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A B S T R A C T

Southern Africa’s abundant untapped offshore wind resources present a promising opportunity for advancing the 
region’s transition to cleaner and affordable energy while mitigating climate change. Evaluating potential 
greenhouse gas (GHG) and non-GHG impacts, together with the life cycle costs associated with offshore wind 
farms, is critical in determining the overall sustainability of the energy system. By carrying out a life cycle 
assessment (LCA) of a potential 799.20 MW offshore wind farm, this study aims to fill existing gaps in literature. 
Findings from the study indicate that climate change impacts contribute 34.61 gCO2eq/kWh, while human 
health impacts are the most significant non-GHG impact at 0.49 g/kWh. The offshore wind farm’s total life cycle 
cost ranges from 4.29 to 5.97 ZAc/kWh (2.21–3.08 €/MWh), with a central cost of 5.30 ZAc/kWh (2.73 €/MWh). 
Lifecycle costs attributed to GHG costs (1.68 ZAc/kWh; 0.86 €/MWh) and human health costs (3.42 ZAc/kWh; 
1.76 €/MWh) contribute to 96.5 % of the total central cost. External costs per unit of electricity generated are 
lower compared to other electricity generation technologies including onshore wind, due to the large generation 
capacity of the offshore wind farm.

Abbreviations and notations list

AI Artificial intelligence
C Construction phase
CO2 Carbon dioxide
CSP Concentrated solar and power
D Dismantling and disposal phase
GHG Greenhouse gas
GW Gigawatt
IoT Internet of things
kWh Kilowatt-hour
LCA Life cycle assessment
LCI Life cycle inventory
LCIA Life cycle impact assessment
LCoE Levelised cost of energy
M Manufacturing phase
MW Megawatt
MSW Municipal solid waste
MWh Megawatt-hour
NH3 Ammonia
NMVOCs Non-Methane Volatile Organic Compounds
Non-GHG Non-greenhouse gas
NOX Nitrogen oxides
O&M Operations and Maintenance phase
OWF Offshore wind farm

(continued on next column)

(continued )

PPMco Primary particulate matter coarse
PV Photovoltaic
SO2 Sulphur dioxide
T Transport phase
TWh Terawatt hour
4IR Fourth industrial revolution
ZAR South African Rand
ZAc South African Cents

1. Introduction

The world’s primary energy consumption comes from 81.79 % fossil 
fuels, 14.21 % renewables, and 3.99 % nuclear [1]. With about 40 % of 
global carbon emissions occurring from the utilisation of coal, natural 
gas, and oil for electricity generation, this has led to environmental 
damages, climate change, impacts on crops, biodiversity, and materials 
[2]. The increase in electricity demand globally is due to population 
growth and the fourth industrial revolution (4IR) which is attributed to 
cloud computing, industrial internet of things (IoT), artificial intelli
gence (AI), automating manufacturing processes, etc., majorly from 
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fossil fuels [3]. With the instability of fossil fuel prices, increasing energy 
demand, and the need to mitigate greenhouse gas (GHG) emissions 
globally, renewable energy sources have increased support from devel
oped and developing economies regarding their development and 
deployment over the past decade [4]. Even though renewable technol
ogies are now being deployed to mitigate GHG emissions, there remains 
a gap in the literature about the non-GHG emissions (impact on human 
health, biodiversity, crops, and materials) over the life cycle of renew
able energy systems (wind, tidal, solar PV, biomass, etc.) [5,6].

Prior studies that focused on LCAs of wind power generation have 
not addressed these gaps in the literature, not only within Sub-Saharan 
Africa but in Africa at large. Studies conducted by Refs. [7–13] to 
mention a few have been assessing the GHG and non-GHG impacts 
without quantifying the cost of impacts. The LCA of a potential offshore 
wind farm was ventured into in this study due to the rapid advancement 
in wind power design and development as well as being the most prof
itable and industrially mature offshore renewable energy source [14].

Offshore wind energy has been used to generate electricity based on 
the abundance of wind energy resources, which can mitigate carbon 
emissions and advance renewable energy integration with significant 
expansion in recent decades [15,16]. The overall sustainability of 
offshore wind turbines is still being studied in terms of their environ
mental LCA, premised majorly on assessing the GHG impacts associated 
with the technology. Deployment of offshore wind farms has increased 
rapidly worldwide in the past several years, with it becoming the most 
attractive renewable energy source, based on its technology readiness 
level, manufacturing readiness level, and systems readiness level [17]. 
Generally, the technology has matured requiring less installation time 
compared to other renewable energy technologies, and a significant 
reduction in wind energy’s levelised cost of energy (LCoE) by about 56 
% between 2010 and 2020 [18].

South Africa is leading the renewable energy transition on the Afri
can continent and Southern Africa, with at least 6.2 GW of onshore wind 
power installed capacity, and now being among the first on the conti
nent to exploit the potential of integrating offshore wind into its energy 
mix, harnessing from its estimated 504 GW of offshore wind energy 
potential [19]. It will be beneficial to stakeholders to have a detailed 
scientific analysis of both the GHG and non-GHG impacts and external 
life cycle costs (GHG and non-GHG) of a potential offshore wind farm off 
the southern coast of Africa.

