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RESEARCH ARTICLE

Assessment of past and future potential of ocean wave power in the Gulf of Guinea
Adeola M. Dahunsia and Bennet Atsu Kwame Folib,c

aUNESCO International Chair in Mathematical Physics and Applications (ICMPA), University of Abomey-Calavi, Cotonou, Benin Republic; bDepartment 
of Marine and Fisheries Sciences, College of Basic and Applied Sciences, University of Ghana, Legon, Ghana; cGlobal Monitoring for Environment and 
Security and Africa, College of Basic and Applied Sciences, University of Ghana, Legon, Ghana

ABSTRACT
This study investigated the historical and future wave power potential in the Gulf of Guinea (GoG) with 

the aim of identifying high-density wave energy locations for potential exploitation. To estimate wave 
power density (WPD) for three time periods (past: 1979–2005, mid-century: 2026–2050, and end-century: 
2081–2100), we utilized significant wave height and mean wave period obtained from eight General 
Circulation Models. Using an ensemble of these WAVEWATCH III simulated datasets, we calculated WPD 
and assessed overall and seasonal trends, projecting changes under Representative Concentration 
Pathway (RCP) 4.5 and 8.5 scenarios. Results revealed higher potential WPD in the western GoG, 
particularly near the coast, with increased values offshore. Spatially, WPD change rates varied widely 
(−0.021 to 0.039 kW/m per year), suggesting both positive and negative trends, though generally low. 
Projections indicated a potential increase from 0.5 to 1.0 kW/m by the end of the century. The estimated 
potential power for harvesting exceeded 14,000 MW, with offshore regions showing better wave con
verter performance. This study concludes that GoG's wave energy is a promising renewable resource, 
offering a potential solution to future power needs and contributing to regional greenhouse gas emission 
mitigation.
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1 Introduction

The need for migration from fossil fuel dependent power gen
eration to more renewable means has become pressing as the 
impacts of climate change continue to increase globally (Sawin 
et al. 2016). Relative to solar and wind, ocean waves have better 
predictability as a renewable energy resource in addition to higher 
energy density (Mwasilu and Jung 2019). The major cities in the 
Gulf of Guinea (GoG) such as Abidjan, Accra, Cotonou, Douala, 
Lagos and Lomé which are also where the major portion of the 
power is consumed are all on the coast. The location of this major 
load centres are close to the potential locations of the ocean wave 
power generators, which is an added advantage in terms of 
reduced cost for power distribution.

However, despite these aforementioned potentials, the 
exploitation of the ocean wave energy as a source of 
power is still under-utilised globally due to the high 
Levelized Cost of Energy (LCOE). The LCOE is the price 
at which the generated electricity must be sold for power 
generation to be considered profitable (Lehmann et al.  
2017). This relatively high LCOE is expected to become 
economical in the future as technologies for ocean wave 
harvesting emerge. The LCOE has traditionally served as 
a widely used metric to compare the cost-effectiveness of 
different energy sources, including wave energy (Guillou, 
Lavidas, and Chapalain 2020). However, due to the unique 
challenges and characteristics associated with wave energy 
projects, it’s important to consider alternative metrics that 

offer a more comprehensive view of their economic 
viability.

One such alternative to LCOE is the Net Present Value 
(NPV) analysis, which takes into account both the initial 
investment costs and the future cash flows generated by 
a wave energy project. By factoring in the time value of 
money, NPV provides a more detailed assessment of the pro
ject’s financial feasibility over its entire lifespan, incorporating 
elements such as operational expenses, capital outlays, and 
revenue projections (Dalton, Alcorn, and Lewis 2010). The 
Internal Rate of Return (IRR) is another metric that holds 
significance in assessing wave energy projects (Simal et al.  
2017). Calculating the discount rate at which the net present 
value of projected cash flows equals zero, IRR offers insight 
into the potential return on investment. It aids in comparing 
wave energy projects with other investment opportunities and 
provides a gauge of profitability. In the West African context, 
Adesanya et al. (2020) found that though the initial investment 
is high, it is poised to bring about more economical electricity 
generation and transmission, environmental enhancements, 
and a consistent energy supply that aligns with demand in 
West Africa, contrasting favourably with the conventional 
generation methods.

For a more immediate measure, the payback period pre
sents an alternative approach by quantifying the time required 
for the initial investment in a wave energy project to be 
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recuperated through generated revenue. A shorter payback 
period suggests a quicker return on investment and could be 
viewed favourably from a financial perspective. Considering 
the broader context, the Levelized Avoided Cost of Energy 
(LACE) accounts for the value generated by producing energy 
from wave sources compared to not generating energy and 
relying on an alternative source (Coe et al. 2022). It evaluates 
potential cost savings and benefits in relation to other options. 
In light of the uncertainties inherent to wave energy, sensitivity 
analysis becomes crucial. This approach assesses how varia
tions in key parameters, such as equipment costs, operational 
performance, and energy prices, impact the economic feasi
bility of the project. It provides a range of potential outcomes, 
offering a more comprehensive perspective. Furthermore, as 
wave energy projects can have significant environmental and 
social implications, metrics that encompass these factors are 
also valuable. Evaluating reductions in greenhouse gas emis
sions, local job creation, and enhanced energy security con
tributes to the holistic assessment of a wave energy 
exploitation.

In evaluating the profitability of wave energy projects in 
a developing region such as the GoG, it is important to adopt 
a combination of these alternative metrics, aligning them with 
the project’s context and objectives. Singular metrics might not 
provide a comprehensive view, and the evolving landscape of 
technological advancements, policy shifts, and market 
dynamics can significantly influence the economic viability of 
wave energy initiatives over time. For example, factors such as 
capacity of the project which indicates the actual energy output 
as a percentage of the maximum potential, and the reliability of 
the technology in demanding ocean conditions can offer 
insights unique to wave energy assessment. Opportunity of 
job creation and attraction of related investments will be 
other factors that are important to decide the feasibility of 
the wave energy exploitation project in a region such as the 
GoG. In addition, the possibility of installing the wave power 
generators alongside other generators like offshore wind farms 
is also expected to make the exploitation of ocean wave power 
economical in the future (Osinowo 2019). Judging from the 
previous information, one can conclude that the best metrics 
for assessing cost-effectiveness of ocean wave energy in the 
GoG will be a hybrid of different metrics which is beyond the 
scope of the present study.

A number of studies assessing the potential of wave energy 
resources have been carried out in various parts of the world. 
These include the Indian Ocean (Karunarathna et al. 2020), 
China (Liang et al. 2013), Persian Gulf (Kamranzad, Etemad- 
Shahidi, and Chegini 2013), Malaysia (Mirzaei, Tangang, and 
Juneng 2014), Australia (Cuttler, Hansen, and Lowe 2020; 
Hughes and Heap 2010). These studies observed that temporal 
variations in wave power can result from even little change in 
wind wave climate. Some of these studies have also explored 
the different wave energy converters (WEC) available and their 
efficiency in varying locations. For example, Henriques et al. 
(2019) assessed the oscillating-water-columns (OWCs) con
verter type which ae considered one of the most efficient type 
currently in use. This is owing to their advantage in 
a commendable energy conversion efficiency, enabling them 
to effectively harness wave energy and transform it into usable 

power. Their structural simplicity is another compelling facet 
since they are designed with straightforward configurations, 
facilitating their assembly and deployment. This simplicity 
streamlines the installation process, potentially reducing both 
time and costs associated with setup (Cabral et al. 2020). 
Another crucial advantage of OWCs is their inherent reliability 
which is attributed to the strategic placement of all mechanical 
components above the still water level (SWL). By avoiding 
direct exposure to the challenging marine environment, these 
components are shielded from the corrosive effects and phy
sical stresses that prevail in such settings. This design consid
eration significantly enhances the longevity and dependability 
of OWCs, minimising the need for frequent maintenance or 
repairs (Ciappi et al. 2022).

