Clean Technologies and Environmental Policy
https://doi.org/10.1007/510098-024-03049-w

ORIGINAL PAPER t‘)

Check for
updates

The prospect of floating photovoltaic in clean energy provision
and net-zero-emissions

Williams S. Ebhota’ - Pavel Y. Tabakov'

Received: 9 July 2024 / Accepted: 4 October 2024
© The Author(s) 2024

Abstract

This study emphasizes the critical role of renewable energy in addressing climate change challenges, particularly in reduc-
ing greenhouse gas emissions. It highlights the central importance of solar photovoltaic systems. While recognizing South
Africa’s progress in renewable energy deployment, the study notes that substantial efforts are still needed to meet the coun-
try’s renewable energy targets. The study’s primary aim is to enhance the understanding and deployment of solar photovoltaic
systems by critically examining the photovoltaic potential and performance of different sites. To achieve this, two scenarios—
land photovoltaic and floating photovoltaic systems—were considered, focusing on hypothetical 10 MWp-installed capacity
systems. The results indicate that the 10-MWp land photovoltaic system has a global tilted irradiance of 2184.7 kWh/m2,
an annual total output of 18 GWh, and an average yearly performance ratio of 81%. The economic parameters for the land
photovoltaic system include a capital expenditure of $9.0 million, an operational expenditure of $157,500 annually, and a
levelised cost of energy of $0.04089/kWh. In contrast, the 10-MWp floating photovoltaic system reports a Global Tilted
Irradiance of 1797 kWh/m2, an annual total output of 16 GWh, and a performance ratio of 76%. The economic parameters
for the floating photovoltaic system include a capital expenditure of $10.6 million, an operational expenditure of $176,250
annually, and a levelised cost of energy of $0.04936/kWh. Both scenarios’ econo-technical parameters fall within accept-
able ranges. However, the land photovoltaic system shows better performance, indicating some efficiency loss in the floating
photovoltaic system possibly due to harsher offshore conditions. Based on the data from the reports, the study concludes that
the econo-technical feasibility of floating photovoltaic in the Western Cape Province of South Africa is high.
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Introduction

The world is facing many challenges due to global climate
change, primarily driven by human activities and the emis-
sion of greenhouse gases (GHG). Global climate change
is caused mainly by human activities that release GHG
into the atmosphere, leading to changes in the Earth’s cli-
mate system. Some of the key causes of global climate
change include—the burning of fossil fuels, deforestation,
and agricultural activities (Ebhota and Jen 2020). The key
challenges associated with global climate change include
rising temperatures and an increase in extreme weather
events, such as hurricanes, droughts, floods, and wildfires.
Others are the impact on biodiversity, food security and
agriculture, impact on biodiversity, health risks, and water
scarcity. In 2019, worldwide greenhouse gas (GHG) emis-
sions reached 55.3 BtCO, equivalent, with CO, accounting
for 76%, CH, for 16%, N,O for 6%, and F-gases for 2%
(EPA 2020). The primary sources of CO, emissions were
fossil fuel combustion, industrial processes, and land use
change. Specifically, in 2019, CO, emissions from fossil
fuel use amounted to 34.8 billion tonnes, with coal con-
tributing 40%, oil 34%, and natural gas 20% (Ritchie, et al.
2020). In 2021, the global CO, emissions totalled around
37.12 BtCO,, with more than half of these emissions being
attributed to the wealthiest 10% of the population. Africa
has the lowest per capita emissions globally, averaging
1 tonne of CO, per person annually. Comparatively, an
average American or Australian emits a similar amount of
CO, in a month as an individual in Africa does in a year.

In the past, Africa’s contribution to global GHG emis-
sions has been relatively modest, estimated at around
3.8% (CDP 2020). However, this share has been increas-
ing over time. According to IEA and EDGAR computa-
tion, Africa’s carbon emissions represented 4.5% (2511.4
Mt) of the global total in 1970, rising to 6.6% (3021.0
Mt) by 2020. Africa experienced an annual carbon emis-
sions growth rate of 2.1% between 2010 and 2019, nota-
bly higher than the global average of 1.2%. This esca-
lation in carbon emissions is closely linked to Africa’s
economic and social development, which has resulted in
alarming rates of energy consumption and CO, emissions
(Salahuddin et al. 2019; Wang and Dong 2019). Although
the continent contributes only a small portion to global
emissions, the United Nations Framework Convention on
Climate Change (UNFCC) reported in 2006 that the con-
tinent is most vulnerable to the impacts of climate change
(UNFCCC 2006). Within Africa, three countries—South
Africa (435.9 MtCO,), Egypt (249.6 MtCO,), and Algeria
(176.2 MtCO,)—account for over 60% of the continent’s
carbon emissions (Statista 2023). Due to its heavy reli-
ance on coal for electricity generation, South Africa has
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become one of the top 10 GHG emitters globally (Cohen,
Jalles, Loungani, and Marto, 2018). By 2022, South Africa
had generated 405 MtCO, from fossil fuel combustion and
industrial processes, indicating a decrease of approxi-
mately 3% compared to the previous year (Tiseo 2023).
Despite this decrease, the country continues to operate
more than twenty coal-fired power plants (Eskom 2024),
at a time when the world is shifting towards cleaner, more
sustainable sources of energy.