Developments in wind energy over the past decade have been 
particularly rapid. There has been an unprecedented increase in elec
tricity supply from wind energy attaining 2000 TWh in 2022, accounting 
for over 7 % of the global electricity supply [20]. Over the 10-year 
period of 2010–2020, onshore wind increased from 178 GW to 699 
GW, while offshore wind has proportionately increased at a higher rate 
from 3.1 GW to 34.4 GW [18]. This underscores the rapid adoption and 
deployment of wind energy, making it the renewable energy source with 
the largest installed capacity globally [21,22].

However, wind farms both onshore and offshore accompany envi
ronmental impacts such as greenhouse gases (GHGs) that lead to global 
warming, and non-GHG impacts on human health, biodiversity, mate
rials, and crops, throughout the life cycle of the wind technology from 
materials extraction, manufacturing, transportation, construction, 
operation and maintenance (O&M), dismantling, recycling, and disposal 
[23]. This is based on the utilisation of fossil fuels in each of the life cycle 
phases of the wind power facility [24,25].

GHG and non-GHG impacts, in addition to external costs during the 
life cycle of a product, system, or service from the extraction and 
manufacturing, transportation, utilisation, maintenance, recycling, 
dismantling, and disposal, are assessed using a quantitative method 
termed as life cycle assessment (LCA) [26,27]. LCA comprehensively 
addresses a product’s environmental impact, and when only a few 
processes are evaluated, it is useful to avoid partial optimisation [28]. 
For about two decades now, there has been a wide adoption of LCA to 
assess the life cycle impacts of various systems and products such as 

wind power plants (onshore and offshore), concentrated solar and 
power (CSP), biomass, etc. [28] developed a life cycle model to evaluate 
the environmental impacts of electricity generation, including wind 
power, concerning conditions in Europe. Likewise, LCAs to assess the 
environmental impacts of wind power recently focused on GHG emis
sions on the country level (e.g., China, USA, UK, Spain, Germany, Italy, 
etc.) have been evaluated [12,25,29–33].

A comparison of environmental LCAs for offshore and onshore wind 
power has been conducted by various studies. From these studies, there 
has been a collective consensus that offshore wind power plants 
demonstrate higher Global Warming Potential (GWP) per electricity 
output (kWh) and have a longer energy payback period than onshore 
wind plants [7,26,34]. [26] highlighted that moving from onshore to 
offshore proffers great benefits which should be considered, as offshore 
areas have higher wind resources which allow for the deployment of 
larger wind turbines. Studies by Refs. [35,36] have shown that based on 
the economics of scale, there is the possibility of lower GHG emissions 
from offshore wind farms compared to onshore wind farms. LCA studies 
on offshore wind farms (OWFs) in Africa are scarce and unavailable for 
the southern coast of Africa [37]. performed an LCA for four (4) offshore 
wind turbines rated between 1 and 1.67 MW in Ethiopia, the climate 
change environmental impact was determined to be 33.6 gCO2eq, 
whereas they did not consider the life cycle non-GHG impacts [38]. 
evaluated the environmental impact of a proposed 20 MW offshore wind 
turbine along the coast of Libya, but the study only focused on the GHG 
impacts without considering the non-GHG impacts over the life cycle of 
the project [39]. determined the environmental impact and LCoE for a 
proposed 100 MW offshore wind farm in Kenya, with the investigation 
being limited to GHG impacts. Moreover, the LCA studies conducted 
solely focused on GHG impacts without considering the non-GHG im
pacts such as human health, biodiversity, and effects on materials and 
crops.

There are costs associated with power plants throughout their life 
cycle, such as capital costs, operation and maintenance (O&M) costs, 
transportation costs, decommissioning and disposal costs, recycling 
costs, overhead costs, etc. However, there are other unaccounted costs 
arising from environmental and societal impacts, which are termed as 
external costs [40]. These costs are multifaceted, occurring from diverse 
factors such as climate change, impacts on human health, and effects on 
materials and crops [41–44]. External costs are either local or global, as 
characterised by Ref. [45]. Local effects are determined by a particular 
location and include costs associated with environmental and health 
effects. In contrast, climate change brought on by GHGs is considered a 
global impact, regardless of location [22,46–48]. When comparing nu
clear and renewable to fossil fuel power plants, various studies have 
assessed the life cycle cost and environmental impacts [20,45,49–54]. 
While studies extending to the South African power system, with a 
specific focus on concentrated solar and power (CSP) [40], coal [55,56,
58], onshore wind [57], and nuclear power [55,56] has been carried 
out, no study has delved into the life cycle GHG and non-GHG impacts, 
and the external costs of offshore wind farms.

This study, utilising a potential 799.2 MW jacket platform offshore 
wind farm off the coast in Southern Africa as a case study, fills in the 
scientific gap in the literature by. 

(1) assessing the life cycle GHG and non-GHG impacts for the 
offshore wind farm;

(2) estimating the life cycle costs of GHG and non-GHG impacts 
associated with the offshore wind farm;

(3) its uniqueness from an African and a developing country context, 
in converting external impacts into external costs for an offshore 
wind power plant.

