced/Available) % 66 74 74 73 72 75 76 78 68 

Production (GWh) 61 643 75 197 80 878 77 153 75 426 75 352 85 154 78 575 64 926 

Estimated Penetration rate (ERP) (%) 18 23 24 21 20 17 18 15 14 

Average/ERP - Santiago (%) NA NA NA/16 NA/16 95/15 98/13 99/16 99/12 97/13 

Average/ERP - São Vicente (%) NA NA NA/33 NA/28 63/25 70/25 69/27 66/24 61/21 

Average/ERP - Boa Vista (%) NA NA NA/27 NA/27 77/31 79/21 78/23 81/18 56/23 

Average/ERP - Sal (%) NA/23 NA/31 NA/32 NA/32 53/27 54/27 59/29 69/22 47/23 

Cost (Euros) 8,454,641 9,983,055 10,474,073 10,516,731 10,485,074 10,500,497 11,000,084 10,100,000 10,629,561 

Equivalent CO2 avoided (tons) 42,439 51,633 55,381 52,688 51,429 51,514 58,168 53,692 44,440 



 

64 

 

4.1.3. Renewable Energy Resource Potential and their Intermittency 

i. Wind and Solar Power 

Wind is a dynamic variable that varies according to the time of the day, year, and season 

(Table1, Figure 22a, 22b, and 22c). The wind speed with the maximum yearly average was 

recorded in 2018 as revealed in Table 1. The yearly average wind speed varies from a minimum 

of ~8.3 ms-1 in 2012 to a maximum of ~9.4 ms-1 in 2018, and the annual average is closer to 9 

ms-1 or beyond as also depicted in Table 1. 

The hourly wind-speed data for the whole of Cabo Verde shows that the wind velocity 

can be as high as 14 ms-1 in some hours of the day and as low as about 1.5 ms-1 in another 

(Figure 29a). Some other trends can also be deduced from the wind plot to illustrate the 

dynamic nature of wind over time. For instance, the highest values over a certain time period 

generally reduce between 2009 to 2021, illustrating a reduction in the maximum extractable 

wind resources over this period (from around 14 ms-1 in 2000 to 11 ms-1 in 2020). However, 

the lowest value remains almost the same over this period. Also, most of the data fall within 

the range of 5 ms-1 to 9 ms-1. Intuitively, this result supports the previous one highlighted in 

the last paragraph from a different data source (Cabeolica in Table 1) by just averaging over 

the years. 

The result of the monthly wind velocity averaged over the period of 2009 to 2020 (Figure 

29b) illustrates the peak months to be occurring from December to around May. A minimum 

of ~7.5 ms-1 throughout this period is achievable. Despite this, the monthly average is never 

below 5 ms-1 even for the months with the lowest values, July and August. Generally, the period 

of June to October has the lowest wind speed below an approximate value of 6.5 ms-1. One 

thing that can also be noted, the stochastic level of the wind resource is clearly revealed across 

the months, although that will be discussed in the later section. Figure 29c gives the result of 

wind velocity averaged over the hours of the day for the study period. This figure reveals that, 

unlike the monthly average, the hourly average has a small range. The maximum speed range 

occurs between the hours of 9 to 12. Almost 18 out of the 24 hours of the day has a velocity 

above 6.8 ms-1. 
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Solar energy has a more regular pattern than wind (Figure 30a, 30b, and 30c). The hourly 

amount of solar insolation falling on a surface averaged for the entire Cabo Verde range from 

0 to 3.5 kWm-2 during a typical day10 (Figure 30a). The major sets of highs occur at ~2.8 and 

~3.3 kWm-2. Figure 23b reveals the monthly average of the solar insolation. It indicates that 

the months of April through August have the highest amount of solar insolation.  These values 

are quite low in comparison to the hourly average (Figure 30c) and hourly dataset (Figure 30a) 

which is majorly due to computing average over a complete cycle of when solar energy is 

available such as daytime to few hours beyond mid-day, and when it is not available, such as 

during the night-time. Conversely, the hourly average only averages for a specific hour of the 

day as illustrated in Figure 23c. Thus, the minimum values for the monthly average are always 

above the hourly and hourly average, a value above 0.8 kWm-2.  

The hourly average of solar radiation (Figure 30c) illustrated that the amount of energy 

received in the first 8 hours, and the last 4 hours of the day is zero. This coincides with the 

early morning when the sun is yet to be out or when it starts to rise, and the latter part of the 

day when the sun is setting. The amount that is greater than 1 kWm-2 occurs within 10 to 18 

hours, while above 3 kWm-2 from 12 to 17 hours which is the time the sun is reaching its peak. 

The window continues to shrink as the values get higher. 

 

10 Figure 30a is a 12 year period hourly data and the data is stacked up that the figure does not depict the plots as 

it reduces to zero.   
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Figure 28. Wind speed output: (a) 2009-2021 Hourly, (b) 2009-2021 monthly average and (c) 2009-2021 hourly 

average. Data: Era5. 

a) 

b) c) 
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Figure 29. Solar power output: (a) 2009-2021 Hourly, (b) 2009-2021 monthly average, and (c) 2009-2021 hourly 

average. Data: Era5. 

ii. Wave, and OTEC Power 

The mean wave power in Cabo Verde ranges between 8 kwm-1 to above 18 kwm-1 (Figure 

31). Places within the islands generally have low potential especially the southern part of São 

Vicente, and Santiago, and the south-western Boa Vista. There is a massive potential in the 

northern part of Santo Antão, Sal and the northern Cabo verde as a whole. A potential of 14.4 

kwm-1 is derivable in these zones which is extendable to about 18 kwm-1. The southern islands 

have less potential, and the target area would be few kilometers outside of the island in the 

western and eastern direction. About 16 kwm-1 is also derivable in these regions (Figure 31). 

a) 

b) c) 
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OTEC runs on temperature difference between the warm surface and deeper part of the 

ocean. At such, the southern islands generally have higher potential for OTEC power than other 

parts of Cabo Verde (Appendix 10). The average annual net power, Pnet and Pgross from 

OTEC (Table 3) extracted for some seemingly promising locations and averaged for the whole 

of Cabo Verde depicts some places with very great potential. A net power of 9 MW is generally 

available while 10 MW can be found at some locations. The average for the whole Cabo Verde 

is also around 9 MW. From the seasonal statistic (Figure 32), 13 MW and above are derivable 

in the summer months while this value can become 6 to 8 MW in the winter months. Similar 

to solar and wind, Wave power and OTEC potential also have an imbedded intermittency 

according to season (Figure 32, Appendix 9). While OTEC has a high potential in the summer 

months, wave power has a higher potential in the winter months as it is primarily driven by 

winds which are stronger in the winter periods, and OTEC is driven by temperature which is 

higher in summer months. Specifically, the amount of energy is high starting from July to 

November and very low from February to April (Figure 32). While wave power is high from 

December to March, and low from June to September (Appendix 9). 