A study by Yusov et al. (2021) gives details of other cost- 
effectiveness WECs. In addition to OWCs, the field of WECs 
encompasses a diverse array of technologies that are actively 
being explored and developed. Each of these technologies 
offers distinct approaches to harnessing the energy of ocean 
waves, and they hold promise for contributing to renewable 
energy generation. Point absorbers, for instance, are buoyant 
structures that rise and fall with the motion of waves. These 
devices are tethered to the seabed and employ their vertical 
movement to generate mechanical power through hydraulic 
systems, which is then transformed into electricity. This design 
benefits from its relative simplicity and adaptability to varying 
wave conditions. Attenuators present another innovative con
cept with elongated, floating structures oriented perpendicular 
to the direction of wave propagation (Yusov et al. 2021). They 
consist of interconnected segments that flex and move in 
response to wave motion, creating relative movement between 
segments that can be converted into mechanical power and 
subsequently transformed into electrical energy. Overtopping 
devices operate by utilising the potential energy inherent in 
waves as they wash over a barrier. This elevated water is 
collected in a reservoir and subsequently released through 
turbines as it flows back down to its original level, generating 
electricity in the process. This design leverages the dynamic 
interaction between wave energy and gravity to produce 
power. Terminators, on the other hand, capture wave energy 
by capitalising on the pressure difference between their front 
and back sides. Positioned perpendicular to wave direction, 
these devices convert the varying pressure levels into mechan
ical power, which is then converted into electrical energy 
through appropriate mechanisms. Submerged pressure differ
ential systems take advantage of the pressure discrepancies 
between the surface and subsurface due to wave activity. By 
effectively capturing and converting these pressure differences, 
these systems can generate mechanical energy that is then 
converted into electricity, offering a unique approach to wave 
energy extraction. Resonant devices align with the natural 
frequencies of waves or oscillate at frequencies closely related 
to them. This resonance is harnessed to convert the motion of 
the device into usable electrical power through various con
version mechanisms (Moretti et al. 2020). Babarit et al. (2012) 
proposed some power matrices through wave-to-wire (W2W) 
modelling approaches for the selection of WECs by comparing 
different set-up at different sites. They did this by carrying out 
a combination of computational and numerical modelling of 
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physical phenomena and W2W output for each device, 
employing the equations of motion and hydrodynamic mod
elling methods. Subsequently, they used W2W models to 
compute power matrices for individual devices, along with 
determining the average yearly power uptake across five dis
tinct representative wave locations along the European Coast. 
This study provided the required background for the choice of 
power matrices needed in the current study.

However, in the GoG, Osinowo et al (2018, 2019) 
assessed ocean wave power potential based on 37-year 
wave hindcast. Another study by Adesanya et al. (2020) 
explored the prospects of ocean wave as a renewable energy 
only a section of West Africa. Despite providing a much- 
needed baseline for comparison during intersecting period, 
these very few previous studies mostly cover a section of the 
GoG. In another study assessing the feasibility of exploiting 
wave power in Ghana by Tulashie et al. (2022), the estimated 
total wave power of 7215 MW was found to be another 
significant addition to renewable energy source in Ghana. 
However, all these previous studies in the GoG have been 
focussed on the past emphasising the need for future centred 
assessment to give information about climate change- 
induced variations in ocean wave power potential. It is 
also worthy of note that these studies are few in number 
compared to other regions of the world coupled with the fact 
that they are mostly done on national scales making them 
unrepresentative of the potential exploitable renewable 
energy in the region. Therefore, the temporal coverage of 
both past and future period will provide an update to the 
previously available information while extending the knowl
edge on what should be expected in terms of potential wave 
energy around the GoG in the future. This is also needed to 
take advantage of the regional coastal management strategy 
previously proposed for the GoG region by Alves et al. 
(2020). This regional exploitation of ocean resource is 
expected to increase the feasibility and profitability of evol
ving renewable energy source such as ocean wave in a region 
with relatively uniform hydrodynamic and economic con
ditions like the GoG.

Information on the hydrodynamics of a region may come 
from various sources, which include observations relying on 
visual aids by experts on Voluntary Observing Ships (VOSs) 
(Grigorieva, Gulev, and Gavrikov 2017; Swail et al. 2010; 
Vettor and Guedes Soares 2019), in-situ buoy measure
ments, video camera and unmanned aerial vehicles 
(UAVs) (Angnuureng et al. 2016, 2020; Arnaud et al.  
2021), satellite altimeters (Young, Zieger, and Babanin  
2011) as well as numerical wave models (Alves et al. 2014; 
Booij, Holthuijsen, and Battjes 2001; Chen et al. 2018; 
Hasselmann et al. 1988). These various wave climate data 
acquisition methods have their pros and cons. The most 
important advantage models provide, is the high spatiotem
poral resolution at a relatively low cost. This gives numerical 
models an edge when analysing long-term metocean para
meters, especially in areas with scanty observational data, 
like the GoG.

Wave power potential is dependent on the ocean wave 
climate of a region which is projected to experience significant 
spatial as well as temporal changes in the GoG before the end 

of the century (Dahunsi et al. 2022). This projected change 
warrants the need to assess the future wave power potential in 
the GoG to assess the magnitude of change likely to be experi
enced. This will aid the decision and policy on the feasibility of 
exploiting wave power as a source of electricity in the countries 
of the GoG. This will also be an addition to the steps taken 
globally to achieve carbon neutrality by 2050. Therefore, the 
objective of this study is to examine future magnitudes of 
ocean wave energy and the feasibility of its exploration for 
power generation in the countries of the GoG.

2 Study area

The GoG, as defined in this study, covers the coastal waters 
from the Cape Palmas in Liberia down to the Cape Lopez in 
Gabon (Dahunsi et al. 2022). This covers several West and 
Central African countries including the Bight of Benin in the 
northwest and Bight of Bonny in the southeast (Figure 1). The 
GoG has the eastward flowing Guinea Current as the predo
minant ocean current in the region (Foli et al. 2022). 
Biologically, the GoG is a very productive region resulting in 
the upwelling region called the Guinea Current Large Marine 
Ecosystem (GCLME) (Abe and Brown 2020).

In terms of wave climate, the GoG is known to have pre
dominantly swell waves with average conditions of approxi
mately 1.36 m and 9.6 s for wave height and period respectively 
(Almar et al. 2015). In extreme conditions, these values can be 
up to 1.62 m and 10.86 s, respectively (Dahunsi et al. 2022). 
The type of microtidal condition in GoG has neap and spring 
tides ranges of 0.3 m and 1.8 m respectively (Alves et al. 2020). 
As seen in Figure 1, the GoG has a relatively narrow continen
tal shelf with the wide areas seen around Cape Three Point 
(Ghana) and the Niger Delta (Nigeria).

3 Data and methods

3.1 Data source and acquisition

The data used for this study was the contribution of the 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO), Australia to the second phase of the 
Coordinated Ocean Wave Climate Project (COWCLIP2.0) 
(Hemer and Trenham 2016). The modelling was done using 
a dynamical wave approach which was forced with 3-hourly 
10 m above surface wind fields and monthly sea-ice fields from 
8 General Circulation Models (GCMs) included in the 
Coupled Model Intercomparison Project (CMIP5) (Taylor, 
Stouffer, and Meehl 2012). This dataset contains 
WAVEWATCH III (WW3; Tolman 1991) wave model gener
ated data using the ST3 (BAJ) source-term physics on a 1° × 1° 
spatial resolution (Hemer et al. 2013). The details of the model 
set-up including the number of GCM(s) used, atmospheric 
downscaling & wind-wave modelling method vis-à-vis the 
atmospheric corrections, calibration, source-term packages, 
spectral partition as well as the various contributing institu
tions (research centres) and nations are presented in Morim 
et al. (2020). For consistency with other GCMs, minor changes 
were made to WW3 for some of the simulations for them to 
properly simulate the 360 and 365-day year, respectively. 
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According to Bricheno et al. (2015), this is to account for 
difference in various GCMs such as GFDL-CM3 using a 365- 
day calendar whereas HadGEM2-ES makes use of a 360-day 
model year. Therefore, the wave model was set-up to run 
uninterestingly including a warm-starts at the beginning of 
all years. This approach of modelling allows the use of the 
data for the starting conditions of one year as the ending 
conditions of the year before it.