Since the beginning of 2023, the continent has reported
several fatalities due to rising temperatures, persistent
drought, catastrophic flooding, and destructive cyclones,
among other extreme weather events (AfDB 2023b).
According to the latest Climate Vulnerability Index 2022,
nine of the world’s top ten most vulnerable countries—
Chad, Central African Republic, Eritrea, Guinea-Bissau,
Democratic Republic of Congo, Sudan, Niger, Afghanistan,
Liberia, and Somalia are in SSA (AfDB 2023a). The 2022
Climate Change Report from the Intergovernmental Panel
on Climate Change on “Impacts, Adaptation, and Vulner-
ability” also confirmed that most parts of Africa are among
the global hotspots of human vulnerability to climate change
(UNEP 2023). Several devastating floods and landslides
accompanying heavy rainfalls have been reported in Kwa-
Zulu-Natal and Eastern Cape provinces, South Africa. Many
of South Africa’s cities were constructed before the predic-
tion of climate change. The province of KwaZulu-Natal wit-
nessed destructive flooding in July 2016, May 2017, October
2017, March 2019, April 2019, November 2019, November
2020, April 2023, June 2023, and most recently in Janu-
ary 2024 (Magidimisha-Chipungu 2024). In 2022, over 440
individuals lost their lives, approximately 4,000 homes were
destroyed, and the extensive road damage amounted to at
least R5.6 billion (PreventionWeb 2022).

The significance of RE in climate change mitigation has
been recognised and proven to be effective in addressing
the myriads of climate change issues. Renewable energy
is essential in this context as it mitigates climate change
by reducing GHG emissions, enhancing energy efficiency,
diversifying the energy supply, supporting sustainable devel-
opment, fostering technological innovation, preserving the
environment, and driving supportive policies and regulations
(Todd and McCauley 2021). The deployment of RE in South
Africa has seen significant growth and development over
the past decade. The country has recognised the importance
of diversifying its energy mix, reducing its dependence on
coal, and mitigating climate change impacts (Akinbami et al.
2021). Some of the key aspects of RE deployment in South
Africa include solar power—South Africa has significant
solar resources, particularly in the Northern Cape. Large-
scale solar photovoltaic (PV) and concentrated solar power
(CSP) projects have been developed; wind power—coastal
regions, especially in the Western and Eastern Cape, have



The prospect of floating photovoltaic in clean energy provision and net-zero-emissions

excellent wind resources. Numerous wind farms have been
commissioned under the RE Independent Power Producer
Procurement Programme (REIPPPP) (IRENA 2023a). Oth-
ers are hydropower—while South Africa’s hydropower
potential is relatively limited, small-scale hydro projects
contribute to the RE mix; and biomass and biogas—there
is potential for growth in biomass and biogas projects, par-
ticularly in the agricultural sector.

In 2022, solar PV and wind energy represented nearly
90% of all new RE installations and by 2027; solar PV’s
installed power capacity is expected to surpass that of coal,
becoming the largest in the world (Gibb et al. 2022). Some
of the main solar PV projects are Kathu Solar Park (CSP,
100 MW capacity), Jasper Solar Energy Project (96 MW
capacity), Redstone Solar Thermal Power (CSP, 100 MW
capacity), and Noupoort Wind Farm (80 MW capac-
ity) (GlobalData 2024). While progress has been made in
improving power accessibility in South Africa, a signifi-
cant journey is still ahead before it can successfully reduce
its carbon footprint. Again, there is still work to be done
to ensure universal access to clean electricity and address
the challenges faced by marginalised rural communities in
accessing clean, reliable, and affordable energy services.
The development of RE in South Africa faces several bar-
riers, such as regulatory and policy challenges, financial
constraints, infrastructure and technical issues, economic
factors, social and environmental concerns, social and envi-
ronmental concerns, political and institutional barriers, and
market hurdles. Addressing these barriers requires coordi-
nated efforts from the government, private sector, academia,
and civil society to create an enabling environment for RE
development. This study aims to enhance understanding
of solar PV by critically examining its potential and per-
formance and evaluating the role of FPV in South Africa’s
energy supply goals. The study covers South Africa’s Cli-
mate Change Performance Index (CCPI), climate change
mitigation, and PV potential and deployment in sub-Saharan
Africa, with a focus on FPV systems. Using computational
modelling, two PV system scenarios (LPV and FPV) were
analysed, compared, and benchmarked against established

performance parameters. The findings were used to assess
the econo-technical feasibility and prospects of FPV in the
Western Cape Province of South Africa.

This study is structured as follows: Sects. "Background
of the study" and "Methodology" deal with the study’s
background and methodology, respectively. Sects. "Com-
putational modelling of LPV and FPV" and "Conclusion"
are dedicated to LPV and FPV modelling, and conclusions.

Background of the study
Climate change performance index (CCPI)

The Climate Change Performance Index (CCPI) serves as
a tool to foster transparency in both national and interna-
tional climate policies. Utilising a standardised framework,
the CCPI evaluates the climate performance of sixty-three
(63) countries and the European Union (EU), collectively
responsible for more than 90% of global GHG emissions
(CCPI 2024). The assessment focuses on four key catego-
ries: GHG emissions (40%), RE (20%), energy use (20%),
and climate policy (20%), aiming to gauge climate mitiga-
tion efforts comprehensively. The ratings are expressed as
percentages, with higher percentages indicating better per-
formance in addressing climate change. Considering the
five (5) countries ranked in Africa, as presented in Table 1,
Morocco has a CCPI rating of 69.82%, which suggests that it
has relatively strong climate policies and initiatives in place
compared to the other countries listed. Nigeria follows with
arating of 63.88%, indicating significant efforts in address-
ing climate change but slightly lower than Morocco. Egypt’s
rating is 61.80%, reflecting its commitment to climate action
but there is still room for improvement. South Africa’s rating
stands at 49.53%, indicating moderate progress in address-
ing climate change but with notable challenges and areas for
improvement. Algeria has the lowest rating among the men-
tioned countries, with a score of 44.54%, suggesting that it
faces significant challenges in addressing climate change and
may have fewer initiatives in place compared to the others.