 

Figure 30. 1996-2021 average mean wave power. Data: Era5. 
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Figure 31. 1996-2021 Average OTEC Net power Analysis. Data: GlorysV1 from CMEMS. 
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Table 3. OTEC power Analysis 

Positions Latitude Latitude Longitude ΔT(C) Pnet Pgross 

P1 16.42 16.42 -25.17 19.022612 12.711532 9.083171 

P2 14.83 14.83 -24 19.45475 13.274162 9.650813 

P3 16.42 16.42 -25.17 19.022612 12.711532` 9.083171 

P4 16.42 16.42 -22.58 18.529104 12.11218 8.478738 

P5 15 15 -23 19.309198 13.099067 9.474057 

Whole CV   
 

19.077564 12.815277 9.187364 

 

4.1.4. C02 Emission, C02 avoided with Wind usage in Cabo Verde 

The total amount of CO2 released in Cabo Verde has been on the rise since 2003 (Figure 

28 and 33, Appendix 7). There were many steep and falls witnessed before this period 

particularly the decline between 1980 and 1982 as shown in Figure 33 and Appendix 7. 

Buildings and other industrial combustion activities took the largest proportion in the past 

(Appendix 7). Currently, both the transport and power industry release the largest quantity of 

CO2 into the atmosphere in Cabo Verde (Appendix 7). 

The amount of C02 released per capital (total emission of a country divides by its 

population in tons per capital), and the total amount of released CO2 (in million tons) increases 

annually with a strong steep witnessed between 2012 and 2013, at ~43% increase (Figure 28, 

Figure 33, Appendix 7). A 12.5% increase was also witnessed between 2014 and 2015 although 

far lower than the previous one. Within the periods 2010 to 2019 and 2010 to 2017, there has 

been an approximate 1.8-, and 3.9-fold multiple in the quantity of released C02 per capital, and 

total released CO2 per year as presented in Figure 28 and Figure 33 respectively 11. Several 

million tons of CO2 have been released over the past few years (Figure 33). Precisely, 4.64 

million tons were released between 2010 and 2017 alone (Figure 33). At the same time, the 

 

11 The calculations involving Figure 28 and Figure 33 were done by summing the values in both over any stated 

time period and computing proportion of increase.   
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installed wind has avoided the release of ~0.8 million tons into the atmosphere (Table 1). This 

corresponds to ~17% of the total C02 that would have been burnt during this period12.  

 

Figure 32. Yearly total CO2 emission in Cabo Verde (Million-tons-co2yr-1). Source: EDGAR 2020. 

4.2. Marine Gravitational Energy Storage Analysis 

The focus of this research is not only to quantify the amount of energy that is storable by 

implementing this storage technology but also investigate the best locations to site this storage 

system considering factors such as cost, and the potential impacts of subsurface currents. We 

have analyzed and selected the best bathymetry data, computed the distance to the coast (Figure 

23, Appendix 8), and determined the sizing and efficiency of the storage system for resource 

potential computation. The next step before developing the suitability model is to choose the 

ocean current variable to include in the model. 

  

 

12 This continues the previous calculation by dividing by the amount of co2 avoided and calculating the 

percentage. 
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4.2.1. Ocean Current Analysis 

Ocean current is another important physical parameter that has the potential of impacting 

underwater structures such as the storage system we are proposing. Before developing a 

suitability model and incorporating ocean current data as one of its criteria, we are starting by 

investigating some ocean current variables to determine the one that can give a good 

representation of the places we are trying to avoid (those impacted by strong currents). This 

analysis is also important because the proposed storage system will be oscillating vertically in 

the water column and can sometimes either stay closer to the surface or the bottom, thus liable 

to be subjected to the effects of currents at any time. The variables under consideration include:  

a. The monthly and vertical mean of the daily standard deviation of the current 

amplitude (Uv_mstd)  

Uv_mstd produces a similar pattern from January to December. The Uv_std is stronger 

in between the islands which is pronounced between the islands of Santo Antão, São Vicente, 

and São Nicolau, and also, between Boa Vista and Maio extending to Santiago as the months 

progresses (Figure 34). The computation of the average is done as the name implies from the 

daily standard deviation over the whole water column for the whole month. In respect to this, 

it gives a representation of the effects of tidal currents as the major oceanic process changing 

on a daily basis.   
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Figure 33. One year monthly and vertical mean of the daily standard deviation of the current amplitude. Data: 

GIGATL1. 

b. The monthly and vertical maximum of the current amplitude (Uv_max)  

Similar to Uv_mstd, Uv_max also gives a general monthly pattern especially in between 

the north-western island group from Santo Antão to Sao Nicolau although not as pronounced 

as Uv_mstd. Also, the currents are stronger between the islands. Months with the highest 

magnitude where the impacts of the currents are felt at several locations include July, August, 

and September. Unlike Uv_mstd that captures daily mostly daily variability, Uv-max accounts 

for the strongest current throughout the whole water column in that month. One major 

discernable feature throughout the months is the amplitude greater in the northern part with a 

signature of eddies showing as high values along the perimeter of moving circles (e.g. around 

18°N, 24°W in April on Figure 35).  

c. The monthly maximum of the current amplitude at the bottom and surface 

Uv_max_bot, and Uv_max_0  

These two variables are representing th ocean current with the highest magnitude at the 

bottom (Uv_max_bot) and the surface (Uv_max_0) for each of the months. Uv_max_bot has 
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a similar amplitude, signature and pattern as Uv_max (Figure 35 and 36) except that the 

signature of eddies have disappeared, indicating that they are not found near the bottom. The 

patterns are distinct especially in the months of April, July, and September. Uv_max_0 has 

similar monthly pattern from January to December (Appendix 11). The current amplitude is 

half of the bottom (Uv_max_0) and vertical maximum (Uv_max). 

 

Figure 34. One year monthly and vertical maximum of the current amplitude. Data: GIGATL. 

4.2.2. Conclusion on the current variable to use 

The goal is to determine the ocean current where the ocean currents would have the least 

overall impacts on the energy storage system. Among variables associated with the maximum 

ocean current namely Uv_max, Uv_max_0, and Uv_max_bot, Uv_max_0 has the smallest 

maximum amplitude and thus it is unsuitable for this work. Uv_max bottom and Uv_max both 

give a qualitative representation of the current with reasonable amplitude while Uv_mstd 

obviously overestimates the amplitude of the current. Additionally, Uv_max_bot and Uv_max 

both have a larger monthly variability than Uv_mstd does. Although, Uv_mstd captures the 

daily variations of the current associated with tides.  
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In summary, it is quite difficult to choose the most suitable variable especially for a 

structure that oscillates vertically. However, Uv_max probably best capture the overall impacts 

of current, either at the surface, or bottom, or in-between, and also includes both impact of 

tides, eddies, and other currents as shown in figure 37.  