Generally, the COWCLIP2.0 database contains 155 model 
results from various 10 modelling institutions with globally 
available information on wave climate (Morim et al. 2018). 
The simulations were validated against 26 years of satellite data 
for significant wave heights. The downscaling methods and 
validation results are as presented by Morim et al. (2020). This 
dataset is very important as it provides the needed data for 
future large-scale coastal studies into climate change impacts 
risks and vulnerability assessments, especially for regions 
where regional databases are not available for future projec
tions. Parameters produced in the COWCLIP2.0 include sig
nificant wave height (Hs), mean wave period (Tm) and mean 
wave direction (Dm).

For the current study, the monthly average of significant 
wave height (hs_ave) and average wave period (tm_ave) were 
extracted. This extraction was done for 3 different time slices, 
one in the past (1979–2005) and two in the future (2026–2045 
and 2081–2100). These time slices are henceforth referred to as 
historical, mid-century and end-century respectively. The 
future simulations were done under two Representative 
Concentration Pathway (RCP) scenarios. The RCP4.5 is the 
lower emission scenario which captures efforts to stabilise the 

climate by adopting technologies and climate change mitiga
tion and adaptation strategies whereas RCP8.5 scenario is the 
higher emission scenario releasing more greenhouse gases into 
the environment by the end of the 21st century.

3.2 Wave power density computation and statistical 
analysis

Firstly, the GoG data spatial coverage for this study was 
defined to range between longitudes 9° West −16° East and 
latitudes 3° South- 16° North. Since the various GCMs 
included in the COWCLIP2.0 dataset used different parame
trisations to account for different ocean physics, a multi-model 
ensemble of all 8 GCMs was preferred. This ensemble was 
produced by aggregating data for the different wave climate 
parameters after which an average was computed. This is 
believed to give a better representation of the different model
ling parametrisations. To assess the inter-seasonal variations in 
the WPD, the ensemble data was group into two major seasons 
in the GoG. The dry season (November–March) and the rainy 
season (April–October), sometimes referred to as winter and 
summer, respectively. The resulting data were used in the 
computation of the wave power density similar to the 
approach previously employed by similar studies in the region 
such as Osinowo et al. (2018) and Tulashie et al. (2022). This 
method relies on the energy equation that relates the wave 
power per unit crest to Hs and Tm (Defne, Haas, and Fritz  
2009). The wave power density varies directly with the average 
wave period as well as the square of the significant wave height. 
This means that higher wave power should be exploitable from 

Figure 1. Map of the GoG showing the bathymetry of the region, bordering countries and major cities (black labels), coastal and inland water bodies (blue lines).
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regions with high waves provided the variation of the average 
wave period is not much. The average wave power density 
(KW/m) was for each grid point over the GoG using equation 
1: 

WPD ¼
ρg2

64π
Hs

2Tm ¼ 0:49Hs
2Tm (1) 

where WPD represents the wave power density measured in 
kW per m of wave crest, ρ is the ocean water density given as 
1025 kg per m3, g is the acceleration due to gravity, Hs stands 
for the significant wave height in m and Tm is the average wave 
period given in s. This represents a simplified version of the 
existing wave energy flux, specifically the wave energy poten
tial per unit crest, which is the amount of energy received at 
a designated location. Its definition is rooted in the cumulative 
representation of the wave energy spectrum. This version of 
wave computation methodology is favoured due to the chal
lenges inherent in obtaining the dispersion of wave energy 
across frequencies and directions especially in a data deficient 
region such as the GoG where studies rely on global dataset. 
This complication arises as many wave datasets primarily 
encompass provide parameters like significant wave height 
and wave period. Given these circumstances, streamlined for
mulations were embraced to estimate the accessible wave 
power density. The adoption of these formulations hinged on 
distinct assumptions based on whether the context pertained 
to shallow waters, moderate water depths, or deep waters 
(Wan et al. 2015). However, prior extensive assessments of 
the available resource, such as the examination conducted for 
the GoG in this analysis, predominantly relied on the assump
tion related to deep waters. As highlight in the review by 
Guillou et al. (2020), in deep water where the product of the 
wave number (k) and water depth (d) is far great than 1, the 
wave height and wave period are important parameters for 
wave energy computation.

Consequently, as expected for a simplified method such 
as this, there are assumptions associated with applying this 
method. The formula for calculating wave energy flux, as 
previously provided, rests upon a series of assumptions and 
simplifications that aid in arriving at a straightforward 
expression (Ciappi et al. 2022). These assumptions and 
simplifications play a pivotal role in shaping the applicability 
and accuracy of the formula within specific contexts. One of 
such assumptions is that the formula assumes a scenario of 
monochromatic waves, where all waves possess identical 
frequencies and directions. This assumption simplifies cal
culations but diverges from the reality of ocean waves, which 
often comprise a mixture of waves with varying frequencies 
and directions. Moreover, the derivation of the formula 
relies on the framework of linear wave theory. This theore
tical foundation presupposes that wave amplitudes are mark
edly smaller compared to the wavelength. While this 
approximation is suitable for gentle or small waves, it falters 
when considering larger, steeper waves. Additionally, the 
formula operates under the assumption of a non- 
dissipative environment, where factors like wave breaking, 
bottom friction, and other energy loss mechanisms are over
looked. This limitation confines the formula to an idealised 

scenario, neglecting the inherent dissipative characteristics of 
real ocean conditions. The formula also assumes uniformity 
across the wave field, assuming consistent wave parameters 
across a vast expanse. Yet, in natural settings, wave condi
tions display substantial variance due to variables such as 
wind patterns, coastal features, and underlying bathymetry. 
A significant simplification emerges from considering 
a single mode of wave propagation characterised by 
a single frequency and phase speed. However, the real- 
world ocean contains a multitude of wave modes and fre
quencies, rendering this simplified perspective incomplete. 
Furthermore, the formula doesn’t factor in directional 
spreading of wave energy. Real ocean waves come from 
diverse directions, leading to a dispersion of energy across 
various angles – an aspect that the formula overlooks. In 
terms of context, the formula presumes a constant water 
depth. This assumption doesn’t encapsulate scenarios 
where water depths fluctuate, a common occurrence in 
diverse ocean environments. Moreover, the formula dis
misses wave interactions such as wave focusing, wave break
ing, and energy transfer between different wave modes. 
These interactions can significantly impact wave behaviour 
but are absent from the formula’s scope.

The estimation of WPD is made with the assumption of 
standard shapes of the wave energy spectrum which may lead 
to over- or under-estimation in ocean with two wave energy 
maxima with a combination of long-crested swell and short- 
crested wind-sea waves, respectively. However, since the GoG 
is a swell dominated region and the deep ocean is considered in 
this study, it is assumed that these approximations will not 
have significant effect. The relatively narrow continental shelf 
seen in most places in the GoG (Figure 1) suggests relatively 
deep water.

In order to assess the pattern of the trends in the WPD of 
the GoG for the past and future, a trend analysis was done. The 
estimated trend was also subjected to Mann-Kendal test of 
trend significance similar to the approaches employed in 
Dahunsi et al. (2022). This allows to see the rate of increase 
or decrease of the WPD over time and to see where the change 
in rates can be adjudged to be statistically significant with 
a 95% confidence limit. A positive trend suggests an increasing 
rate while a negative trend corresponds to decreasing WPD 
between the first and last years in the time slice being 
considered.