Table 1 Climate Change

GHG (40%) RE (20%) Energy use (20%) Policy (20%) CCPI (%) 2024 global spot

Performance Index (CCPI) 2024 Countries

rating (CCPI12024) Morocco 31.18 6.67
Sweden 32.93 15.23
Nigeria 31.51 3.24
Egypt 30.52 3.38
South Africa 20.77 3.06
China 13.45 9.06
Algeria 22.54 2.01
USA 16.88 3.03
Saudi Arabia  4.85 3.09

16.06 1591 69.82 9th
10.42 10.80 69.39 10th
17.70 11.43 63.88 17th
17.18 10.72 61.80 22nd
15.96 9.74 49.53 45th
7.14 1591 45.56 S1st
13.80 6.20 44.54 54th
6.69 16.20 42.79 57th
6.30 5.09 19.33 67th
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Climate change mitigation

To address these global climate change challenges, urgent
and coordinated action at local, national, and international
levels is required. This involves a range of strategies and
actions aimed at reducing the greenhouse gas emissions that
contribute to global warming. Some of the key measures
are energy efficiency implementation, transition to clean
and sustainable energy, carbon capture and storage (CCS),
carbon sequestration, and sustainable agriculture and land
use (Fawzy et al. 2020). Others are transportation changes,
industrial innovations, policy and legislation, behavioural
and societal changes, and research and development. These
are essentially efforts to reduce greenhouse gas emissions,
build resilience to climate impacts, and sustainable devel-
opment practices that safeguard the future of the planet
(Melkonyanet et al. 2024).

In 2023, the total RE capacity in South Africa reached its
peak at approximately 10.6 MW, with solar energy compris-
ing about 58% of the total RE capacity (Galal 2024). Several
technologies are potential candidates for RE transition and
utility applications, including lithium-ion batteries, flow bat-
teries, lead-acid batteries, supercapacitors, flywheels, com-
pressed air energy storage, solar PV, and hydropower (Yang
et al. 2011). Renewable energy sources are natural resources
that can be converted into clean energy. It is projected that
renewables will transform the global power mix by 2027,
becoming the largest source of electricity. Currently, hydro-
power accounts for over 90% of all grid-scale capacity, but
it is limited by the availability of suitable locations and high
capital costs (Wang et al. 2023).

Methodology

The background study provides an overview of climate
change and the Climate Change Performance Index (CCPI)
ranking of some countries in SSA using data obtained from
secondary sources. These information sources include
research articles, government white papers, and reports
from reputable international organisations, such as the

International Energy Agency (IEA), and National Renewable
Energy Laboratory (NREL). Others are the Africa Develop-
ment Bank (AfDB), Global Atlas Data, World Bank Data,
CCPI, World Bank, and International Renewable Energy
Agency (IRENA). Two scenarios of land photovoltaic (LPV)
and floating photovoltaic (FPV) systems were considered
to examine PV potential and the performance of hypotheti-
cal 10 MW -installed capacity PV systems. The solar PV
potential will be defined in terms of irradiance parameters
while parameters, such as total PV output (PVOUT _total),
specific PVOUT, and performance ratio (PR) were used to
evaluate the PV systems performance. The analysis and the
determination of the Econo-technical feasibility and compet-
itiveness of both scenarios were based on the data obtained
from the Solargis software application’s modelling reports.
The study’s methodology is depicted in Fig. 1.

Floating/offshore PV system

A Floating Photovoltaic (PV) system, also known as a float-
ing solar farm, is a type of solar power installation where
PV panels are mounted on a structure that floats on a body
of water, such as a reservoir, lake, or pond. This innovative
approach to solar power generation has several unique fea-
tures and benefits compared to traditional land-based solar
farms solar PV panels, mooring systems, floating structures,
and electrical components, as shown in Fig. 2. The benefits
that follow the deployment of the FPV system are—space
efficiency, increased efficiency, reduced evaporation, mini-
mized land use conflicts, and improved water quality.

Most of the current capacity and future growth in the
floating photovoltaic (FPV) market is focused in Asia
(Aboshosha and Hamad 2024; Panel 2023). This is due
to expensive land, scarcity of land, and a strong presence
of hydropower production connected to reservoirs driv-
ing the deployment of FPV systems. China, India, and
South Korea are leading the way in adopting floating PV
technology, highlighting their commitment to sustainable
energy options. China is the global leader in installed
FPV capacity, making up 52% of the total worldwide,

Fig.1 The study’s methodology
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Fig. 2 Illustration of a FPV system and key features

with the Taiwan Region and Japan following behind at
12% and 10% respectively (Ramasamy and Margolis
2021).

In Africa, FPV technology is still at a nascent stage,
primarily concentrated on experimental or commer-
cial uses with relatively modest capacities. Numerous
organizations and agencies have emphasized Africa’s
substantial potential for FPV deployment. The German
Solar Industry Association has indicated that Africa har-
bours the largest floating PV generating capacity globally
(Deboutte 2021). Furthermore, the Ecofin Agency has
reported that the continent boasts more than 100,000 km?2
of freshwater reservoirs suitable for floating solar instal-
lations. Even utilizing just 1% of this area could generate
100 GW of electricity, surpassing the continent’s total
installed solar capacity in 2022 by eight times (Ecofin
2023). Some countries in Africa, such as South Africa,
Kenya, Burundi, and Tunisia, have already established
small floating solar power plants (Ecofin 2023).