 

Figure 35. One year monthly maximum of the current amplitude at the bottom. Data: GIGATL1. 

 

Figure 36. One year average of the vertical maximum of the current amplitude. Data: GIGATL1. The impact of 

eddies are pronounced in the north-west Cabo Verde and far east. Also, high current are situated in the south west. 
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4.3. Marine Gravitational Energy Storage Resource Potential 

We considered a mass of 1 ton having a cylindrical shape. The resource potential as 

depicted in Figure 38 is clearly a function of depth thus increasing and decreasing with depth. 

Generally, locations with smaller depths such as places closer to the coast have low storage 

potential while places farther from the coast have high storage potential. The northern and 

eastern parts of Cabo Verde have low capacity in comparison to the western and southern part 

of Cabo Verde (Figure 38). While 8kWh is derivable in the northern part of Cabo Verde waters 

which can reach 9 kWh, 9 to 10 kWh is achievable in the western region and can go up to 12 

kWh (Figure 38). However, 10 kWh is generally available in the southern Cabo Verde waters 

that can also increase to 12 in the south west, yet the trend in the eastern side typically follows 

the northern portion. The waters situated in the central Cabo Verde also follows the same trend 

as the northern and eastern with a potential of about 8 to 9 kWh per ton of mass (Figure 38). 

The resource potential also varies across the islands (Figure 38). The south western side 

of Santo Antão, São Vicente and São Nicolau are some distinct areas with good potential close 

to the shore with an approximate storage capacity of 5 to 7 kWh. The immediate waters close 

to Sal, Maio, and Boa Vista has low potential for the development of this technology ~2-5 

kWh. However, north of Sal is also a promising location as it is closer the northern offshore 

waters with a potential that can reach 7 to 8 kWh. But, considering a 20 km distance from the 

shore, the value can reduce to 5-7 kWh (Appendix 12). The southern part of Santiago, Fogo, 

and Brava has an energy storage value of ~9 kWh at a reasonable distance from the coast.  
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Figure 37. Marine gravitational energy storage resource potential per ton of mass for Cabo Verde. The version 

showing isolines (1000m, and 10, 15, and 20km distance from coast) can be found in Appendix 12. 

4.4. Economic Interest (Suitable Energy) Zone 1 - Isolated System 

The first thing worth noting is that we employed five indices of suitability in mapping 

the waters of Cabo Verde for both Isolated and Onshore connected systems as explained in the 

methodology section. This classifies the waters in a hierarchical manner to depict the best 

site(s) to install any of the two systems under consideration. We have already revealed the 

storage resource potential using Figure 38. The motivation for generating suitability models is 

to find a trade-off between the energy storage resource potential and other factors that have to 

be considered before such a technology can be brought to life including cost, and the dynamics 

of the marine environment. In this regard, the best class termed optimally suitable zone does 

not imply zones with the maximum resource potential, but the best zones to install the storage 

system after identifying and analyzing all the relevant factors associated with that system. 
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As pre-defined, the proposed isolated system consumes the stored energy offshore 

without transferring the energy onshore. Hence, the focus is on maximizing resources and 

minimizing oceanic processes such as strong currents that can threaten and negatively impact 

underwater structures. The result of classifying the Cabo Verde’s waters based on suitability is 

presented first before incorporating it into the resource map. 

4.4.1. Suitable Energy Storage Zones for Isolated System 

The zones with the optimal suitability for the Isolated system (deep red: index>5.5) 

majorly lie in west-central Cabo Verde, east southern, and some locations in the northern, and 

central Cabo Verde as shown in Figure 39. The second index of suitability (most suitable: 

4.5<index<5.5) has a similar pattern with an extended range as it falls mostly in a wider area 

immediately beyond the first class. The other classes are not our major focus for this system 

under study but they are also worth mentioning. The third index of suitability (moderately 

suitable: 3.0<index<4.5) covers a large part of the northern and southern waters away from the 

islands while the fourth classification (least suitable: 1.5<index<3.0) is just a little extension 

of the fifth class. The waters of Cabo Verde lying next to the coast are the spots not suitable 

(fifth class: 0<index<1.5) under this criteria, and as shown in Figure 39, most of this area falls 

within the 20 km maximum distance from the coast.    



 

79 

 

 

Figure 38. Marine gravitational energy storage suitability map for the offshore system for Cabo Verde. The 

scaling is non-uniform and gets thinner as the zoning gets higher (0-1.5, 1.5-3, 3-4.5, 4.5-5.5, 5.5-6). The three 

black isolines represent 10, 15, and 20 km distance from the coast. 

4.4.2. Suitable Energy Storage Zones with Resources for Isolated System 

We have incorporated the three best classes into our resource map by delineating them 

with areas falling into red, orange, and white in descending order of suitability as revealed in 

Figure 40. Under the system under consideration (Isolated system), the amount of storable 

energy resource for the optimally suitable zones (in red) are mostly above 8 kWh and could go 

to 11 and 12 kWh at some locations especially west-central Cabo Verde (Figure 40).  The 

optimal zones that fall in the northern and central Cabo Verde are mostly 7 and 8 kWh. 

However, the second class (most suitable in orange) that falls in the western and southern part 

of Cabo Verde also ranges between 8 and 11 kWh. The storable energy for the third class 
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(moderately suitable), although not really the major focus when considering this isolated 

system ranges between 1 kWh when closer to the islands to 6 kWh in the northern part of Cabo 

Verde. 

 

Figure 39. Marine gravitational energy storage resource potential per ton of mass showing the optimally, most, 

and moderately suitable for offshore system for Cabo Verde. Note: Areas encircled in the deep-red, orange and 

white are the zones representing optimally, most, and moderately suitable zones for energy storage.  The two 

black isolines represent 15 and 20km distance from the coast respectively. 

4.5. Suitable Energy Storage Zones for Onshore connected System 

This aspect that aims at sending the stored energy onto the grid onshore tackles the 

problem from two different perspectives. The first case is developing a two criteria model that 

tries to set a balance between optimizing energy storage resources and cost. For the second 
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case, all the three criteria (cost, resources, and potential effects of currents) are considered and 

incorporated into the model. 