Also, to quantify the changes expected in the future, the 
average for the past WPD was subtracted from the averages of 
the different future time slices and RCP scenarios. This change 
estimation was done on a grid-by-grid basis i.e. the average of 
the WPD for each grid point for the past time slice was sub
tracted from the future average WPD value for the same grid- 
point. A positive value means the WPD for the particular future 
period is higher than that recorded in the past and vice versa. 
A one-wave analysis of variance (ANOVA) test was carried out 
to check if the average WPD for the past is significantly different 
from those of the future. This was followed by the post-hoc 
Tukey–Kramer tests to find where the differences occur. To also 
confirm the strength of the changes in wave climate on WPD, 
correlation was done for the different wave components used 
for the computation of the WPD i.e. Hs and Tm.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING 5



Potential WEC power output estimation
Applying a combination of numerical methods and power 
matrices previously used in Babarit et al. (2012), Guillou and 
Chapalain (2018), Veigas and Iglesias (2014) and Rusu and 
Onea (2016), the exploitable power in the GoG can be esti
mated for different WECs. This approach computes the wave 
energy absorption estimate for a specific device at a given 
location by multiplying the power matrix of the device with 
the scatter diagrams representing wave statistics at that loca
tion in terms of Hs and Tm. Similar to the methods and values 
used by Rusu and Onea (2016), the performances of the three 
WECs previously described in Guillou and Chapalain (2018) 
were assessed for the GoG region. The first WEC, Pelamis, 
designed for water deeper than 50 m operates as a 750 kW 
offshore floating machine. It comprises of interconnected 
semi-submerged cylinders through hinged joints, aligned 
with wave propagation. As waves traverse its length, the sec
tions move, generating mechanical energy. This energy is then 
converted to electricity through power take-off systems within 
the joints. The second WEC, AquaBuoy, also designed for 
water deeper than 50 m is rated at 250 kW and features 
a buoy linked to an underwater cylinder housing an accelerator 
tube with a piston and hose pump. The buoy’s oscillations 
compress the pump, channelling pressurised water to 
a Pelton turbine for electricity generation. The third device, 
Wave Dragon, has a 5.9 MW rating and is a slack-moored, 
floating system utilising overtopping designed for water deeper 
than 30 m. It employs two reflecting wings to guide waves 
towards a ramp, with overtopped water collected and directed 
to Kaplan turbines for energy conversion.

The choice of WEC was informed by the public availability 
of information, as these technologies are already mature and in 
use in other parts of the world. In contrast, the assessment 
methods were adopted because the reference points in the 
previous studies where they have been applied also have an 
average wave climate similar to that of the GoG. The scatter 
matrix plots showed a similar pattern both in terms of annual 
total and seasonal changes, although the winter period is the 
most energetic in their case. To estimate power output (WPO) 
from each WEC, the power matrices of the WEC are multi
plied elementwise by the scatter diagram representing the 
bivariate distributions of wave climate. Equation (2) shows 
this mathematically: 

WPO ¼
1

100
x
Xi¼nHs

i¼1

Xj¼nTm

j¼1
WPMijWPDij (2) 

where, WPDij denotes the percentage of wave energy asso
ciated with the bin specified by column j and row i, while 
WPMijsignifies the corresponding power from the power 
matrix (given in Table S1-S3 in the supplementary section) 
of the WEC for the same bin.

Furthermore, in a bid to assess the efficiency of the different 
WEC systems in the GoG, three other performance indicators 
were estimated. One is the normalised non-dimensional elec
tric power (WPE) which is a ratio of the electrical power 
produced at a point i,j (WPOijÞ to the maximum value 
(WPOmaxÞ of the electrical power over the entire GoG in the 
duration covered for each WEC. Another one is the capture 
width (CW) which is the width perpendicular to the wave 

direction within which the wave energy machine extracts 
power from the waves. The other is the capacity factor (CF) 
which is estimated as a ratio between the electric power (WPO) 
generated by each WEC relative to the maximum rated power 
(WRP) of each system. These are given by equations (3–5): 

WPE ¼
WPOij

WPOmax
(3) 

CW ¼
WPO
WPD

(4) 

CF ¼ 100
WPO
WRP

(5) 

4 Results

4.1 Average wave climate in the GoG

The wave climate of the GoG defined in terms of the 
average Hs and Tm for the past time slice (1979–2005) 
presented in Figure 2 show both spatial and temporal 
variations. Spatially, it can be observed that the wave 
height shows a south-north and east -west increasing 
pattern with the lowest waves experienced between the 
Niger Delta and Cameroon (5°E-10°E and (2.5°N-5°N)). 
Higher waves are seen offshore which become lower as 
they travel towards the coast. This clearly shows the 
evolution of the predominant swell waves which is gen
erated from the south-western part of the Atlantic Ocean 
as they travel towards the GoG. This spatial variation can 
be seen for all periods (Figure 2a-c) though the magni
tude varies. Temporally, it can be observed that higher 
waves are seen in the GoG during the rainy season 
compared to the dry season. This is evidenced in the 
average Hs of 1.25 m, 1.10 m and 1.36 m estimated for 
the annual overall, dry and rainy season respectively.

A look at Figure 2d-f show a seemingly reverse in the 
spatial variation compared to the Hs equivalence on the left 
side. For example, one can observe a north-south gradient 
in Tm distribution. Generally, wave periods show increase 
from south to north along the GoG. The spatial distribu
tion of Tm also displays an east-west variation, influenced 
by coastal and bathymetric features. However, the eastern 
regions such as the Cameroon section of the GoG, near the 
coast, may experience shorter wave periods due to the 
interaction of local winds and coastal morphology. 
However, the interplay between the influence of swells 
travelling from offshore and coastal morphology may 
determine the Tm in other parts especially in the south 
around Gabon. Temporally, similar to Hs, the wave period 
variation in the GoG is influenced by seasonal changes. 
During the rainy season when atmospheric conditions are 
more active, wave periods are longer due to the arrival of 
swells from distant storm systems. Conversely, in the dry 
season, shorter wave periods associated with locally gener
ated wind waves are seen in the GoG. The average Tm 
estimated in this study for the annual overall, dry and rainy 
season are 9.25, 9.06 and 9.38 respectively.
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In order to see the difference in terms of magnitude 
between the past and future wave conditions, the wave climate 
(Hs and Tm) for the past was subtracted from the future 
projections. For the projected wave climate and the expected 
change in the GoG shown in Figure 3a, one can see that an 
increase in Hs is to be expected in the annual average for all 
RCP scenarios. This increase which ranges from 1.3 to 2.62 cm 

is highest by the end of century for the RCP 8.5 scenario. In 
contrast, the dry season is expected to experienced decrease in 
Hs ranging from 1.58 to 1.92 cm. The future scenarios also 
showed that the rainy season will continue to have higher 
waves compared to the dry season with an increase projected 
to range from 3.45 to 5.78 cm depending on the RCP scenario. 
For the future wave period, a general increase is expected 

Figure 2. Spatial distribution of wave climate for the 1979–2005 time slice: (a) Hs overall (b) Hs dry season (c) Hs rainy season (d) Tm overall average (e) Tm dry season 
(f) Tm rainy season.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING 7



round the year for all RCP scenarios. This increases which are 
highest during the rainy season range from 0.065 to 0.16 for 
the overall annual average, 0.044–0.096 s for the dry season 
and 0.081–0.21 s for the rainy season.

4.2 Average WPD for the past and future

The spatial distribution of the average WPD presented in 
Figure 4 is for the past time slice (1979–2005), which shows 
very similar spatial trend to all other time slices and RCP 
scenarios. The only difference observed are in the values from 
one part of the GoG to the other. It can be observed that the 
WPD has a north to south and east to west increasing pattern 
similar to that reported for Hs in previous section. Locations 
around Cote d’Ivoire-Ghana axis have relatively higher values 

compared to the Nigeria-Cameroon section of the gulf. When 
one compares the dry season (Figure 4b) and rainy season 
(Figure 4c) distribution of wave power, it is observed that higher 
values are recorded in the rainy season. This is also similar to 
finding for wave height reported in previous section.