Differences between solar LPV and solar FPV
systems

Solar LPV and Solar FPV systems are two types of solar
energy installations that differ primarily in their place-
ment—on land versus on water. Both solar LPV and FPV
systems contribute to RE generation, their differences lie
in location, efficiency, environmental impact, structural
challenges, and costs. The FPV systems offer unique
advantages, especially in regions with limited land avail-
ability, but they also come with specific technical and
environmental considerations. A detailed comparison of
the two systems is presented in Table 2.

Transmission 4\

Transformer

Central
inverter|

topography

Floating PV research gaps in Africa

Despite their growing adoption globally, FPV systems in
Africa face unique challenges and gaps that need to be
addressed. These research gaps can be categorised into
environmental impact assessment, technical and design chal-
lenges, economic and financial viability, policy and regu-
latory frameworks, and social acceptance and stakeholder
engagement (Gadzanku et al. 2021). Others are energy-
water-food nexus, grid integration and energy storage, data
availability and monitoring, climate resilience and adapta-
tion. In this work, attention will be given to technical and
design challenges and economic and financial viability stud-
ies. Details of research gaps in FPV systems as they relate to
technical and design challenges and economic and financial
viability studies in Africa are presented in Table 3.

These gaps highlight the need for multidisciplinary
research that integrates environmental science, engineering,
economics, policy, and social sciences to fully realise the
potential of floating solar PV systems in Africa.

Photovoltaic potential: Meteorological parameters

Irradiance, including GTI and PV power generation, are
closely linked, with irradiance being one of the key param-
eters influencing the performance of PV systems. There is
direct proportionality between GTI and PV power genera-
tion: higher GTI values typically result in increased power
generation, while lower GTI values lead to reduced power
generation. Several factors affect irradiance, directly and
indirectly, and in turn, influence PV power generation. Some
of the direct influencing parameters are ambient conditions
(temperature, wind, dust), geographical location, time of day
and year, and lifetime. Others are system efficiency, shading,

@ Springer



W. S. Ebhota, P.Y. Tabakov

Aypiqess pus [eroao Juroueyuo Afrenuajod ‘@rmonnserjur omod
3unsIxe YIm 91eI3UI A[JOIIP UBD SWEP OLIOI[A0IPAY U0 SWASAS Add
SQIPOQ I9jem PIJe[OSI UO 10
sour] prig SunsIxa WoIj Igj pajedo] JI 9INIoNNSeIJul [euonippe a1mbar Aejy

son[eA pue[ Y31y YIIm SUOIFaI Ul 93BJUBAPE }SOD
Jofewr & 9q Ued YoIyM ‘uonismboe pue[ 9AISUSdX? JOJ Pasu oY) SIISHO SIYL
sjuouodwod [eo1n09[9 Jooidiojem pue ‘swlsAs Jurioow ‘swioprerd
Suneoy paziferoads 10§ pasu ay) 0} anp Ioy31y A[[eordA) a1e $1s00 uone[RISU]

SQ0I0J 9ABM PUE puIm 0} 9[qnidadsns 10w W)SAS 9y} Furyewr
‘Sw)sAS Surioow pue 2Injonr)s Surjeoy Ay UO Peo[ dY) ISLAIOUT UBD SI[Sue
10d99)§ "191EM UO SUIIOUOD AJI[IQR)S 0) anp G 01 .G woij Surduer A[Ted
-1dA) ‘swa)sks AT 03 poredwod sa[Sue 1) JOMO[[RYS SN UYJO SWISAS A
19)eM UO JUDIOM J[IYM SUID
-u09 £)9Jes pue $S9908 PAJIWI[ 0} anp SUISUI[[BYD IOW 3q ULD IUBUAUIBIA
suooydA) 1o suLI0s I SUONIPUOD IaYIeam 219Ads A[[enuajod pue
‘SJUQLIND ‘SOABM SEB [ONS ‘JUSWIOAOUT JOJeM PUBISYIIM 0) PauSISop 9q IS

eunej pue eiof onenbe [eo0] UO $3109x0 pue ‘uonenouad JYSI| paonpar o1y
-erodwo) Jojem ur sagueyd Sk Yons ‘SwsAsood onenbe uo syoedwr 9[qIssoqd

SuoI3ax
90IBDS-12JeM UI [BIOYAUAQ ST YOIYM ‘SIIOAIISAI WOIJ uonelodeas aonpar ue)

19)eM UO PIJBIO] ATe AJY) SB ‘SWOISAS00I [BL1SALI) U0 Joeduwl [eWIUIA

ndino £31ous 1oy3y A[enusiod
pue Suruea[d Joj 9OUBUIUTRW JOMO] SUBIW Jojem UO UOTE[NWNIJ. ISP SS9

swalsks AdT 03 paredwod 9,6 1—¢ £q 9oururioytad [[e1oa0 Suraoidur
‘samjeradwe) Sunerado 1omor urejurews sdjoy sjoued aY) MOTaq IJBAN

juowrdooAap ueqIn IO QININOLISE YIIm
uonnedwod JUIPIoA. pue pue| 9[qenea SUTAIISUOD ‘SQJBJINS IAJeM SISI[N()

SwoIsAs Jurioouwr
Sursn paglejem ) 0} PaIOYoUE SINJONI)S SUNBOR UO PAJUNOW Ik S[ouRd

BIS Q) UQAJ IO ‘spuod ‘Swep ‘SII0AISAI ‘Saye] I] SIIPOq JJem UO PI[[eIsu]

puS oY1 01 SUnoaUUOD JOf SPOYIOW [BUOTIUSAUOD SISI[TI()