4.5.1. Suitable Energy Storage Zones for Onshore Connected System (Case 1): Considering 

Resource (~Depth), and Cost (~closest distance)  

To begin, a distance of 20 km is set as the maximum for all cases of onshore connected 

system (both two and three criteria models) since these systems will transmit the energy via 

cable to the grid onshore. The output of our two criteria model (Figure 41) shows that the 

optimally suitable zones include a portion of north and south of Santo Antão, south of Santa 

Luzia not far from the coast, an almost circumscribed São Nicolau, south-tip of Sal, and some 

areas of its north. Further, it also includes a tiny part in northern Boa Vista, south of Maio, a 

large portion of the immediate waters of Santiago, almost the whole water surrounding Fogo, 

and south part of Brava. The second and third best index of suitability follow similar pattern 

with broader span as shown in Figure 41.  
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Figure 40. Marine gravitational energy storage suitability map for the two criteria model onshore connected 

system for Cabo Verde. The scaling is non-uniform which gets thinner as the zoning gets higher (0-0.02, 0.02-

0.06, 0.06-0.10, 0.10-0.14, 0.14-0.16. This map that shows 20km isoline distance from the coast can be found in 

Appendix 13. 

4.5.2. Suitable Energy Storage Zones and Resource for Onshore System (Case 1) 

For the first case of the Onshore connected system that is interested in finding a trade-

off between energy storage resource and cost, the amount of energy that can be stored for the 

identified optimal suitable locations in Santo Antão, São Vicente, and São Nicolau is between 

2 and 6 kWh (Figure 42). A range between 6 and 8 kWh is also storable at a distance of about 

20km from the coast around São Nicolau, and south of Santo Antão. Islands of Sal and Boa 

Vista generally have low potential, while storage capacity of 8 and 9 kWh are achievable in 

the southern and northern part of the southern islands of Santiago and Fogo at a distance of 

20km. A value of 6 kWh can also be gotten from south Maio at this maximum distance of 20 
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km. Generally, most regions of the second and third classes fall outside of 20 km maximum 

distance from coast that we are considering.  

 

Figure 41. Marine gravitational energy storage resource potential per tonne of mass showing the optimally, most, 

and moderately suitable for two criteria model onshore connected system for Cabo Verde. Note: Areas encircled 

by the deep-red, orange and white respective are the zones representing optimally, most, and moderately suitable.  

The two black isolines represent 15, and 20 km distance from the coast respectively.  

4.5.3. Suitable Energy Zones for Onshore system (Case 2): Considering the full defined 

criteria, Resource (~Depth), Cost (~closest distance), minimal impact of current 

(lowest Uv_max) 

All the islands of Cabo Verde have coastal waters in their northern or southern region 

within the maximum 20 km distance from the nearest coast that fall in the optimally suitable 

domain except the island of Boa Vista. Fogo, Santiago, São Nicolau, and Santo Antão have 
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wide expanse of their neighboring waters that fall in this optimally suitable zone (Figure 43). 

Similarly, the portion of the aforementioned islands that did not fall within the first class but 

are within the 20 km maximum distance fall into the second class as obvious in all the islands 

although just a tiny fraction of Boa Vista. In a general sense, the 3 criteria model corresponds 

to an increase in the spatial expanse, and number of sites of two criteria.  

 

Figure 42. Marine gravitational energy storage suitability map for the full criteria model onshore connected 

system for Cabo Verde. The scaling is non-uniform which gets thinner as the zoning gets higher (0-0.02, 0.02-

0.06, 0.06-0.10, 0.10-0.14, 0.14-0.16. 

4.5.4. Suitable Energy Storage Zones and Resources for Onshore System (Case 2) 

Within the 20km maximum zone, the energy capacity for the optimal suitable class of 

the full criteria model is around 3 to 7 kWh for the islands of Santo Antão and São Nicolau. 

Most neighboring coastal waters of São Vicente Island falls in the second class with earlier 
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mentioned capacity. An energy storage capacity range of 2 to 6 kWh is also achievable on the 

island of Sal in the eastern part, 5 kWh in Maio, and 3 to 8 kWh in the last three southern 

islands of Cabo Verde. The other two classes following the optimal class are mostly outside 

the 20 km distance (figure 37).   

 

Figure 43. Marine gravitational energy storage resource potential per ton of mass showing the optimally, most, 

and moderately suitable for full criteria model onshore connected system for Cabo Verde. Areas encircled by the 

deep-red, orange and white respective are the zones representing optimally, most, and moderately suitable. The 

two black isolines represent 15, and 20 km distance from the coast respectively. 

4.5.5. Linking Renewable potential with the Proposed Energy storage Capacity and 

potential Avoided CO2  

As presented in Figure 28, the total renewable energy production (from solar and wind) 

in Cabo Verde in 2018 is 100 GWh and corresponds to 20.3% of total energy consumption in 
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this same year (Appendix 6). Our results also illustrated that more than 9MW of OTEC energy 

is derivable at many locations around the coastal waters of Cabo Verde (Figure 32) especially 

in the southern island chain (Appendix 10). Further, wave power of above 10 kWm-1 (Figure 

31) can be extracted in water bodies closer to the islands which can be extended to megawatts 

worth of extractable energy by making use of an array of wave floats. While ~ 8-12 kWh per 

ton of mass is storable for the optimally suitable zones of the Isolated MGES storage system, 

a range of energy storage capacity between 2 and 8 kWh can be stored by the Onshore-

connected MGES storage system considering all the three limiting criteria. Hence, if 10 to 20 

blocks were to be connected while increasing the mass to 10 tons for any of the two proposed 

storage systems, a single location will have the capacity to store 0.2 to 2.4 MWh which is 

extensible to 30 MWh by considering 50 to 100 blocks of 50 tons each running simultaneously. 

This implies that 10 to 15 stations running at the aforementioned capacity can store sufficient 

energy that can power the whole of Cabo Verde. In turn, this will avoid CO2 emission 

contribution from the power industry, buildings, and other similar combustion activities in a 

value of half-million tons and above per year (Table 2, figure 33 and Appendix 7). 
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5. Discussion 

5.1. Thermal Plants and Renewable Energy Penetration in Cabo Verde 

The Cabo Verde archipelago is a country whose energy portfolio is majorly run on fossil 

fuel. Wood is the only primary energy resources in Cabo Verde in a limited amount due to poor 

quality of soil and little rainfall (ECREE, 2014). The country also lacks any reserves of oil and 

natural gas (REEEP, 2012). However, non-renewable sources of energy majorly thermal 

energy from imported fossil fuels has been covering the bulk of all energy sources in Cabo 

Verde. There was once a decline in the quantity of fossil fuels consumed as renewable grows 

but this did not last before it largely dominates again especially in 2017 and 2019. As an 

archipelago, each of the islands have at least one operational thermal plants and an electrical 

grid except the uninhabited island of Santa Luzia (ECREE, 2014; Costa, 2015). The most 

populous island of Santiago boasts the largest numbers of thermal plants and the largest plant 

in Cabo Verde (Secretariat, E. C. R. E. E. E., 2011). Thus, the amount of fossil fuel consumed 

varies from one island to another based on population and economic activities with some 

islands like Brava, Fogo and Maio totally running on fossil fuel.  