For the past time slice, the general overview of the average 
WPD values in the GoG ranges from 0.25 kW/m in the coastal 
part during the dry season to as high as 13.59 kW/m offshore 
during the rainy season. Dry season records the lowest WPD 
while rainy season has the highest WPD, which corresponds to 
the low and high wave energy seasons respectively in the GoG. 
This same trend is recorded for all the various time slices and 
RCP scenarios though with varying magnitudes (Figures 5a-c).

For the future time slices, though one can see a pattern of 
higher values of WPD for the end-century RCP 8.5 scenario, 

Figure 3. Average future wave climate and projected change for different RCP scenarios for (a) Hs (b) Tm (the overlapping by the dark orange colour represents the 
change shown by the axis on the right side).
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Figure 4. Spatial distribution of average WPD for the 1979–2005 time slice: (a) overall average (b) dry season (c) rainy season.
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Figure 5. Overall and seasonal averages of zonal WPD for different time slices and RCP scenarios: (a) past (b) mid-century (c) end-century.
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Figure 6. Zonal variations in overall and seasonal averages of trend in WPD for different time slices and RCP scenarios: (a) past (b) mid-century (c) end-century. The 
black asterisks on the overall and rainy lines in (a) represent significant trend.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING 11



the pattern is not uniform. For example, the RCP 4.5 scenario 
has relatively higher values than the RCP 8.5 scenario during 
the mid-century which is not the same for the end-century. 
RCP 4.5 suggests that wave energy will be stronger during the 
mid-century compared to the end-century whereas the reverse 
is the case for the RCP 8.5 scenarios. The overlaps seen in the 
lines for the various RCP scenarios (Figures 5b-c) for the zonal 
averages suggest that the difference between the magnitudes is 
not large.

A comparison of the WPD for both past and future time 
slices with the corresponding wave climate results presented in 
section 4.1 emphasised the influence of wave height especially 
in determining the WPD of a region. For example, spatially, it 
can be seen in Figure 5 that higher wave energy is also pro
jected for offshore (longitude of −9) which corresponds to the 
westernmost part of the GoG compared to the eastern section 
(longitude of 10). The low wave power trough seen around 
longitude 8–9 corresponds to the Niger Delta-Cameroon axis 
which is known for the least wave energy as can be verified in 
Figure 4. This same spatial distribution is seen for all the time 
slices and seasons. In addition, the temporal variations from 
dry season to rainy season also agrees with higher WPD for the 
rainy season with highest wave in the GoG. Likewise, the 
higher wave height projected for the future in previous section 
is also evidenced in Figure 5b-c for all RCP scenarios. It can, 
therefore, be inferred that the spatiotemporal variation of the 
WPD in the GoG is strongly dependent on both wave height 
and period.

4.2 Trends in WPD for the past and future

The linear trend analysis done for each grid point in the GoG 
to check the rate of change of WPD within a particular time 
slice was averaged meridionally to give the zonal mean shown 
in Figure 6a-c. For the past time slice (Table 2), it is seen that 

the averaged overall trend is positive, meaning the WPD in the 
GoG experienced increase between 1979 and 2005. This 
increase was higher in the dry season (Table 2). However, the 
rainy season showed negative trend value during this period 
(Table 2). In Figure 6a, it can be seen that the values of the 
overall averages of the trend (cyan line) are all above zero i.e. 
positive trend values. Similar to the overall trend average, the 
values plotted on the magenta line (dry season) are also all 
above zero depicting positive trend for all places between 9°W 
to 10°E in the GoG. However, for the rainy season, the values 
shown by the corresponding plot (blue line) show all values are 
below the zero tick on the vertical axis interpreted as generally 
negative trend in this season. It should be noted that the trends 
being described are the rates of changes of WPD (KW/m 
per year) rather than the trend of the lines themselves. In 
terms of magnitude, higher positive trends are seen in the 
western part of the GoG towards Cote d’Ivoire-Ghana axis 
compared to the eastern side from the overall and dry season 
trend values. In the rainy season, the negative trends are higher 
in the western axis.

A closer observation of the variations of the trend values in 
Figure 6a for all seasons showed that the transition from west 
to east at 0° marks continuous decrease in the values (heading 
towards zero) for both positive and negative trends. This is 
more obvious in the lines for dry and rainy season plots 
(magenta and blue lines). Since the magnitudes in Figures 4a- 
care meridional averages, the sharp decline seen in the east
ernmost part coincides with the Niger Delta-Cameroon part of 
the GoG which have been previously shown to have low values 
of WPD in Figure 5. It can also be seen that the magnitude of 
decrease reported in the rainy season is relatively lower (−4.9– 
17.4 × 10−3 kW/m per year) compared to the values 22.3–70.3 
× 10−3 kW/m per year seen in the dry season (Figure 6a). The 
Mann–Kendall test conducted, shown by the black asterisk 
where statistically significant trend exists, confirmed that 

Table 1. Summary of the average values of WPD for different time slices.

Time slices Seasons
Historical 
(kW/m)

Mid-century 
RCP 4.5 (kW/m)

Mid-century 
RCP 8.5 (kW/m)

End-century 
RCP 4.5 (kW/m)

End-century 
RCP 8.5 (kW/m)

Average Overall 7.61 7.86 7.84 7.89 8.13

Dry season 5.64 5.50 5.46 5.46 5.53
Rainy season 8.99 9.52 9.52 9.58 9.96

Range Overall 0.35–11.65 0.36–11.95 0.37–11.62 0.37–11.78 0.40–12.03

Dry season 0.25–12.49 0.26–10.07 0.26–9.81 0.26–9.32 0.27–10.06
Rainy season 0.34–13.59 0.42–13.84 0.40–13.62 0.40–13.58 0.44–14.60

Table 2. Trends in mean overall and seasonal WPD for different time slices in kW/m per year.

Time slices Seasons Historical
Mid-century 

RCP 4.5
Mid-century 

RCP 8.5
End-century 

RCP 4.5
End-century 

RCP 8.5

Average Overall 0.017 −0.0020 0.0046 0.0055 0.001
Dry season 0.058 −0.0042 −0.0048 0.0025 −0.009

Rainy season −0.013 0.0049 0.016 0.016 0.028
Range Overall 0.00057–0.022 −0.0061–0.00098 −0.00013–0.0088 0.000035–0.012 0.00034–0.014

Dry season 0.0022–0.076 −0.0098–0.0017 -(0.00023–0.0081) −0.0026–0.019 -(0.00058–0.015)

Rainy season -(0.00069–0.021) 0.00036–0.0087 0.00055–0.024 0.00080–0.027 0.0012–0.039
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trend in dry season is statistically significant while the decreas
ing trend reported for the rainy season cannot be said to be 
significant at 95% confidence interval.

For the mid-century time slice, the highest positive trend is 
seen in the rainy season for both RCP 4.5 and 8.5 though RCP 
8.5 shows values which are an order of magnitude lower than 
the values reported for the past time slice. In other words, most 
trend values in the mid-century are in the order of 10−4 

compare to the 10−3 seen in the past. Additionally, this is in 
contrast to what was seen for 1979–2005, where dry season 
trends are higher. Also, the end century rainy season values are 
generally positive as can be seen in Figure 6c and Table 2. As 
for the dry season, the reverse is the case with majority grid 
points showing negative trend values resulting in an overall 
negative mean trend. The seemingly west to east decrease in 
the trend as well as the previously reported lowest trend value 
region in the Niger delta-Cameroon axis was also captured by 
the future projections. The obvious absence of the asterisk 
signifying the locations where statistically significant trend 
was found by the Mann–Kendal test suggest that the trend in 
the future time slice cannot be adjudged to be significant at 
95% confidence level. However, these values are higher for the 
end century time slice compared to the mid-century though 
less than the rates seen in the past. This suggests a reduction in 
the rates of change in WPD by mid-century which will pick up 
towards the end of the 21st century again.