$1S0J UOoIS
-sTwIsuel) 3uronpal ‘@Injonyseljul pLi3 JursIxo Jeau Jed0[ 0) JAISLd UJO

aatsuadxo
JO 90JBDS SI PUE[ AIAYM seare Ul A[[eroadsa uesyrusis 9q ued s)sod pue|

SoSud[[eyd [BOTUYD9) oMY puE $Issd01d uon
-eyresur 1o1dwrs 03 anp $3s00 Juorjdn Tomo] 2ABY SWAISAS A JT ‘A[[erousn

IoJuIm JO Jowrwns oy ur uononpoid £SIous oznurxewr o} swre
waIsAs oY) oyjeym uo Jurpuadap APYSI[s parsnipe ‘Opmne[ s,9)1s 9y} 0}
95010 st 9[3ue 1 [ewndo oY) ‘sased Jsow uJ Teak dy) INOYINoIY) dIns
-odxa 1e[0S ozrwrxew 0} (9pmne[) uonesor oryder3oad ayy 10y pazrundo

9[3ue 311 9[qeIsnipe 10 Paxy & oary 0} PaudIsop A[[eordA) are swosks AJ1
JIo1sed Sunooysa[qnos [esLrode Jo ‘Juswaoe[dar

[oued ‘Suruea[d aYI| SYSE) AOUBUJUIRW SAEW PUE] U0 AJ[IQISSIOOY
SoSUQ[[eYD PAIR[I-IoJeM

£q payoage ssof pue Surioyoue punoIS Wiy o) anp Jqess ST AJT ‘A[[eIeusn

SW9)SAS09 9AT)

-ISUQS Jeau pajedo] J1 A[[eroadsa ‘sjeliqey JIp[im [e20] Uo joedwr [enuajod
J09JJ9 puB[ST 1By Y}

Se umouy ‘SuruLrem [ed0[ 0} ANQLIIUOD ULD SULIR) JB[0S PIseq-pue[ o51e]
KJISIOATPOIQ pUB SWR)SAS0ID

[eo0] Joedwr ued YoryMm ‘TI0s SUIQINISIP IO UOTILIOTIA SULIBI[O QAJOAUT ARTA]

suo13a1 prre

ur Aprepnonaed ‘stiqop pue jsnp 03 anp Juruedo juanbaiy arow axmbar Ay
sarnjerodwa) 10Y31y Je APUIoLye ssof waojrad S[[90 Ore)joA

-0joyd 20uls ASUSIOIS PaoNpal 0] SUIpes] ‘pue| Uuo 101307 13 U)o s[oued

seare o[qenfea A[eamynoriSe 1o payeindod Ajesuap ur A[feroadso ‘syo1guod

9Sn-pue[ 0} Pea] SWNAWOS Ued Yorym ‘adeds puey Jueoyrugis soxmboy
punoi3

U} 0JUI PAIOYIU. AJB JBY) SIOOBI) Je[OS JO SYOrI J[1}-PAXL) UO PAJUNOIA
sooeJINS

[eL1Sa119) JYI0 IO ‘s}1asap ‘sdojjoor ‘sproy uado se yons ‘puey Uo pa[eIsuy

uond3UUO0d pris prepuelg

uond2UUOd PLID)

uouvL32JU1 P1IL)
1500 uonismboy

1500 TenIu]

SUONDAIPISUOD ]SO))

so[3ue 3m rewndQ
QOUBUAUIBIA

aImonng

SASUDIIDYD [DANIONLIS PUD [DIIUYII]
Kyis1oatporg
199JJ2 puB[sI JBoH

Wo)SAS009 UO 10T

1o0dwn [pIUsWUOIAUT
PIoIA AS10ug

souewnoyrad pue 303359 Surjoo)

Kouanonffo puv aouvuriofiag
ooeds jo as)
uone[eIsu|

uoneso|

UODIIDISUL PUD UOYDIOT

Add

Ad1

(0207 uonIpgIe[os 4707 ‘T8 12 nqeqeseN 707 ‘Te 10 Sunf) swaishs Ad] pue Ad udamlaq uostredwo)) g djqel

pringer

AQs



The prospect of floating photovoltaic in clean energy provision and net-zero-emissions

Table 2 (continued)

FPV

LPV

Scalability and potential applications

Scalable

Scalability depends on the availability of suitable water bodies and the abil-

Highly scalable with a wide range of applications, from small rooftop

ity to manage potential environmental impacts

systems to large utility-scale solar farms

Can be combined with existing water infrastructure, such as hydropower

Can be adapted to various landscapes, including urban, rural, and desert

Versatility

plants, to create hybrid systems that enhance energy generation efficiency

environments

hours of daylight, solar elevation and azimuth, latitude, alti-
tude, and terrain and obstructions. The indirect influencing
parameters include cooling degree-days (CDD) and heating
degree-days (HDD). Understanding and optimising these
influencing factors are essential for maximising the effi-
ciency and output of PV systems. Meteorological parameters
play a crucial role in influencing the potential of both LPV
and FPV systems.