The innovation of the study lies in integrating methodologies of life 
cycle impact analysis, life cycle impact costing, and energy technology 
environmental analysis within the context of an offshore wind farm in 
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Southern Africa. The study develops a robust framework for analysing 
external costs across life cycle phases of wind power generation, based 
on the known effectiveness of LCA methodology. The study also high
lights the significance of offshore wind off the Southern African coast, as 
well as the need to take externalities into account in research, energy 
policy formulation, and decision-making by potential investors. Our 
study also contributes towards investor and policy decision-making via 
insights from GHG and non-GHG impacts, as well as life cycle costs of 
offshore wind energy off the southern coast of Africa.

The rest of the paper is organised in the following manner: Section 2
is about the technology type and LCA framework, where the offshore 
wind farm site, wind turbine, and platform will be presented, followed 
by the LCA framework, data and assumptions utilised for the study, and 
external costs. Section 3 presents the results of the LCA analysis via the 
GHG impacts, non-GHG impacts, and life cycle external cost per kWh of 
electricity produced by the offshore wind power plant. The section also 
discusses the results of the GHG impacts, non-GHG impacts, and external 
costs. The paper concludes with Section 4 summarising the outcomes of 
the study and making recommendations for further study.

2. Technology type and LCA framework

Depending on the depth of water, offshore wind farms (OWF) are 
classified as shallow (0–30m), transitional (30–60m), and deep 
(50–200m) [59]. The depth of water is a major determinant in selecting 
a particular offshore wind turbine platform. Fixed base platforms are 
utilised for shallow water because of their technical and economic 
feasibility. Because of the technical and economic limitations of fixed 
base platforms, floating substructures have been developed for deep 
water to overcome these challenges.

2.1. Offshore wind farm site and technology

Table 1 highlights the various offshore wind turbine platforms, sea 
depth requirements, and the corresponding turbine capacity. From 
Table 1, the monopile platform is used in shallow water depths of 0–30m 
and supports wind turbines that have a power rating of 1–2 MW [60]. 
The jacket wind turbine is used in transitional waters of 25–50m deep 
and supports turbines of 2–5 MW capacity [61]. Furthermore, the ten
sion leg platform (TLP) and semi-submersible are floating-based plat
forms used in deep water that is beyond 50m [59]. These platforms can 
support offshore wind turbines that have a power rating of up to 10 MW 
[62]. Finally, the spar platform is a floating base and is used for water 
depths above 120m, while being able to support turbines with a 5–10 
MW power rating [63]. In addition to the offshore wind turbine struc
tures already mentioned, there are emerging platforms being developed 
to withstand harsh weather conditions. Moreover, there are platforms 
designed to integrate both offshore wind and solar photovoltaic (PV) 
systems on the same structure. Fig. 1 illustrates the various types of 
offshore wind platforms, with the monopile support structure being a 
large diameter pile driven into the seabed, the jacket support has many 
legs connected by bearings, while the TLP structure is a vertical moored 
floating structure tied to the seabed. The semi-submersible platform has 
large floating hulls that spread out from the tower and are anchored by a 
mooring system and the spar support structure is a long hollow cylinder 

extending from the turbine tower, which is anchored with a mooring 
line, that floats vertically and with a ballast to reduce the center of 
gravity of the wind turbine.

South Africa has huge offshore wind energy potential, both in 
shallow and deep waters [19,64,65]. A study by Sibusiso and Thopil 
[64] which compared 3 international sites with 4 sites in South Africa, 
highlighted that South Africa can bolster its power supply by harnessing 
its rich offshore wind sites [19]. estimated the wind potential of four 
offshore wind sites in Saldanha Bay, Port Elizabeth, Durban, and Cape 
Town. The sites showed immense offshore wind potential. A study by 
Ref. [65]estimated that 44.52 TWh (9.23 GW) of energy can be pro
duced in the shallow water of South Africa at depths below 50m and 
2387.08 TWh (495 GW) in the deep sea at depths less than 1,000m, with 
the Richards Bay area (40–60m) being the optimal offshore wind site as 
shown in Fig. 2. The Richards Bay area being the optimal site based on 
its proximity to the nearby port and an existing 820 MW substation 
infrastructure. Another study by Ref. [66] estimated that South Africa 
has the potential to produce 189.2 TWh and 2.821 TWh for shallow and 
deep waters, respectively. The World Bank estimated South Africa’s 
potential to generate electricity from fixed-base offshore wind turbines 
at 57 GW and 589 GW from floating turbines [67].

This study has adopted the Richards Bay (40–60m) area being the 
optimal offshore wind site location, as stated by Ref. [65]. With an 
existing 820 MW substation and the potential to generate 9.23 GW from 
shallow water, a jacket base platform was selected to support a 3.6 MW 
Siemens turbine (SWT-3.6- 107) based on the sea depth and turbine 
capacity criteria in Table 1. The GHG and non-GHG LCA, together with 
the life cycle cost assessment, was based on a 799.2 MW (accounted by 
222 S offshore turbines with 3.6 MW power rating) jacket platform 
offshore wind farm based on the above-mentioned shallow water wind 
potential and existing substation.