The trend analysis, similar to the spatiotemporal variations 
of the average WPD, demonstrates a comparable distribution 
pattern to the wave climate. It is important to note that the 
applied linear regression method takes into account distinct 
periods: 1979–2005, 2026–2045, and 2081–2100. This 
approach ensures an independent assessment of trends for 
the historical, mid-century, and end-century eras respectively. 
As a result, the outcomes remain representative of the 

observed patterns and rate of change, whether it’s an increase 
or decrease, within each time frame. Regarding future time 
spans, the analysis indicates a projected weakening of wave 
heights during the dry season, leading to reduced WPD. 
Conversely, the anticipated strengthening of wave conditions 
during rainy seasons corresponds to an increase in WPD for 
both mid- and end-century periods (Figures 6b-c).

4.3 Projected future change in WPD

As shown in Figure 7, the average projected change in overall 
WPD between the past and the future ranges between 0.2 and 
0.5 kW/m with the largest change seen in the RCP 8.5 climate 
change scenario. This same pattern is seen in the rainy season 
though with higher magnitudes ranging from 0.5 to 1.0 kW/m. 
During the dry season, the WPD is projected to reduce from 
the past to the future in all future RCP scenarios.

The ANOVA equality of means test conducted and 
depicted in the boxplots in Figure 8 with tags ‘_a’ for overall 
average, ‘_s’ for rainy and ‘_w’ for dry seasons, respectively. 
Figure 8 showed that the historical time slice has a WPD that 
can be judged to be statistically significant from the future RCP 
projections in most cases. This is easily explainable from the 
absence of overlap between the past and the future especially 
during the rainy season. Though the projection based on RCP 
8.5 for the end-century time slice seems to be different from 
the other future scenarios, the others can be seen to have 
overlaps in most cases.

Performance assessment of different WECs in the GoG
In order to see the expected electricity output distribution, the 
wave climate occurrences are presented as a binned joint dis
tribution of Hs and Tm divided into cells of 0.5 m x 0.5 
s respectively in the case of Wave Dragon. However, the 

Figure 7. Averages projected changes in WPD by mid- and end-century for overall, dry season and rainy season.
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binning of the other two WECs were structured into 0.5 m × 
0.5 s to conform with the power matrix. The colour shading of 
each cell represents the total power output from that bin. For 
a basin-wide and temporally representative overview, every 
point where data exists in the GoG was taken into account 
for all the years. An overview of the contribution from differ
ent bins was assessed using the Wave Dragon (Figure 9a-c) and 
Aqua buoy (Figure 9d-f) systems for the past time slice. The 
overall result obtained for the period 1979–2005 showed that 
about 70% of the wave power generation in the GoG comes 
from wave heights of 1 m and 9 s. This corresponds to an 
average of 3363 and 57.9 MW per year if the total shown in 
Figure 9a,d are divided by 27 for Wave Dragon and Aqua 
buoy, respectively. This same distribution is seen for the dry 
season with the attributed percentage of 80% though less 
power was generated during this period with an average of 
2935.4 and 40.2 MW per year. The rainy season showed 
a slight difference in percentage of contribution with a more 
even distribution of the power output from different bins.

The annual and seasonal total power output projected for the 
3 WECs summarised in Table 3 showed that the magnitude varies 
widely based on deployed WECs. Wave Dragon showed highest 
expected output up to 178 GW during the rainy season for all the 
locations in the GoG in the last 20 years of the 21st century. This is 
an average of 14.2 MW per time for every grid cell if divided by 
the number of points (625) included in the study.

In order to see the performance of the WECs from one point 
to the other in the GoG, the power output was estimated for 
every grid point for the different WECs. This output was used to 
estimate the normalised non-dimensional electric power from 
one location to another to identify hotspots of power genera
tion. This was used to show region where the WEC is perform
ing better in generating power relative to other locations. The 
results showed higher values close to 1 offshore suggesting the 
best locations for most profitable exploitation of wave energy.

The capture widths for the different WECs showed that the 
Wave Dragon has values which are two orders of magnitude 
higher than both of Aqua buoy and Pelamis (Figures 10a-c). 
This is not surprising as similar result is shown by the power 
output which is a result of the power matrix and power ratings 
of each system. The Wave Dragon also showed higher values 
for the capacity factor (Figures 10d-f) with values ranging 
between 2 and 8 compared toothers 1–4.

5. Discussion

The wave conditions in the Gulf of Guinea, as outlined in the 
results section, corroborate previous reports on the region’s 
maritime environment. During the dry season, the sea experi
ences relatively calm conditions, a phenomenon attributed to 
the strengthening of trade winds from the northeast. This 
seasonal pattern aligns with established climatic patterns in 

Table 3. Projected wave power output (MW) from 3 WECs for different RCP 
scenarios.

Mid 4.5 Mid 8.5 End 4.5 End 8.5

Overall 105751.6 105459.3 105510.4 107557.8

Wave Dragon Dry 71447.12 70922.83 70960.97 71065.18
Rainy 166459.7 166975.4 170111 178122.6
Overall 

Dry
1377.47 1373.8 1352.78 1419.2

Aqua Buoy 897.77 891.13 891.18 902.24
Rainy 2707.65 2741.13 2760.51 2980.53

Overall 3999.6 3988.95 3928.33 4113.92
Pelamis Dry 2631.8 2612.35 2616.9 2640.44

Rainy 7763.75 7860.48 7902.07 8473.26

Figure 8. Boxplots showing differences in averages WPD for all time slices and seasons (black=past time slice, blue=future RCP 4.5 and red=future RCP 8.5).
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the area. Conversely, the rainy season is marked by the pre
valence of the Intertropical Convergence Zone (ITCZ), which 
can trigger increased storm activity and, consequently, higher 
wave heights. This connection between the ITCZ and wave 
height variations has been documented in previous research 

(Almar et al. 2015; Bird 2008). It is noteworthy that the average 
wave height of 1.36 metres and wave period of 9.6 seconds, as 
reported by Almar et al. (2015), falls within the annual range of 
wave heights (0.34–1.60 m) and wave periods (5.86–10.23 s) 
identified in this study. This consistency in findings 

Figure 9. Bivariate distributions of the total wave power output with the corresponding Hs and Tm the period 1979–2005 for wave Dragon (a) overall (b) dry (c) rainy 
and Aqua buoy (d) overall (e) dry (f) rainy.
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Figure 10. Capture widths and capacity factors of the 3 WEC systems (a&d) Aqua buoy (b&e) Pelamis (c&f) wave Dragon.
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underscores the reliability and alignment of the results with 
existing knowledge of wave conditions in the Gulf of Guinea.

The relatively low wave heights observed in the Niger 
Delta-Cameroon region of the Gulf of Guinea can be 
attributed to a combination of factors, including the influ
ence of geographical features and wind patterns. These 
factors work together to create a subdued wave climate in 
this particular area. Firstly, the presence of offshore islands 
like Sao Tome and Principe plays a role in sheltering the 
region from the full force of incoming waves. These islands 
act as barriers, causing waves to break and lose energy as 
they approach the coastline. This dampening effect contri
butes to the overall reduction in wave height. Secondly, the 
wide continental shelf in this section of the GoG also plays 
a significant role. A wide continental shelf allows waves to 
propagate over a larger area, which can result in energy 
dissipation. As waves travel across this extensive shelf, they 
tend to lose some of their energy, leading to lower wave 
heights along the coast.

Additionally, the orientation of the coastline relative to the 
prevailing wave and wind directions is a crucial factor. Coastal 
regions that align more closely with the prevailing winds, such 
as the northwesternmost part of the GoG, are more exposed to 
wind-driven wave generation. This exposure can lead to higher 
wave heights in these areas compared to regions with a more 
sheltered orientation (Dahunsi et al. 2022). In other words, the 
subdued wave heights observed in the Niger Delta-Cameroon 
section of the GoG are the result of a complex interplay of 
geographical features, continental shelf characteristics, and 
prevailing wind patterns. These factors collectively contribute 
to the unique wave climate experienced in this part of the Gulf.