Renewables is another contributor to the energy mix in Cabo Verde. Cabo Verde is 

among the 15 SIDS with ambition of attaining 100% electrification from renewables and has 

been setting several target years of achieving this, first 2020 and now 2025 (African 

Development Bank, 2014; Republic of Cabo Verde, 2016; Nordman et al., 2019). However, 

the trend in the amount of consumed renewables has rather been decreasing over the course of 

last decade. The major proportion of the renewables is from wind energy while solar 

contributes a small quota (Electra 2011, Electra 2018). The 25.5 MW Cabeolica wind farm was 

the first commercial scale in the whole region of sub-Saharan Africa (Auth et al., 2014) 

highlighting how Cabo Verde has positioned itself as a forerunner in wind power deployment 

in this region. Wind now accounts for 15% renewable penetration in 2019 produced on four of 

its islands (Cabeolica 2012-2019).  Solar only accounted for 1.7% in 2017 (Electra, 2018; 

Taveres et al., 2019). 

The heavy dependence on fossil fuel and the importation of all consumed fuel products 

are having a significant impact on the electricity prices which is high and unstable (Hove, 

2018). It is hard to believe that the price of electricity in Cabo Verde is higher than many 
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European countries and other advanced nations. This price is in a fifth fold to that of countries 

like Nigeria and Ghana. According to Nordman et al. 2019, the electricity consumption per 

capital is ~727 kWh/person/year which almost doubles that of the Sub-Saharan Africa average 

of 488 kWh/person/year (World Bank, 2017). According to Tavares (2019), the variation of 

fuel prices does not benefit the energy sector and hence the national economy. 

5.2.  Harnessed Wind Resources, Cost and Resource Curtailment 

Wind serves as the dominant renewable resource consumed in Cabo Verde. Its rate of 

production and generation have both increased over the years especially when compared to the 

last decade. It has also contributed immensely to electricity generation since its deployment in 

2012, even though its penetration rate is now declining and does not keep pace with the 

increasing production rate as a result of rising energy need, population growth, and energy loss. 

For instance, Reiche et al. (2017) noted that the electricity production from wind between 2012 

and 2017 avoided the consumption of about 15 million liters of imported fuel oil.  

The dominance of wind energy for renewable energy consumption can strongly be 

related to wind power being envisioned as the most economical renewable resource that can be 

implemented on the islands of Cabo Verde (Gesto, 2011). The estimated energy production 

cost was 50 €/MWh which is less than half the cost of fuel oil at a price between 190 and 300 

€/MWh, and far less than for solar photovoltaic resource with an estimated cost of 250 €/MWh 

in 2011 (Gesto, 2011; Heck et al. 2013). Additionally, wind is one of the easiest accessible 

renewable resources in Cabo Verde. The annual average speed far exceeds the minimum 

threshold (6–8 ms-1) for energy generation on most of the islands. Hove (2018) reported an 

average wind speed of 9.8 ms-1 on the island of São Vicente. For the whole of Cabo Verde, the 

average wind speed is greater than 8 ms-1 and does exceed 9 ms-1 in some years. 

Energy curtailment is a major setback facing many renewables. According to Bird et al. 

(2014), curtailment is the decrease in the output of an energy generator (wind or solar farm) 

from what it could otherwise produce from available resources (wind or solar energy), usually 

on an involuntary basis, to majorly maintain system energy balance, manage the grid system, 

and cater for transmission congestion or lack of transmission access or excess generation 

during low load periods (which is the case for Cabo Verde). In Cabo Verde, the amount of 
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wind energy that can be supplied to the grid has never gone beyond 78% and can be as low as 

66% in some years. Out of the four generating islands, only Santiago can boast of attaining 

almost 100% efficiency while others battle under-consumption as energy demand and supply 

do not match, thus all the produced energy cannot be put on the grid. This curtailment is greatly 

pronounced on Sal Island to the extent of utilizing only 53% of produced energy until a recent 

improvement, yet more than 35% of produced energy was still wasted. Similarly, São Vicente 

is facing a massive energy curtailment issue despite the possession of very strong winds 

blowing throughout the year on this island (Hove, 2018). Although Boa Vista enjoys less than 

one-third of energy curtailment, the fact that more than 19% generated wind is wasted per year 

is also a concern. 

The energy curtailment and intermittency are also reflected in the annual penetration rate 

of wind energy that keeps fluctuating over the years with a steep decline in 2018. Nordman et 

al (2019) directly linked the reduced penetration rate of wind energy in 2017 partly to technical 

restrictions imposed on electricity utility. Penetration rate can be inferred as the ratio of wind 

resources extracted to the total energy consumed in that year. To highlight the influence of 

curtailment on renewable energy industry of Cabo Verde, Cabeolica (2019) stated that power 

generation mostly does not reflect potential. Thus, only a fraction of the generated energy could 

be put on the grid. 

In addition, the amount of revenue generated by Cabeolica through the sale of wind 

energy to Electra SA clearly highlights the monetary loss resulting from energy curtailment. A 

huge amount of money in the value of millions of euros is being paid for unused and wasted 

wind energy resources which if accumulated over the years could cover more ground for a 

more buoyant energy plan. 

5.3.  Renewable Energy Resource Potential and their Intermittency 

5.3.1. Wind and Solar 

Cabo Verde is an excellent candidate for wind energy development. The hourly, monthly, 

and yearly averages all favor the implementation of wind turbines for economic viability with 

a minimum of ~5 and 7.5 ms-1 for monthly and yearly average respectively. The wind climate 

explains the region where the country is situated which is typical of a subtropical region with 
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prevailing trade winds (Ranaboldo et al., 2014; Segurado, 2011). The nine islands have the 

potential to support a wind energy capacity of 241 MW at a Levelized Cost of electricity 

(LCOE) of around €0.05/kWh (Gesto Energy, 2011). 

As stated, the geographic location of Cabo Verde places it in a suitable position for wind 

resources. Similarly, the amount of solar radiation received is promising. Gesto Energy (2011) 

estimated that 315 MW of solar PV projects are feasible in Cabo Verde with most of the 

potential development on Santiago. Currently, only 7.5 MW of solar PV capacity has been 

installed. The 315 MW of potential solar PV could produce as much as 471 GWh of electricity 

based on estimates using the PVGIS for Africa and Asia (Joint Research Centre, 2012). 