2.2. Framework for LCA

The environmental sustainability of a product or system over its life 
cycle is determined by the utilisation of the LCA framework. The life 
cycle phases of the product or system involve extraction/manufacturing, 
transportation, operation and maintenance (O&M), and disposal. For 
the results of the LCA to be consistent, reliable, and credible, the ISO 
14040 standard was adopted for this study. The ISO 14040 standard 
ensures that results are reliable and comparable with different studies. 
In Fig. 3, the adopted ISO 14040 standard is represented. The LCA 14040 
standard is based on 4 phases, which include: Goal and Scope, life cycle 
inventory (LCI), life cycle impact assessment (LCIA), and interpretation. 
Whereas Fig. 4 highlights the offshore wind farm system’s boundary that 
incorporates all the phases of the LCA. The modeling and simulation of 
the LCA in determining impacts was conducted using the licensed 
Sphera software [70]. 

• Goal and Scope

In this phase of the 14040 standards, the study’s aim is defined, 
including the specification of the functional unit, identification of sys
tem boundaries, allocation procedures, impact categories, LCI models 
utilised, and data quality requirements. Precisely defining the functional 
unit is essential for LCA as it acts as a benchmark for comparing system 
performance, facilitating the comparison of fundamentally dissimilar 
systems. This is a standard practice in the LCA of wind power, where 
quantifiable flows are associated with a reference unit, typically a single 
unit of electricity output (kWh or MJ). This study’s goal is to conduct an 
LCA for a potential offshore wind farm off the southern coast of Africa, 
employing these established parameters to ensure accurate and reliable 
comparisons.

The end-of-life phase for this study accounts only for the decom
missioning of the wind farm, based on data limitation of recycling 
methods used for offshore wind infrastructure due to the novelty and 

Table 1 
Types of offshore wind turbine platforms with corresponding sea 
depth [60–62].

Platform type Sea depth (m)

Monopile 0–30
Jacket 25–50
Tension Leg Platform (TLP) >50
Semi-submersible >50
Spar >120
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longevity of these systems. The scope of the study is a cradle-to-grave 
LCA for the 799.2 MW offshore wind farm off the coast of Richards 
Bay area in South Africa. 

• Life cycle inventory (LCI) analysis

In the life cycle inventory analysis phase, data from Ecoinvent and 
literature on energy, materials, emissions, distance, etc., are collected to 
quantify the inputs and outputs of the offshore wind farm as presented in 
Appendix (Table A.1). This consists of data on energy consumption, 
materials used, waste generated, emissions released, and other relevant 
factors. These data points are validated and normalised relative to the 
functional unit, ensuring consistency and accuracy throughout the 
assessment process. This phase provides a comprehensive understanding 
of the environmental impacts associated with the offshore wind farm, 
laying the groundwork for the subsequent phase where these impacts 
will be evaluated and interpreted. 

• Life cycle impact assessment (LCIA)

The LCA analyses the environmental impacts across all stages of the 
offshore wind farm’s life cycle, encompassing raw material extraction, 

manufacturing, usage, maintenance, recycling, and disposal. It tracks 
emissions, resource use, and energy consumption from the initial 
acquisition of raw materials through to the eventual disposal or recy
cling of materials, providing a comprehensive assessment of environ
mental burdens associated with the entire life cycle of the product or 
system. This holistic approach ensures that the GHG and non-GHG im
pacts associated with developing an offshore wind farm in South Africa 
are considered, facilitating informed decision-making towards sustain
able practices and resource management. 

• Interpretation

In this study, the interpretation phase will analyse the outcomes of 
the LCA, aligning them with the predefined goals and scope of assessing 
the offshore wind farm. This phase includes verifying the consistency, 
completeness, and accuracy of the results specific to the environmental 
impacts associated with the wind farm’s life cycle phases, providing 
insights crucial for sustainable development and resource management 
strategies.

Fig. 1. Types of offshore wind turbine platforms [68].

Fig. 2. Offshore wind potential off South Africa’s coastline [69,84]
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2.3. LCA stage data assumptions

This section details the life cycle process, data and assumptions 
utilised to assess the GHG and non-GHG impacts, and life cycle costs to 
assess the potential 799.2 MW offshore wind farm in the Richards Bay 
area.

2.3.1. Manufacturing (M) phase
This phase entails both the extraction of materials and the 

manufacturing of parts. The parts of the offshore wind turbine include 
the jacket platform, tower, transmission grid, nacelle, cables, rotor, 
stator, and gearbox. In Table A. 1 (appendix), materials data for this 
study were sourced from the manufacturer and literature. The Siemens 
turbine used for this study has a power rating of 3.6 MW (SWT-3.6-107) 
(222 in number). The manufacturing phase of the LCA involves 
extracting and manufacturing the wind turbine’s components (jacket 
platform, tower, transmission grid, nacelle, cables, rotor, stator, and 
gearbox). The LCA tool (Sphera software) was utilised to assess 

Fig. 3. Framework adopted for the study, ISO 14040 [27].

Fig. 4. Offshore wind farm ISO 14040-43 life cycle system boundary.
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emissions, representing each major system as an individual plan [70]. 
The component materials are used to illustrate the processes and 
required flows for manufacturing in each phase, with emissions calcu
lated and documented accordingly.