The relative north-south decreasing pattern in Tm observed 
in the GoG can be attributed to the influence of distant swell 
systems originating from both the North Atlantic and the 
South Atlantic oceans. These swell systems carry waves with 
varying periods as they propagate across the open ocean 
(Forristall et al. 2013). This influence is particularly pro
nounced during the dry season when the North Atlantic 
swell system dominates the wave climate. The northwestern
most part of the GoG is more exposed to the effects of the 
North Atlantic swell, which pushes waves with longer periods 
closer to the easternmost coast of the Gulf. This leads to 
a noticeable north-south gradient in wave periods, with longer 
wave periods in the north and shorter periods in the south.

The east-west variation in wave period within the GoG 
is primarily shaped by the presence of coastal features 
such as headlands, bays, and inlets. These coastal features 
can cause wave refraction, diffraction, and reflection, 
resulting in variations in wave period along the coast. 
However, it’s important to note that the relationship 
between coastal features and wave period is not always 
straightforward, as the influence of other factors, like the 
South Atlantic swell, can sometimes overshadow the 
impacts of coastal morphology. Therefore, the complex 
interplay of distant swell systems, prevailing wind pat
terns, and coastal features contributes to the spatial and 
temporal variations in wave period observed in the GoG. 
These factors collectively shape the unique wave climate 
of the region.

The analysis conducted in this study consistently reveals 
a trend of increasing Hs in the GoG across all RCP scenarios. 
This observed trend aligns with broader expectations of cli
mate change impacts, where warmer ocean temperatures and 
altered atmospheric conditions are anticipated to result in 
changes in wind patterns and ocean dynamics, consequently 
influencing the generation and propagation of ocean waves 
(De Leo, Besio, and Mentaschi 2021; Hemer et al. 2013).

The projected increase in Hs by the end of the century, 
especially under the RCP 8.5 scenario with higher greenhouse 
gas emissions, is in line with findings from previous global stu
dies. This scenario indicates the most significant increase in wave 
heights, reflecting the potential intensification of extreme weather 
events and storms associated with climate change. Notably, the 
higher increase in wave heights during the rainy season further 
underscores the influence of enhanced atmospheric activity, such 
as storms, on wave conditions in the future. Additionally, the 
observation of a projected increase in Tm suggests that not only 
will wave heights increase, but the waves will also exhibit longer 
intervals between crests (Dahunsi et al. 2022). This implies 
a potential shift in the distribution of wave energy within the 
GoG. These findings collectively highlight the dynamic and inter
connected nature of climate change impacts on ocean waves, 
emphasising the need for continued research and monitoring in 
understanding and adapting to these changes.

The magnitude of the average WPD in the GoG follows 
a distribution pattern consistent with findings from previous 
model dataset-based studies, particularly regarding the average 
and extreme wave climates, with a focus on Hs including Almar 
et al. (2015 and Osinowo et al. (2018). This observed pattern 
indicates a trend of increasing WPD from north to south and 
from east to west within the GoG, mirroring the spatial distribu
tion reported for Hs in the preceding section. The north-south 
and east-west increase in WPD can be attributed to the complex 
interplay of various factors, including swell systems, local wind 
regimes, and bathymetry. This distribution pattern aligns with the 
regional wave climate overview presented by Dahunsi et al. (2022), 
which is not surprising given the direct proportionality between 
WPD and Hs, as evident in the equation used for WPD computa
tion. A correlation test conducted to assess the strength of this 
relationship yielded a high correlation coefficient of 0.98, indicat
ing a strong association between WPD and Hs. Consequently, 
changes in wave height are expected to correspond to similar 
changes in WPD, a relationship supported by a similar study 
along the southeastern coast of the United States conducted by 
Defne et al. (2009). Furthermore, the observation of consistent 
overlaps in WPD values for different scenarios, as previously 
reported for the wave climate of the GoG by Dahunsi et al. 
(2022), prompted the conduct of statistical tests to assess signifi
cant differences in this previous study. Ultimately, their findings 
concluded that these differences were not statistically significant, 
further reinforcing the interconnected nature of wave height and 
WPD within the GoG and the robustness of the observed patterns.

Furthermore, the transition from lower WPD values during 
the dry season to higher values in the rainy season mirrors the 
seasonal variability observed in wave energy, akin to the pat
terns in the wave climate. During the rainy season, more 
vigorous weather conditions prevail, characterised by elevated 
wind speeds and extended fetch (the distance over which the 
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Figure 11. Spatial distribution of the normalised non-dimensional power output from wave Dragon.
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wind influences wave formation). These conditions result in 
greater energy transfer to the waves, leading to the observed 
increase in WPD. This alignment underscores the strong con
nection between wave energy and atmospheric conditions, 
highlighting the pivotal role of seasonal weather patterns in 
influencing wave power dynamics. It is worth noting that this 
consistent trend of seasonal variations in WPD persists across 
various time slices and RCP scenarios, albeit with varying 
magnitudes. This consistency underscores the robustness of 
the findings and demonstrates the predictability of wave power 
dynamics under different climate scenarios.

The negative trend in WPD identified for the mid-century 
period aligns with findings reported by other studies in different 
regions. Ribeiro et al. (2020), for instance, observed a similar 
reduction in wave power in their assessment of wave energy 
converters in the North Atlantic. Likewise, Karunarathna et al. 
(2020) documented a 12–20% decrease in wave power along the 
coasts of Sri Lanka by mid-century, attributing it to changes in the 
tropical monsoon system driven by global climate change. In the 
GoG, Almar et al. (2015) associated alterations in the region’s 
wave climate, particularly the dominance of swell waves, with the 
impacts of climate change on the extratropical Southern Annular 
Mode (SAM). This mode influences storm conditions in the 
southern Atlantic extra-tropical storm track, which contributes 
to the swell waves experienced in the GoG. Furthermore, global 
studies by Lobeto et al. (2021) and Meucci et al. (2020) have also 
reported a reduction in wave power during the mid-century, 
followed by an increasing trend towards the end of the century 
for the tropical Atlantic Ocean, where the GoG is located. Given 
the high correlation between Hs and WPD, it is reasonable to 
expect similar impacts of climate change on both parameters in 
the GoG.

The estimated values for the Gulf of Guinea (GoG) region 
during the past time slice align with findings from similar studies 
in the area. For instance, Tulashie et al (2022) reported WPD 
values ranging from 7.5 to 10.5 kW/m for the Ghanaian coast, 
which closely resembles the values exceeding 7.5 kW/m observed 
along the western coast of the GoG. As one moves eastward 
towards the Niger Delta, Osinowo (2019) affirmed the presence 
of very low WPD, generally less than 4 kW/m, in this part of the 
GoG. These studies also corroborated the seasonal variability in 
wave conditions and WPD, with higher Hs during the rainy 
season leading to increased WPD magnitude. According to Wei 
Zheng and Pan (2014), wave energy is considered available when 
the WPD exceeds 2 kW/m and rich when it surpasses 20 kW/m. 
Based on this criterion, it can be confidently stated that the GoG 
boasts abundantly available wave energy resources throughout 
the year, even during the low-energy dry season.