However, the intermittency associated with both wind and solar energy is obvious. The 

amount of energy varies by the time of the day, season, and year. For solar, ~12 hours of the 

day could be without high energy, and months like January, February, November, and 

December often lack a high level of insolation. Similarly, wind also has a high level of hourly, 

daily, and seasonal variability. 

5.3.2. Ocean Waves and OTEC 

The mean wave power around Cabo Verde has a general value above 8 kwm-11. The sides 

of the island have higher potential than the body of water that the islands surround. Northern 

Cabo Verde is generally the best site for ocean wave’s plants. The eastern and southern parts 

outside the island are also some promising places. Generally, the 40 to 60 latitudinal range 

north and south are regions with concentrated high energy ocean waves especially off their 

western coasts as a result of the prevailing westerly winds (Rusu & Guedes-Soares, 2009). 

Although Cabo Verde falls outside this geographic space, ocean wave is a product of wind 

energy (Soukissian et al., 2017), and swells are created by distant windstorms which dominate 

over the locally generated waves explaining the reason for Northern Cabo Verde having huge 

wave power potential as a result of waves from the mid-latitude. Further, winds are stronger in 

the winter months than the summer months in the northern hemisphere where Cabo Verde falls 

within, and these strong winds generate stronger swells. 

OTEC is another marine-based energy system that can be implemented in Cabo Verde. 

This technology works at its optimal when a temperature difference between the surface and 
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the deep water is around 20° C which ideally exists along equatorial latitudes (Vyawahare, 

2015). Several locations around Cabo Verde are close to this threshold although detailed 

research would be needed to ascertain this fact. Nevertheless, the southern waters surrounding 

Cabo Verde are the best places to cite this energy generation technology as they possess the 

maximum potential.of more than 9 MW. As presented by Hamedi and Sadeghzadeh (2017), 

the expected LCOE of a 5 MW OTEC system with a 22° C temperature difference proposed 

in Oman Sea is US$0.12/kWh. For Cabo Verde, similar LCOE range could be economically 

feasible (Nordman et al., 2019). 

Ocean waves and OTEC also showed some level of intermittency like winds and solar. 

Normally, these two marine-based are reflections of the land-based. Diurnal surface 

temperature is a function of solar irradiance while surface waves can be highly attributed to 

distant winds. Hence, while the summer months exhibit great OTEC power potential, the other 

months have average to low potential. For Wind, December through March have the greatest 

potential while the other months have low to average potential. 

5.4. Ocean Current Analysis 

The decision to select one of the ocean current statistical variables to use in this study is 

done after a thorough examination of individual variables. The goal is to select a variable that 

can completely represent the maximum impact of the ocean current in our study area. The 

selection problem lies in the fact that the weight will oscillate vertically during charge and 

discharge. Additionally, it will also stay in a fixed position either at the surface or at the bottom 

when no work is done. Hence, a variable that can give an account of all the highlighted 

conditions or to a larger extent must be considered.  

The monthly mean of the standard deviation of the current amplitude (Uv_mstd) gives a 

full account of the impacts of tides with high Uv_mstd corresponding to tidal currents (Gomes 

et al., 2015). This current that is associated with tides will be sweeping across the structure 

with a daily-based impact. They are also more coastal, According to this study, the largest 

impact will be felt in January and December although several years of studies will be required 

to confirm this. The impact will be more pronounced between islands especially on the eastern 

side of São Vicente. Further, the eastern side of Boa Vista and the region between Boa Vista 
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and Maio are some of the hotspots. However, a major safe location is the eastern portion of 

Cabo Verde especially the eastern and southern part of Brava and southern Santiago. 

The monthly and vertical maximum of the current amplitude gives a full account of the 

maximum current throughout the water column including the impacts of tides and eddies. 

These two major oceanic processes transfer momentum from one part of the ocean to another 

and are capable of impacting materials or structures along their path. In addition to tides, eddies 

are some of the oceanic processes pronounced in Cabo Verde’s waters (Cardoso, et al., 2020). 

Several diverse physical processes can lead to their generation including current shear (Chelton 

et al., 2011; Schütte et al., 2016a); topography effects (Barkley, 1972; Heywood et al., 1990; 

Alpers et al., 2014); ocean-atmosphere interaction (Calil et al., 2008; Jiménez et al., 2008; 

Couvelard et al., 2012; Hogg et al., 2016); or even eddy-eddy interaction (Sangrà et al., 2009; 

Chelton et al., 2011). 

Unlike the monthly and vertical mean of the daily standard deviation of the current 

amplitude, the monthly and vertical maximum of the current amplitude captures both major 

currents between, outside, and beyond the islands. A definite pattern can’t really be seen from 

their monthly differences because of the irregularities in their spatial variability although 

several years of data will be needed to affirm this. The only thing that’s more general is their 

strength and influence in the northern part of Cabo Verde, and between the islands of Santo 

Antão, São Vicente, Santa Luzia, and São Nicolau.  

Other major variables analyzed for the purpose of this study are the monthly and vertical 

maximum of the current amplitude at the surface (uv_max_0), and the bottom (uv_max_bot). 

The amplitude of the maximum current at the surface is just half the one at the bottom and the 

whole vertical column of water which is why we ignore this variable although it also has similar 

pattern throughout the 12 months. 

In conclusion, tides are important for the (on-shore grid system) because they will come 

back every day and are very coastal, while the strong currents associated with eddies are more 

occasional, not always in the same place as seen in our monthly result. But, eddies are common 

in Cabo Verde waters, and as such, we chose monthly and vertical maximum of the current 

amplitude and incorporated it in our model as our final choice for both on-shore and grid-

connected systems. Nevertheless, it did not deter us from generating two different models for 
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the two most important statistical variables (Uv_max and Uv_mstd) and comparing their 

outputs. We realized their final outputs (suitability maps) are also similar. 

5.5. MGES Resource Potential 

One of the main advantages of the proposed method is its independency on weather 

variations but its dependency on water depth. The resource potential clearly illustrates the depth 

variation in Cabo Verde. The northern and eastern  part  of Cabo Verde have  a  low  overall 

potential,  especially regions closer  to  the  coast. One of the most noticeable locations is found 

around one of the islets between Santa Luzia and São Nicolau with a value of 1kWh. This area 

corresponds to the shallow channels existing around one of the northern island chains which 

barely reaches 20 m depth (Ramalho, 2011). Nevertheless, a potential of  7-9 kwh is still  

storable  in  places a  little further  away  from  the coast at several locations.  

Both the western and southern parts of Cabo Verde are regions with massive potential to 

implement this technology. Specifically, the southern offshore zones of all the islands are 

potentially some best locations. These regions constitute places with great depths to such an 

extent that the lowest storable energy is around 9 kwh. Further, a huge storage potential above 

12kwh is derivable according to the baseline mass of 1 ton used in this study.  