Effect of elevated temperature on PV panel performance

Higher temperatures generally lead to lower electrical effi-
ciency, highlighting the potential to enhance PV module
performance by implementing cooling technologies. The
PV panels typically have an optimal operating temperature
of around 25 °C (77°F) (Vig and Kumar 2023). For every
degree Celsius above this temperature, the efficiency of sili-
con-based PV panels generally decreases by about 0.4-0.5%
(ECOFLOW 2023). This is due to the increased resistance
in the semiconductor materials, which reduces the voltage
output. The performance of a PV module is evaluated under
standard test conditions (STC) and nominal operating cell
temperature (NOCT). Typically, STC conditions are ambient
temperature (7,,,,,) of 25 °C (77°F), electrical efficiency (1,),
and an irradiance of 1000 W/m? (Kim and Nam 2019). At
STC, the n, is used as a reference point. The actual operating
conditions electrical efficiency (7,;) can be calculated using
the expressions (Zondag et al. 2003):

He = 1,(1 = B(T — 25)) (1)

G

L 800 &

' = Ly + (NOCT —20) x
where T, is the PV module temperature, /3 is the temperature
coefficient specific to the PV module material.

Effect of wind speed (WS) on PV panel performance

Wind speed and direction play a critical role in maintaining
the efficiency of PV panels by providing a cooling effect, but
it must be within an optimal range to avoid physical damage.
Wind can have both positive and negative effects on PV per-
formance. Moderate wind speeds can help cool PV panels,
maintaining their efficiency. However, very high winds can
cause physical damage to the panels or supporting struc-
tures. According to a study, the mean electricity generated
under southerly winds was 20.4-42.9% higher compared to
northerly winds (Waterworth and Armstrong 2020). This
was attributed to differences in surface cooling capabilities
due to the asymmetry of the PV array. The impacts of vari-
ous WS ranges on PV panel energy generation are presented
in Table 4.
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Table 3 FPV research gaps in Africa

Category Description

Technical and design challenges (Gadzanku  Adaptation to local conditions: research on optimising FPV system design to withstand extreme
et al. 2021; Garrod et al. 2024) weather conditions common in Africa, such as high temperatures, strong winds, and heavy
rainfall

Material durability: gaps in understanding the long-term performance and degradation of floating
platforms, mooring systems, and PV modules under Africa’s climatic conditions

Energy output optimisation: Limited studies on the best configurations for maximizing energy
yield, including optimal panel tilting, spacing, and orientation for various African latitudes

Economic and financial viability (AEP 2021) Cost-benefit analysis: Need for comprehensive cost—benefit analyses tailored to African markets,
considering factors like installation, maintenance costs, and potential revenue from carbon
credits or avoided water evaporation

Business models and financing: research on innovative business models, financing mechanisms,

and public—private partnerships that can make FPV projects more attractive to investors in
Africa

Table 4 Classification of WS ranges WS and their impacts on PV panel and mounting structure

Classification of WS Range (m/s) Impact

Low WS 0-1 At very low WSs, the cooling effect is minimal. Consequently, PV panels may experience higher

(Wai Zhe et al. 2016) temperatures, reducing their efficiency

Moderate WS 1-5 This range is typically beneficial for PV panel performance. The cooling effect of the wind helps

(Wai Zhe et al. 2016) dissipate heat, maintaining lower panel temperatures and enhancing efficiency without causing
mechanical stress

Optimal WS 5-10 In this range, the cooling effect is maximised without posing a risk of damage. PV panels can

(Vasel and Iakovidis 2017) operate at higher efficiency levels due to effective heat dissipation

High WS 10-15 While still providing cooling, high wind speeds begin to introduce the risk of mechanical stress

(Villan et al. 2024) and potential damage to PV panels and their mounting structures. Panels and systems should be
designed to withstand these conditions

Very High WS >15 At these speeds, the risk of physical damage to PV panels and mounting structures increases sig-

(Gunerhan and Hepbasli 2007) nificantly. High winds can lead to panel displacement, structural damage, and potential system

failures. It is crucial to ensure that the installation is robust enough to handle such conditions

Performance ratio (PR) PR = Measured Output
"~ Expected Output )
According to the latest version of the IEC 61724 stand-
ard series, it serves as the primary point of reference that Actual energy output
defines essential parameters for evaluating PV systems, = 4
. . GTI % Apgper * 1
such as the performance ratio (PR) and performance index
(PI) (Hukseflux 2024). The PR represents the ratio of the where Apand is the surface area of the PV panel measure

actual output of a PV system to the expected output during
a specific reporting period, usually based on the system’s
nameplate rating and is measured in percentage (%). On
the other hand, the PI is the ratio of the measured output
to the anticipated output over a specific reporting period,
using a more complex model of system performance than
the performance ratio. Because PR and PI provide similar
information, this research study will concentrate exclu-
sively on PR. To calculate the PR, the following vari-

in meter square (m?) and 7 is the PV panel conversion
efficiency.

The PR acts as a benchmark for assessing the efficiency
of PV plants, providing a location-independent evaluation.
Represented as a percentage, it indicates the correlation
between the actual and theoretical energy outputs of a PV
plant. Essentially, PR represents the portion of energy avail-
able for export to the grid once losses, such as thermal and
conduction losses, as well as energy consumed for opera-
ables are required: the solar irradiation values at the PV tion, are considered (Williams S. Ebhota and Tabakov 2022).
plant’s location, the active area of PV modules (measured Research indicates that PR values among 100 PV systems

in square meters), and the efficiency of the PV modules. Germany in 2010 ranged from 70 to 90%, with a median
The following relation is used to express PR (SMA 2024):
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of 84% (Reich et al. 2012). Over the years, the value of PR
has been increasing from as low as 50% in the 1980s to over
90% due to advancements in technology. Studies have col-
lectively implied that achieving 100% of the reference yield
is unfeasible, with an optimal PR suggested at around 85%
(Pearsall 2017; Reich et al. 2012).