2.3.2. Transportation (T) phase
The transportation of materials and equipment for the wind farm 

requires substantial involvement from maritime shipping and road 
transportation. Several plans were contained in the LCA model for the 
offshore wind farm, each plan included a transport component along 
with estimated distances. The wind turbine components are delivered by 
sea from Cuxhaven, Germany, to the port of Richards Bay in South Africa 
(15,777 km). The assessment of transport energy considers the hourly 
energy consumption of vessels or trucks while also accounting for 
relevant environmental emissions from the diesel burned using emission 
factors from the Ecoinvent database.

2.3.3. Construction (C) phase
At this phase, the parts of the offshore wind turbine, which will be 

shipped pre-assembled to the Richards Bay offshore site, and the jacket 
platform for the wind turbine will be installed on-site. These parts are 
imported from Germany and not produced locally in South Africa. Fuel 
consumption during the construction phase, including the use of 
equipment such as cranes, is also considered. The LCA model encom
passes various scenarios for the wind turbine’s key components, with 
detailed data for this phase provided in Table A.1 (Appendix).

2.3.4. Operation and maintenance (O&M) phase
The greasing, repairing, and replacing parts such as turbine blades, 

bearings, gearboxes, generators, lubricants, and more are the main 
duties associated with maintaining the offshore wind farm. As per the 
wind turbine maintenance recommendations, it is expected that each 
offshore wind turbine will undergo a few scheduled maintenance ses
sions and experience up to four unplanned maintenance events annu
ally. This pattern persists throughout the anticipated 20-year lifespan of 
a wind turbine. In Table A.1 (Appendix), the materials required during 
the operation and maintenance (O&M) phase are represented.

2.3.5. Dismantling and disposal (D) phase
The disposal phase considers that after decommissioning, blades and 

concrete are disposed of in landfills as part of municipal solid waste 
(MSW), since South Africa mostly uses landfills for waste disposal, steel, 
iron, and copper will be recycled. However, the lubricant was deemed 
hazardous and was returned to the manufacturer, and the transportation 
component was also considered in the modeling. These materials inputs 
are shown in Table A. 1 (Appendix).

2.4. Life cycle costing of GHG and non-GHG impacts

In determining the life cycle external cost of the offshore wind farm, 
we adopted the methodology of [40], by multiplying each GHG and 
non-GHG impact with the corresponding unit cost attributed to GHG 
marginal cost, human health, biodiversity, and effect on crops and 
materials. The unit cost was adopted from the CASES (2008) [71] 
dataset.

The emissions associated with each impact over the LCA of the 
offshore wind farm are subcategorised and described in Table 2. The 
climate change emissions-related external cost was computed using the 
marginal damage cost provided by CASES (2008) [71] in Table 3, 
whereas human health, biodiversity, effects on crops, and 
materials-related pollutants are shown in Table 4. The June 2024 ex
change rate of €1 to R19.4 was used for the conversion between the 
Euros (€) and South African Rand (R) in this study to adjust to the 
regional requirements.

Therefore, this current exchange rate (€ to R) was used in converting 
marginal damage costs related to GHG emissions in Table 3, and 

pollutants of the non-GHG impact categories in Table 4. The catego
risation of non-GHG unit pollutant cost in Table 4 is subcategorised into 
four different impact groups (human health, loss of biodiversity, effect 
on crops and materials) based on the relative contributions of different 
pollutants (ammonia (NH3), non-methane volatile organic compounds 
(NMVOC), nitrogen oxides (NOX), primary particulate matter 2.5 μm 
diameter or less (PPM2.5), primary particulate matter coarse (PPMco), 
aerodynamic diameter smaller than 10 mm but larger than 2.5 mm, and 

Table 2 
Emissions for non-GHG impact subcategory.

Subcategories of 
external costs

Description

Climate change Global externalities include the costs associated with 
climate change, which are caused by GHG emissions 
(CO2).

Human health Emissions of Non-Methane Volatile Organic Compounds 
(NMVOCs), ammonia (NH3), NOx, sulphur dioxide (SO2), 
and primary particulate matter (PPM) in the 2.5 (PM2.5) 
to 10 (PM10) micron range are responsible for the 
expenses linked to human mortality and morbidity. These 
emissions have both local and global health effects.

Loss of biodiversity Emissions, such as ammonia (NH3), NMVOCs, NOx, PPM, 
and sulphur dioxide (SO2), are the cause of the expense 
associated with adverse environmental effects.

Effect on crops Crop damage and positive externalities resulting from 
emissions of NH3, NMVOCs, NOx, and SO2 are evaluated 
in terms of cost. The emissions are linked to the effects on 
crops, both local and non-local (global).

Effects on materials The cost incurred from the deterioration of buildings, 
infrastructure, and materials results from the emission of 
sulphur dioxide (SO2), which, in turn, gives rise to acid 
rain, causing corrosion. Additionally, nitrogen oxides 
(NOx) contribute to the damaging effects.

Table 3 
GHG emissions marginal costs CASES (2008) [71].

Low cost Central cost High cost

€/t CO2 eq. 10 25 35
R/t CO2 eq.a 194 485 679

a Exchange rate of €1 to R19.4 (June 2024 rate), was used for the conversion 
between the Euros (€) and South African Rand (ZAR) in this study. The ZAR is a 
volatile currency, affected by commodity prices and geopolitics. Thus, exchange 
rates should be treated within context and with caution.