Some other interesting locations exist in the southern part of Cabo Verde. The area 

between the island of Fogo and Santiago is significantly deeper than other sites in-between the 

islands of Cabo Verde, and it is slightly above the 3,000 m isobaths (Remalho 2011). This area 

coincides with the zone having the maximum storage potential in-between two islands of Cabo 

Verde. Another noticeable location shown in the resource map is an area between Boa Vista 

and Maio which conforms to having a low energy storage potential of between 0 and 2 kWh. 

This area corresponds to a prominent feature in Cabo Verde’s bathymetry known as the João 

Valente Bank or João Valente Shoals. 

5.6. Suitable Energy Storage Zones and Resources 1 (Isolated System) 

The energy storage system that focuses on consuming the stored energy offshore without 

transmitting it to the grid (offshore system) considers a trade-off between maximizing the 

achievable energy storage resources at the least possible impact of current. As highlighted in 
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the previous session, the regions with the maximum energy potential are located in the deep 

offshore of Cabo Verde in the west and south. Taking the offshore zone of Cabo Verde to start 

from the 20km maximum distance to the shoreline to the northern, southern, western, and 

eastern limit of Cabo Verde as defined in the Figures 38 – 44, only about 10% of the immediate 

offshore of Cabo Verde falls under the category of optimally suitable locations after 

considering the impacts of currents, and they are distributed around the west-central, and 

central Cabo Verde. A large spatial span is situated at the far west-central of Cabo Verde, and 

east of the south island chain. These areas are minimally impacted by currents with the amount 

of storable energy ranging between 8 and 11 kWh. However, most central Cabo Verde can 

store between 6 and 8 kWh. 

Some sites also exist in the northern offshore Cabo Verde with a capacity to store 

between 6 and 8kWh. These locations are having the least impact of current in this region but 

the depth is not so great in comparison with the west central and southern Cabo Verde. The 

same can be said for the central waters of Cabo Verde discussed in the last paragraph. 

However, an estimated 60% of waters in the offshore of Cabo Verde falls in the second 

class termed most suitable. The first thing to note is that the scale used for the classification 

under this heading (offshore system) was refined with the first two classes, optimally, and most 

suitable taking just 25% of the total scale of the five classes. This implies that the second class 

also has a high level of suitability as indicated in the derivable energy resource that is mostly 

greater than 9 kWh and can reach 12 kWh. Focusing on the highest energy resource, the 

northeast of Brava and Fogo Islands, and the south of Santiago and Maio are the best options. 

The lower classes fall in region closer to the coast which is very intuitive because the 

impact of current is high, and the extractable energy resource is also low. 

5.7.  Suitable Energy Storage Zones and Resources 2 (On-shore Connected) with C02 

Analysis 

The onshore-connected aim at evaluating places with high enough potential, at a minimal 

distance to the coast with the possible impacts of current. A reference distance of 20km is set 

as the maximum distance from the nearest coast and the consideration is optimum suitability 

which takes 12.5% of the total scale of suitability.  
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Considering only distance and resources, all the islands of Cabo Verde have regions that 

are optimally suitable for the installation of this storage system near their coastal waters. This 

is particularly pronounced on the islands of São Nicolaus, Fogo, and Santiago. These three 

islands are almost completely surrounded by waters that are optimally suited for this storage 

system. The islands of Santo Antão, São Vicente, Sal and Maio also have some suitable places 

based on these two criteria, while Brava has few suitable places, although Brava shares 

proximity with the island of Fogo. The only island with a very tiny part based on these two 

conditions is the island of Boa Vista.  

Intuitively, the distance from the islands increases as we move away from the shore and 

vice versa. Thus, all the aforementioned islands quickly get deep as we moved away from the 

coast such that the depth overcompensated the distance to attain an optimal suitability. 

However, the storage potential varies from 2-4 kWh in Boa Vista and Sal, 2-6 kWh in the north 

island chain, 6 kWh around Maio, to a maximum of between 8 and 9 kWh around the north 

and south of Fogo and Santiago.  

Similar to the two criteria condition, all the islands of Cabo Verde are characterized by 

coastal waters that is optimally suitable for the installation of MGES within the 20km 

maximum distance except the tiny area around Boa Vista coastal waters. Broadly, the three 

criteria model corresponds to an increase in the spatial expanse, and number of sites of two 

criteria. Therefore, the energy capacity upper limit increases by a unit of 1 kWh. It seems that 

the two opposing criteria distance and maximum current tend to produce a net effect that 

improve the suitability of the area as opposed the two condition criteria that deals with only 

closest distance and resources. 

The storable energy indicated that many of the islands with the largest population in Cabo 

Verde have great energy storage potential especially the two most populous islands of Santiago 

and São Vicente. With the addition of Sal, these three islands are also three of the four islands 

that have installed wind energy. The implication of this is to develop a swift approach of 

incorporating this proposed storage system into the existing renewable plants or as a part of 

any proposed renewable technology to reduce their associated curtailment, increase their rate 

of penetration, and put an end to the associated monetary loss. Additionally, these islands 

constitute the majority of the end-users, and the development of a storage system to meet the 
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energy demand of these islands is predominant to achieving a sustainable and secured energy 

outcome in Cabo Verde.  

The CO2 burnt into the atmosphere is on the rise and has increased in a very steep manner 

recently as population and economic activities increase. The current emitted CO2 has surpassed 

that of the last decade in a multiple of 2.25. While buildings were one of the major contributors 

to CO2 emission in the past, power and transport constituted the dominant source of CO2 

emission in Cabo Verde in recent years. As proven, the installation of wind turbines on four 

islands has prevented the emission of 0.8 million tons corresponding to avoiding ~17% of total 

CO2 that would have been released between 2012 and 2017 alone. This proves that 100% 

renewable in power, industry, and buildings will definitely largely reduce the tons of carbon 

released into the environment in a value of half a million tons.  