Computational modelling of LPV and FPV

In this study, the PV potential and system performance of
two location scenarios, onshore (LPV system) and offshore
(FPV system), in West Cape, South Africa, will be assessed.
This section covers both technical and economic aspects of
the PV systems, from evaluating PV potential to determin-
ing the performance and financial standpoint of a hypotheti-
cal 10 MWp installed capacity using the Solargis software
application. It includes a comprehensive description of the
site locations, and PV system setups, as presented in Table 5.

Result and analysis

By understanding and optimising these meteorological
parameters, the efficiency and output of PV systems can be
maximised, leading to better performance and higher energy
yields. The yearly profiles of some of these key parameters
are presented in Fig. 3a—d.

Effect of meteorological parameters on PV

Operation temperature: The temperatures of the two site
scenarios reported in this study, as shown in Fig. 3a and b
are below 25 ‘C and have the same yearly average tempera-
ture of 16.2 °C and this supports effective PV generation. In
West Cape Province, the temperature is usually higher from
December to February and lower from June to August.
Wind speed: From the report obtained in this study, the
two site scenarios maintain the same profile trends, as shown
in Fig. 3a and b and the annual average of WS of LPV and
FPV are 4.2 m/s and 6.1 m/s, respectively. The WS for both
LPV and FPV systems fall within the moderate and optimal
ranges, which are beneficial for PV panel performance. Spe-
cifically, the WS of the LPV system (4.2 m/s), is within the
moderate range (1-5 m/s). At this speed, the wind provides
a beneficial cooling effect that helps to maintain lower tem-
peratures for the PV panels. The FPV system (6.1 m/s) WS is
within the optimal range (5—10 m/s). At this speed, the wind
maximises the cooling effect, which significantly improves
the efficiency of the PV panels by effectively dissipating
heat. This range is particularly advantageous as it provides
the most substantial cooling benefits while still being within
safe operational limits, therefore ensuring higher energy

generation without posing risks of physical damage to the
system.

Impact of length of daylight on PV panel
performance

The electrical energy generated by the PV system (PVOUT)
is directly and enormously influenced by both GTI and day-
light hours. Longer daylight hours typically result in higher
GTTI and subsequently, higher PVOUT, as the panels have
more time to generate electricity. From the data obtained
from the report, the lowest hours of daylight were observed
in June and July while the highest in November and Decem-
ber for both site scenarios. The GTI and PVOUT total pro-
files have the same trends as depicted in Fig. 4: Fig. 4a and
b are monthly LPV’s GTI and PVOUT total profiles corre-
sponding to daylight hours; Fig. 4c and d are monthly FPV’s
GTI and PVOUT total profiles corresponding to daylight
hours. The results show that higher GTI and longer daylight
hours both positively correlate with increased PVOUT, as
they provide more solar energy for the PV panels to convert
into electricity.

Photovoltaic system performance parameters
Quality of PV energy generation

This study presents the annual profiles of PR on a monthly
average basis for both LPV and FPV locations in Fig. 5. The
following key observations were noted:

i. Considering the LPV system, the lowest GTI was
recorded in June and July due to the relatively short
daylight periods, as discussed in Sect. "Effect of mete-
orological parameters on PV". Interestingly, the high-
est PR was recorded in July (85.7%), followed closely
by June (85.6%), as shown in Fig. 5a. Conversely, the
lowest PR was observed in January (78.1%), followed
by February and December (78.5%). The study found
that the highest PR corresponded to the lowest tem-
perature (11.6 “C), while the lowest PR corresponded
to the highest temperature (21.3 “C), as depicted in
Fig. 5b.

ii. Similar trends were observed in FPV systems, where
the highest PR (77.1%) and lowest PR (74%) cor-
responded to the lowest temperature (13.6 C in
August) and the highest temperature (19.2 °C in Janu-
ary), respectively. These results reaffirm the negative
impact of elevated temperatures on PV energy gen-
eration, consistent with other previous studies (Alavi,
Kaaya, De Jong, De Ceuninck, and Daenen, 2024; W.
S. Ebhota and Tabakov 2023; Sheikh et al. 2024).
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Fig. 3 Irradiance influencing parameters (a) WS and TEMP; (b) PREC, and TEMP (c¢) Irradiance and Albedo (d) PWAT, CDD, and HDD

For the yearly irradiance and PVOU, the FPV system
received higher DHI and GHI, and lower GTI irradiance
and generated lesser PVOUT compared to LPV, as shown
in Fig. 6a. The yearly PVOUT total and PR recorded for
LPV and FPV are presented in Fig. 6b, with LPV showing
10% and 7% higher PVOUT total and quality of generation
(PR), respectively.

The higher PVOUT and generation quality observed are
mainly attributed to the various energy gains, and meteoro-
logical and system losses of the two site scenarios, as seen
in Fig. 7a. The FPV shows higher system and meteorological
losses, and lesser energy gain. Some of the key parameters
responsible for the yearly differences between LPV and FPV
systems, as shown in Fig. 7b are both meteorological and
ambient conditions and electric system losses. The meteoro-
logical and ambient parameters include dirt, dust and soil-
ing, angular reflectivity, spectral correction, WS, RH, PREC,
and TEMP. The electric system losses are the conversion of
solar radiation to DC in the modules and electrical losses
due to inter-row shading. Others are power tolerance of PV
modules, mismatch and cabling in DC section inverters (DC/
AC) conversion, and transformer and AC cabling losses.

Financial parameters of PV systems

In this study, a comparative analysis of LPV and FPV sys-
tems was conducted using financial parameters data. These
parameters underscore the potential differences in financial
performance and profitability between the LPV and FPV
systems, as detailed in Table 6.