Table 4 
Emission costs (2024) [40,71].

Country: European Union (EU-27) €/kg ZAR/kg

Human health
Ammonia (NH3) 4.7 91.180
Non-methane volatile organic compounds (NMVOC) 0.191 3.705
Nitrogen oxides (NOX) 5.334 103.480
Primary particulate matter coarse (PPMco

a) 1.112 21.573
Primary particulate (PPM2.5

b) 19.422 376.787
Sulphur dioxide (SO2) 5.376 104.294
Loss of biodiversity
Ammonia (NH3) 2.771 53.757
Nitrogen oxides (NOX) 0.729 14.143
Sulphur dioxide (SO2) 0.162 3.143
Effect on crops ​ ​
Non-methane volatile organic compounds (NMVOC) 0.062 1.203
Nitrogen oxides (NOX) 0.263 5.102
Effect on materials
Nitrogen oxides (NOX) 0.042 0.815
Sulphur dioxide (SO2) 0.153 2.968

a Primary Particulate Matter ‘‘coarse” with an aerodynamic diameter smaller 
than 10 mm but larger than 2.5 mm (PPMco).

b In the CASES (2008) (European Commission, 2008) study, in certain in
stances PM2.5 is also referred to as PM25.
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sulphur dioxide (SO2) CASES (2008) [71].

3. Results and discussion

The results from the simulation of the 799.2 MW jacket platform 
OWF are presented and discussed in this section. The first part presents 
the findings of the GHG and non-GHG life cycle impacts. The second part 
presents the life cycle costs. The results were normalised to a functional 
unit of 1 kWh, which makes it easier for analysis and comparison, based 
on the ISO (2006) [71] standards.

Capacity factors are an important performance metric for offshore 
wind energy projects, as they indicate how efficiently a given project 
generates electricity [72]. The OWF will produce 2,660,376.96 MWh of 
energy based on the OWF’s assumed design specifications. It was 
considered that the OWF would have the capacity to generate 799.2 MW 
of electricity, with a capacity factor of 38 %. Over the moderate 20-year 
life span of the wind farm, the total electricity production will attain 53, 
207,539.2 kWh. The life cycle impacts (GHG and non-GHG) presented in 
Table 5 were calculated by dividing both the GHG and non-GHG impacts 
obtained from the Sphera LCA tool by the total amount of energy pro
duced over the life span of the OWF (53,207,539.2 kWh). As already 
stated, this will allow for easy analysis and comparisons between various 
results.

A breakdown of the GHG and non-GHG impacts in each life cycle 
phase (manufacturing-M; transportation-T; construction-C; operation 
and maintenance-O&M; disposal-D) is shown in Table 5. This break
down identifies areas where costs and emissions can be reduced, 
allowing one to fully understand how each phase of the life cycle con
tributes to the overall environmental impact.

The total GHG impact of the OWF is 34.611 g/kWh which is 
distributed over the various life cycle phases: M: 12.613 g/kWh; T: 
5.282 g/kWh; C: 2.842 g/kWh; O&M: 10.788 g/kWh; D: 3.086 g/kWh. 
The manufacturing life cycle phase is the most emissions-intensive for 
the GHG impact category, contributing 36.4 % of total emissions 
(12.613 g/kWh), closely followed by the O&M phase with 31.2 % 
(10.788 g/kWh). This is a result of the energy-intensive production of 
steel, neodymium, cast iron, epoxy resin, fiberglass, and cast iron for the 
manufacture of vital parts such as the rotor and stator for the wind 
turbine, and the jacket base for mounting the offshore wind turbine. The 
manufacturing process of these components involves significant fossil 
fuel consumption and emissions of CO2 during material extraction, 
processing, and component fabrication. The O&M phase is emissions- 
intensive because O&M activities are carried out over the life span of 
the wind farm (20 years), including vessel operations to convey people, 
equipment (cranes), replacement of parts, and repairs, all diesel- 
powered, and lead to CO2 emissions.

The life cycle costs (GHG and non-GHG) are presented in Table 6, 
which have been calculated by multiplying each GHG and non-GHG 
impact with the corresponding unit cost attributed to GHG marginal 
cost, human health, biodiversity, and effect on crops and materials. The 

unit cost was adopted from the CASES (2008) [71] dataset.
Fig. 5 illustrates the combined GHG impacts together with the cen

tral GHG life cycle cost. It can be seen that the GHG impacts are pro
portional to the life cycle cost, with the manufacturing phase (0.612 
ZAc/kWh) having the highest cost, followed by the O&M (0.523 ZAc/ 
kWh). These phases contribute significantly to both the environmental 
impact and life cycle cost of the GHG subcategory. These impacts can be 
reduced through efficient maintenance schedules, using renewable en
ergy sources instead of fossil fuels for operational needs, and enhancing 
the reliability and durability of components to reduce the frequency of 
repairs and replacements. This will optimise the overall sustainability of 
the OWF. Additionally, incorporating cutting-edge technologies like 
digital monitoring systems and predictive maintenance can further 
optimise resource usage, reduce waste, and boost operational efficiency, 
ultimately resulting in an offshore wind farm (OWF) that is more 
economical and sustainable [73].