The spatial distribution of wave power potential in the Gulf of 
Guinea, as previously illustrated in Figures 4a-c, emphasises the 
need for an offshore-focused approach in harnessing this abun
dant renewable energy resource. Such a strategy would enhance 
the economic feasibility of exploitation and mitigate the impacts 
of seasonal variations in wave power within the region. 
Additionally, it would expand the available sites for the installa
tion of wave energy converters. The Gulf of Guinea encompasses 
a vast area, approximately 2,350,000 square kilometres, including 
small islands, offshore oil rigs, and marine protected areas, as 
documented by Osinowo et al. (2018). To provide a conservative 

estimate, let’s assume a parallel orientation of wave energy con
verters along half of the coastlines of the countries surrounding 
the Gulf of Guinea. This would result in an average of 1500 
kilometres of potential sites for energy harvesting. Based on this 
average coverage, the estimated potential for wave power genera
tion during the low-energy dry season is approximately 8190  
MW, calculated using the minimum WPD value of 5.46 kW/m 
obtained for the dry season (as presented in Table 1). However, 
with the utilisation of the appropriate type of wave energy con
verter, this potential could soar to as high as 14,940 MW, taking 
into account the projected WPD value of 9.96 kW/m for the rainy 
season by the end of the century.

However, in order to instal WECs for effective exploitation 
of wave energy in the GoG, several key performance indicators 
(KPIs) that play pivotal roles in the feasibility and potential 
benefits of the project should be considered. These KPIs are 
needed to determine the post-installation economic metrics 
such as LCOE, NPV, IRR etc previously highlighted in the 
introductory section. Judging from the previously presented 
wave characteristics of the GoG including the dry and rainy 
seasons variabilities and the emphasis on relatively highly 
available WPD offshore, important KPIs include power output 
which helps to determine the total energy output generated by 
the WEC over the course of a year taking into account the 
diverse wave conditions experienced during both dry and 
rainy seasons. Another critical KPI is Energy Conversion 
Efficiency, which quantifies how effectively the WEC har
nesses the kinetic energy of waves and converts it into usable 
electricity. This efficiency is a fundamental indicator of the 
WEC’s technological prowess and its ability to make the most 
of the available wave resources. The Capacity Factor further 
refines the assessment by considering the proportion of actual 
energy output to the maximum energy generation potential 
under ideal conditions. Reflecting both fluctuations in wave 
energy and operational downtime for maintenance or other 
reasons, the Capacity Factor speaks to the practicality of WEC 
deployment. In tandem with these indicators, understanding 
the Power Capture Width becomes essential. This parameter 
delineates the spectrum of wave frequencies that the WEC can 
efficiently capture. Given the variation in wave characteristics 
between seasons, this adaptability becomes crucial in ensuring 
consistent energy production.

The results for the three WECs considered in this study 
indicate that the Wave Dragon stands out with higher power 
output and a larger capture width, which is advantageous for 
a vast region like the GoG. These findings align with similar 
cases reported for other regions, reinforcing the effectiveness 
of the Wave Dragon design. For instance, studies conducted 
on European islands, as assessed by Rusu and Onea (2016), 
and on the island of Fuerteventura, as investigated by Veigas 
and Iglesias (2014), have yielded comparable results. These 
findings demonstrate the suitability of the Wave Dragon 
WEC for harnessing wave energy efficiently in various geogra
phical contexts, making it a promising choice for the Gulf of 
Guinea region. The consistency of these results across different 
regions highlights the robust performance and adaptability of 
the Wave Dragon WEC, further emphasising its potential as 
a viable solution for renewable energy generation in coastal 
areas with varying wave conditions.
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As previously discussed, and corroborated by both the bivari
ate distribution of wave power in the GoG and the normalised 
power output depicted in Figure 11, it becomes evident that the 
offshore regions characterised by wave heights around 1 m and 
periods of 9 s represent the most reliable and efficient locations for 
the installation of any of the selected WECs. This spatial distribu
tion of optimal wave energy exploitation remains consistent for all 
three WECs considered in this study, despite variations in wave 
output magnitude. Seasonal variations also exhibit a similar pat
tern, with increased efficiency closer to the coast during the rainy 
season. However, most locations demonstrate an efficiency rate 
exceeding 50%, with the exception of the Cameroon axis, known 
for its lower wave energy levels throughout the year. The efficiency 
values observed in this study fall within the range of 0.86 to 0.96, 
a range previously reported by Rusu and Onea (2016). These 
findings emphasise the reliability and consistent performance of 
the selected WECs in effectively harnessing wave energy across 
various geographical areas within the GoG, making them promis
ing options for renewable energy generation in this region.

In addition to the significant benefits of power generation and 
other socio-economic advantages that can be derived from the 
installation of WEC systems in the GoG, there is also the potential 
to address the pressing issue of coastal erosion faced by all the 
countries within the GoG region. This additional benefit has been 
highlighted in the work of Veigas and Iglesias (2014), who con
ducted modelling studies to assess the impact of WECs on the 
nearshore wave climate. Their findings revealed that the presence 
of WECs led to a reduction in wave height in the regions where 
these systems were installed. This reduction in wave height sub
sequently resulted in a decrease in the energy reaching the near
shore areas, leading to lower rates of coastal erosion. This 
discovery underscores the potential for WEC installations not 
only to provide clean and sustainable energy but also to contribute 
positively to the mitigation of coastal erosion, offering a holistic 
solution to some of the environmental challenges faced by the 
GoG countries.

6. Conclusion

In conclusion, this comprehensive study has provided valuable 
insights into the past and potential future wave power condi
tions within the GoG. The spatial distribution of average WPD 
has revealed consistent trends in WPD patterns across various 
time frames and climate scenarios. The study has shed light on 
the seasonal variations and the intricate relationship between 
WPD, Hs, and atmospheric conditions, highlighting the com
plex interplay of oceanic and atmospheric factors that influ
ence wave energy potential in the region. These findings offer 
critical information for understanding the feasibility of harnes
sing wave energy in the Gulf of Guinea and for formulating 
sustainable energy strategies tailored to the region’s unique 
characteristics. The projections presented here will serve as 
fundamental data for future initiatives involving the installa
tion of wave energy converters, helping to identify the most 
economically and environmentally viable locations for these 
energy harvesting systems.

Notably, this study underscores that ocean wave energy holds 
significant promise as a source of electric power generation to 
meet the increasing energy demands of the countries within the 

Gulf of Guinea. The assessment has clearly indicated that offshore 
locations are the most promising for wave energy converter 
installations, as wave power potential diminishes significantly 
closer to the coastline, making nearshore exploitation economic
ally unviable. Additionally, given the ecological significance of the 
Guinea Current Large Marine Ecosystem in the region, it becomes 
imperative to minimise the environmental impact of energy 
installations in coastal upwelling areas.

Furthermore, among the wave energy converter systems con
sidered, the Wave Dragon has demonstrated superior perfor
mance across all key indicators, making it a compelling 
candidate for deployment in the Gulf of Guinea to maximise the 
utilisation of the region’s abundant wave energy resources. This 
research paves the way for informed decision-making and sustain
able energy development in the Gulf of Guinea, contributing to 
both energy security and environmental conservation efforts.

Furthermore, this study has laid a crucial foundation for 
exploring additional potential benefits beyond electricity gen
eration, particularly in the realm of coastal erosion mitigation. 
Coastal erosion represents one of the most pressing challenges 
faced by many countries situated along the GoG. The capacity 
of WECs to mitigate coastal erosion, as previously investigated 
by Veigas and Iglesias (2014), offers a multifaceted approach 
that can deliver significant economic advantages to GoG 
nations. Traditional methods of coastal protection, such as 
seawalls and groynes, often come at the cost of altering natural 
beach landscapes, thereby diminishing their appeal as tourist 
destinations. In contrast, leveraging WECs to dampen wave 
energy while preserving the integrity of beaches holds sub
stantial promise. This approach not only contributes to elec
tricity generation but also safeguards the income-generating 
potential of these coastal regions. Importantly, it offers 
a sustainable solution that remains effective in the face of 
anticipated increases in wave intensity driven by climate 
change. To delve deeper into these prospects, future studies 
are expected to employ dynamic modelling approaches, 
encompassing wave simulation and behaviour analysis under 
various WEC setup scenarios. By adopting such comprehen
sive methodologies, we can further unlock the synergistic 
potential of wave energy utilisation for both sustainable energy 
generation and coastal protection in the Gulf of Guinea.
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