We have established that Cabo Verde has massive potential for both land-based and 

marine renewables. These include the currently used renewable energies, wind and solar energy 

that are contributing about 10% (80 GWh) electricity generation. These two land-based RERs 

can be complemented with marine-based RERs by harnessing the greatest OTEC potential 

around the south to the central part of Cabo Verde of above 9MW, and waves power in the 

northern, and outward waters of Cabo Verde away from the islands around the center of the 

country with a potential exceeding 1 MW per 100 m. On this note, Cabo Verde can achieve 

100% renewable penetration for electricity generation, and efficient utilization of fixed-cost 

resources in a similar suggestion of Veigas et al. (2014) in the Canary Islands. The 

asynchronous relationship of the renewable energies demand and supply can be solved through 

the Marine gravitational energy storage system by simultaneously running several individual 

blocks (50 to 100) of high magnitude of about 50 to 100 tons. Several such stations (10 -15) 

around Cabo Verde will have the capacity to store the consumed electricity which is around 

400 GW. Toubeau et al. (2020) showed that 210 blocks can be connected to an induction coil 

for MGES and gave an estimation of the investment cost to be around 100 €/kWh which is 

cheaper than both battery and pump-hydro storage systems. 
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6. Conclusion 

Cabo Verde is a country that can regionally and globally boast of high renewable 

penetration in electricity generation due to the significant progress made in the field of 

renewable energy supplies. However, major challenges still persist. The energy sector is 

characterized by a strong dependence on the imported petroleum products. Aside from the 

imported fossil fuel and associated CO2 emissions, Cabo Verde is also witnessing high 

electricity tariff rates and energy curtailment. The economic development of a country is, to a 

certain extent, conditioned by the quantity and quality of energy it makes available to 

consumers and its associated value. The availability of affordable, and sustainable energy 

would go a long way in improving the sustainability of socio-economic development. 

We have used this study to highlight some important concepts and theories, and at the 

same time support some previous research. Here, we have re-established Cabo Verde as a 

country with a massive renewable potential for both land-based and marine but undermining 

this potential. We have also shown that wind serves as the dominant renewable resource 

feeding the energy grid and has avoided the release of almost a metric ton of CO2 into the 

atmosphere. The major reason behind resource underutilization is energy curtailment which 

many authors aren’t aware of, and that’s where storage comes in.  

The potential for MGES is great. The storage resource is a function of depth and mass. 

Under a constant mass of 1 ton, the resource potential of 3 – 8 kWh is achievable for the 

optimally and most suitable zones of the onshore-connected system with around 8 kWh 

storable energy around the coastal waters of Santiago, Fogo, Sao Niolau, and Maio, and 6 kWh 

around São Vicente, Sal, Santo Antão. This capacity can reach 12 kWh for the aforementioned 

zones of the offshore system with 11 kWh around the coastal waters north of the four northern 

island chain (Santo Antão to São Nicolau), and 10-12 South of thesame chain, while 8-10 kWh 

is storable in the northwest and southeast offshore of the other six island chain (Sal to Brava). 

Any term used as ‘tiny part’ in this study is actually a large spatial extent in reality. Thus, 

MGES can be installed on the coastal or offshore zone of almost every island in Cabo Verde. 

Further, a deviation from the 1-ton constant mass by increasing the mass, for instance to 10 

tons, will equally lead to ten times energy storage potential. Stacking up several masses 

strategically without an increase in depth will increase the storage potential to about several 
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megawatts and could possibly meet the energy consumed in Cabo Verde which is about 350 

MW (Hove 2018).  

Thus, solving curtailment by incorporating a storage mechanism like MGES will increase 

renewable penetration, investment into renewables, and reduce fossil fuel emission. A huge 

investment and focus on renewable technologies and storage technology like MGES will also 

improve grid stability and achieve the goal of cabo-verdean government of becoming a nation 

with 100% renewable. 

This study was conducted based on placing the same weights on individual criterion. It 

would also be inquisitive to see the effect of prioritizing some of the criteria over another such 

as weighing resources twice the effect of ocean current. Further, the current data used is a 

seasonal cycle, many years of this high-resolution data will provide more information and 

might reveal the most suitable ocean current variable to use although it might not make so 

much difference. Lastly, a cost analysis of the implementation of this technology would also 

be an added value to this research in the future. 
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Appendix 

Appendix 1: Cape Verde’s estimated population, by island (Instituto Nacional de 

Estatistica, 2016) 

 

Appendix 2:  Seasonal mean speed and direction for scatterometer-derived ocean winds 

(a–d) and currents (e–g) in the region of Cabo Verde, within the years 2003–2014. Seasons 

are grouped as follows: Winter (December, January, and February); Spring (March, 

April, and May); Summer (June, July, and August); and Autumn (September, October, 

November) as adapted from Cardoso, et al 2020. 
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Appendix 3: Technical characteristics of some selected energy storage technologies. Adapted from Aneke and Wang 2016.  

 

Note: PHES = PSH (Pumped Hydropower) 
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Appendix 4: Statosolar Energy storage System (Adapted from Stratosolar) 

 

Appendix 5: Multibeam Bathymetric Data Sources  

❖ NOAA/National Ocean Service (NOS) 

❖ UNOLS/Rolling Deck to Repository (R2R) Program 

❖ NOAA/Office of Exploration and Research (OER) 

❖ Marine Geoscience Data System (MGDS - IEDA - LDEO) 

❖ US Geological Survey (USGS) 

❖ US Navy (NAVO) 

❖ Scripps Institution of Oceanography (SIO) 

❖ Woods Hole Oceanographic Institution (WHOI) 

❖ University of New Hampshire Center for Coastal and Ocean Mapping (UNH/CCOM) 

❖ University of Hawaii (SOEST) 

❖ California State University at Monterey Bay Seafloor Mapping Laboratory 

(CSUMB/SFML) 

❖ Geological Survey of Ireland (GSI) 

❖ Bundesamt für Seeschiffahrt und Hydrographie (BSH) 

❖ US Interagency Elevation Inventory 
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Appendix 6: Final Energy Consumption in Cabo Verde according to sources in 2018 

(Data from energiasrenovaveis, 2020). 

 2018 2019 2020 

Thermal Production (GWh) 393 414 370.2 

Total Production (GWh) 493 507 447.63 

Renewable-Production (GWh) 100 93 77.43 

    

Renewable Penetration (%)    

Cabo Verde 20.3 18.4 17.29 

Santo Antao 7.8 8.6 11.7 

Sao Vicente 29.4 27 25.1 

Sao Nicolau 0 0 2.05 

Sal 26.4 27.6 28.3 

Boa Vista 21.8 18.3 21.9 

Maio 0 0 4.25 

Santiago 17.9 15 15.8 

Fogo 0 0 4.17 

Brava 0 0 0.95 

 

Appendix 7: C02 Emission by sector (Data from Edgar 2020) 
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Appendix 8: Distance to the coast contoured. 

 

Appendix 9: 1996 to 2021 monthly variation of mean wave power (kW/m) in Cape Verde. 
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Appendix 10: 2000 – 2020 Average monthly temperature difference between the surface 

and 1000m depth in Cabo Verde 
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Appendix 11: One year monthly and vertical maximum of the current amplitude at the 

bottom (Uvmax_0) 
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Appendix 12: MGES resource potential highlighting 5, 10, and 15 km distance from coast 

in red isolines and 1000m depth in black dotted line. 
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Appendix 13: Economic Interest Zone showing the 10, 15, and 20 km distance from shore. 
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