The transportation phase accounts for 15.3 % of total GHG emissions 
(5.282 g/kWh), while the construction and decommissioning phases 
account for 8.2 % (2.842 g/kWh) and 8.9 % (3.086 g/kWh), respec
tively. The transportation phase entails the sea shipment and road 
transportation of the assembled offshore wind turbines with the base 
platform to the offshore installation site, which is from Germany to the 
port of Richards Bay in South Africa. The emissions of the transportation 
phase primarily arise from the utilisation of fossil fuels for sea and land 
shipment. Optimising logistical routes and using more efficient shipping 
methods will lead to improved environmental sustainability of the 
offshore wind farm. The emissions from the construction phase arise 
from the assembly and installation of the wind farm components at the 
offshore site, which involves the use of cranes, machinery, and vessels. 
Innovating how the offshore wind turbines are installed in construction 
methodologies and the possible utilisation of low-emission equipment 
can aid in mitigating emissions. Decommissioning, being the final phase 
of the life cycle, involves dismantling the wind farm, transporting ma
terials for recycling or disposal. Maximising material recovery and 
improving the efficiency of the recycling process can reduce the carbon 
footprint associated with this phase.

The non-GHG impact over the life cycle of the OWF is shown in 
Fig. 6. The total non-GHG impact is 1.159 g/kWh, distributed across 
several subcategories: Human Health, Loss of Biodiversity, Effects on 
Crops, and Effects on Materials. Each subcategory is analysed across the 
life cycle phases.

The total human health impact over the life cycle of the OWF is 
0.490 g/kWh. The manufacturing phase has the highest human health 
impact (0.201 g/kWh) due to emissions of particulate matter (PM), ni
trogen oxides (NOx), sulphur oxides (SOx), and volatile organic com
pounds (VOCs) from industrial activities. These pollutants contribute to 
respiratory and cardiovascular diseases. The O&M phase also has a 
significant impact (0.120 g/kWh), stemming from ongoing emissions 
during maintenance activities. Reducing these impacts could involve 
stricter emission controls, cleaner production technologies, and 
improved occupational health and safety standards. The human health 
impacts over transportation, construction, and decommissioning are 
0.065 g/kWh, 0.022 g/kWh, and 0.082 g/kWh respectively.

The loss of biodiversity non-GHG impact is the most significant in the 
manufacturing (0.063 g/kWh) and O&M phases (0.065 g/kWh). The 
primary contributors to the loss of biodiversity are habitat disruption as 
a result of raw material extraction and operational noise, with pollution. 
The decommissioning and disposal phase also has a moderate impact of 
0.058 g/kWh, due to habitat disruptions during dismantling activities. 
The strategies to mitigate these challenges include adopting 
biodiversity-friendly practices, conducting environmental impact as
sessments, and implementing conservation measures.

The effect on crops’ non-GHG impact is highest in the manufacturing 
(0.057 g/kWh) and O&M phases (0.072 g/kWh). The NOx and SOx 
pollutants affect crop yields and soil quality. Overall, the results un
derscore the manufacturing phase’s crucial role in determining 

Table 5 
Offshore wind farm impacts over the life cycle.

Impacts over the life cycle of the jacket platform offshore wind farm

GHG and non-GHG 
subcategory

Impact (g/ 
kWh)

Impact per life cycle phase (g/kWh)

M T C O&M D

Climate change 
(GHG eq.)

34.611 12.613 5.282 2.842 10.788 3.086

Human health 0.490 0.201 0.065 0.022 0.120 0.082
Loss of 

biodiversity
0.228 0.063 0.028 0.014 0.065 0.058

Effects on crops 0.228 0.057 0.031 0.013 0.072 0.056
Effects on 

materials
0.213 0.058 0.027 0.013 0.059 0.056

Total non-GHG 1.159 0.279 0.150 0.061 0.316 0.252
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Table 6 
Offshore wind farm life cycle costs.

Impact (g/kWh) External costs ZA c/kWh M T C O&M D

Climate change (GHG eq.) 34.611 0.671 (Low) 0.245 0.102 0.055 0.209 0.060
1.679 (Central) 0.612 0.256 0.138 0.523 0.150
2.350 (High) 0.856 0.359 0.193 0.732 0.210

Human health 0.490 3.432 1.406 0.453 0.154 0.841 0.578
Loss of biodiversity 0.228 0.162 0.045 0.020 0.010 0.046 0.041
Effect on crops 0.228 0.014 0.004 0.002 0.001 0.005 0.004
Effect on materials 0.213 0.008 0.002 0.001 0.000 0.002 0.002
Total non-GHG 1.159 3.616 1.457 0.476 0.165 0.894 0.624
Total External Cost – 4.288 (Low) 1.702 0.578 0.220 1.104 0.684

5.295 (Central) 2.069 0.732 0.303 1.418 0.774
5.967 (High) 2.313 0.834 0.358 1.627 0.834

Fig. 5. GHG emissions (gCO2eq/kWh) per life cycle impact (ZAc/kWh).