Feasibility analysis: technical and economic viability

Based on the technical and economic parameters presented
in Sect. "Financial parameters of PV systems" and Table 6,
LPV systems generally demonstrate higher viability com-
pared to FPV systems. They receive more solar GTI, pro-
duce more energy, and operate with higher efficiency. Tech-
nically, LPV systems are easier to install, and maintain, and
tend to be more durable. Offshore systems, while beneficial
in specific scenarios, face higher costs and challenging oper-
ational conditions, affecting their overall feasibility. These
factors make LPV systems more reliable and effective for
energy production, aligning with the typical advantages
observed in LPV deployments globally. The FPV systems,
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though beneficial in contexts like land space constraints
and integration with other energy sources; generally, face
more technical challenges and lower performance metrics,
impacting their overall technical viability. Interestingly, both
LPV and FPV systems meet the current benchmarks of PV
potential and system performance parameters, based on the
data obtained in this study.

The prospect of FPV in Cape Town, South Africa

While the deployment of FPV in South Africa is currently
in its early stages, there is significant interest and poten-
tial for growth. With appropriate support and successful
pilot outcomes, coupled with the presence of the Palmiet
Pumped Storage Scheme (PPSS) for hydroelectricity with

a capacity of 400 MW in the Western Cape Province, FPV
could become a crucial component of Cape Town’s RE
landscape. The benefits of adopting FPV on such a large
scale include:

i. Utilisation of existing infrastructure: PPSS has dams
and water reservoirs that can be used for FPV installa-
tions, offering significant potential for expanding this
technology.

The synergy between water and energy resources:
FPV systems are attractive for Cape Town due to the
synergy between water and energy resources. Deploy-
ing FPV on PPSS water bodies allows the province
to generate more clean energy while reducing water
evaporation and improving water management.

ii.
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Table 6 LPV and FPV systems financial parameters

Global benchmark (IRENA 2023b,
2023c; NREL 2024; SolarPower 2024

Remarks on performance

Financial parameters ~ LPV FPV
Wiser et al. 2020)
IRR project (%) 6.76 3.69 LPV: 6% to 10%
IRR equity (%) 12.94 4.54 FPV: 4% to 8%
ROI (%) 42.70 18.22 LPV: 20% to 30%
FPV: 10% to 20%
LCOE (USD/kWh) 0.04089 0.04936 LPV: 0.03 to 0.06 USD/kWh
(IRENA 2019) FPV: 0.05 to 0.10 USD/kWh
CAPEX (USD) 90,0000MWp 1,062,000 MWp

(IRENA 2019)

LPV: 800,000 to 1,200,000 USD per
MW installed

FPV: 1,200,000 to 2,500,000 USD per
MW installed

The LPV system demonstrates higher IRR
values for both the project and equity
compared to the FPV system, suggesting
potentially superior returns on invest-
ment for stakeholders. However, the FPV
meets the benchmark

The LPV system exhibits a significantly
higher ROI at 42.70% compared to
18.22% for the FPV system, indicat-
ing greater profitability for the onshore
project. The 18.22% of FPV’s meets the
ROI benchmark

Both PV systems indicate cost-effective-
ness with the LPV system having a lower
LCOE (0.04089 USD/kWh) compared
to the FPV system (0.04936 USD/kWh).
The LCOE of both systems meets the
benchmark

Although the FPV system is $1,000.00

more than the LPV system in the CapEx
per MW, the two system’s scenarios

OPEX (USD/annually) 15,750 17,625

annually

FPV: 0,000 to 40,000 USD per MW

annually

LPV: 10,000 to 20,000 USD per MW

are within the acceptable range in the
context of economic feasibility. The LPV
system requires a lower upfront invest-
ment, as the CAPEX is lower by 18%

The annual OPEX of 15,750 USD/MW
and 17,625 USD/MW for LPV and FPV
systems are within the benchmark range.
This means that FPV is about 11.9%
higher, making the LPV system more
cost-effective to operate on an annual
basis

Contribution to RE targets:

iii. Large-scale FPV projects could contribute to the West-
ern Cape’s RE targets and diversify the energy mix.

iv. Innovation in RE technologies: The adoption of FPV
could spur innovation in RE technologies and solu-
tions tailored to the Western Cape’s unique geographic
and climatic conditions.

Conclusion

South Africa is the highest producer of CO, in Africa and
one of the top 10 GHG emitters globally, primarily due
to its reliance on coal for electricity. The unique climate
and water resources present opportunities for the expan-
sion of FPV systems. The case study conducted revealed
that: the LPV system performs exceptionally well, with

@ Springer

high GTI, substantial total PV output, and an excellent PR,
making it competitive on a global scale. The FPV system
also performs adequately, with good GTI and reasonable
PV output, although the PR indicates room for improve-
ment in efficiency. Both systems meet global standards,
with LPV systems showing better overall performance;
the Western Cape Province can leverage FPV technology
to contribute to its RE goals, increase clean power sup-
ply, mitigate water scarcity issues, and promote sustain-
able development; FPV has the potential to combine with
hydroelectric systems and other RE sources in hybrid set-
ups, such as the Palmiet Pumped Storage Scheme (PPSS)
in the Western Cape Province, to enhance grid stability
and efficiency; and continued research and development,
along with supportive policy frameworks, are crucial for
the broader adoption of FPV technology in the country.
This study concludes that PV systems demonstrate satis-
factory performance at both LPV and FPV locations, with
yearly average PRs of 80.6% and 75%, respectively.
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