Fig. 6. Non-GHG life cycle impacts (g/kWh).
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environmental impacts and show its significance across a range of sub
categories across the wind farm’s life cycle. The decommissioning and 
disposal phase also contributes to this impact (0.056 g/kWh), through 
soil disturbance and potential contamination during dismantling. Miti
gating these impacts can be achieved by reducing emissions of harmful 
pollutants through neutralisation of the gases and employing sustainable 
agricultural practices.

The effect on materials impact is maximum in the manufacturing 
(0.058 g/kWh) and O&M phases (0.059 g/kWh). This is connected to the 
wearing out of components and the degradation of protective coatings 
over time, which release harmful substances. The decommissioning and 
disposal phase also has a significant impact of 0.056 g/kWh, due to the 
potential contamination of the environment from the dismantled ma
terials. It was assumed that materials, specifically fiberglass and epoxy 
resins, would be disposed of by landfilling as an integral part of MSW 
[74]. South Africa predominantly attributes the disposal of waste to
wards landfill sites [75]. Excluding hazardous materials, specifically 
lubricants, was imperative due to their classification as hazardous ma
terials. These substances are systematically returned to the manufac
turer, adhering to stringent safety protocols associated with their 
potentially harmful nature [76]. Developing advanced materials with 
higher resistance to environmental stressors and improving protective 
coatings can help mitigate these impacts.

In Fig. 7, it is evident that the O&M and manufacturing phases play a 
critical role in the overall impact of non-GHG emissions, contributing 
27.2 % and 24.1 % respectively. Notably, these phases significantly in
fluence the human health category, with substantial contributions to 
impacts related to loss of biodiversity. In both the O&M and 
manufacturing phases, effects on crops are significant, while the O&M 
phase further exhibits significant effects on crops, marginally surpassing 
the impact on materials. Conversely, in the manufacturing phase, 
damage to materials is marginally more than the effects on crops.

The life cycle costs of both GHG and non-GHG have been presented 
in Table 6. Notably, while climate change has substantially larger im
pacts (34.611 gCO2eq/kWh) than pollutants impacting human health 
(0.490 g/kWh), the external life cycle cost associated with human health 
(3.432 ZAc/kWh) is greater than that of climate change (median of 
1.679 ZAc/kWh). This difference is a result of the unit cost adopted from 
the CASES (2008) [71] dataset, whereby pollutants contributing to 
human health impacts incur a higher external cost comparison to those 
of climate change, as seen in Tables 3 and 4 Despite the greater envi
ronmental impact of climate change, this disparity emphasises the 
disproportionate economic burden of the effects on human health, 
highlighting the necessity of a focused approach to cost mitigation 

strategies across all impact categories.
To further elaborate on the non-GHG life cycle costs of the jacket- 

based offshore wind farm, Fig. 8 illustrates that human health impacts 
dominate, especially in the manufacturing (1.406 ZAc/kWh) and O&M 
(0.841 ZAc/kWh) life cycle phases, followed by loss of biodiversity in 
O&M (0.046 ZAc/kWh) and decommissioning (0.041 ZAc/kWh). The 
effects on crops and materials are comparatively minimal.

According to the study, overall external costs range between 4.288 
(Low), 5.295 (Central), and 5.967 (High). Notably, NH3, SO2, and NOX 
are the most common emissions across all non-GHG categories. When 
assessing the effects on crops and materials for offshore wind farms, they 
have comparatively moderate external costs when compared to human 
health and biodiversity loss.

Focusing exclusively on the climate change (GHG) subcategory, 
identified as the primary contributor to environmental impact, a 
comparative analysis between various studies was carried out. This 
entails cross-referencing the findings of this study with those presented 
in Table 7. The results of various LCA’s as obtained after a compre
hensive literature review, range from 9 to 48 gCO2eq/kWh. In this study, 
the GHG environmental impact is 34.61 gCO2eq/kWh, which falls 
within the range obtained from the literature. The GHG impact results 
from this study closely match the range reported in the literature, 
signifying little variance even with modifications in the research model. 
This coherence suggests that the results from the current study’s climate 
change category are consistent with those from prior studies. The re
sults’ robustness and dependability are further supported by their 
alignment with earlier research, giving assurance regarding the accu
racy of the GHG impact assessment for offshore wind farms.

With the study focusing on the shallow water of South Africa, dif
ferences in results are based on assumptions made in transportation 
requirements, modeling, O&M schedules, data sources, and availability. 
The influence of these factors on the overall impact results obtained by 
the harmonisation method further emphasises the need for a compre
hensive understanding of the intricacies involved in offshore wind farm 
studies.

4. Conclusion

This paper presents an LCA of GHG and non-GHG impacts, and 
external costs of a potential jacket base offshore wind farm in South 
Africa, which provides critical insights into the environmental and 
economic implications of offshore wind energy within sub-Saharan Af
rica and beyond. It was observed from the study that the GHG impact of 
the OWF was 34.61 gCO2eq/kWh, which is consistent with the 9 to 48 

Fig. 7. Non-GHG emissions (gCO2eq/kWh) per life cycle impact (ZAc/kWh).
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gCO2eq/kWh range from the literature (in Table 7). The total non-GHG 
impacts were obtained as 1.159 g/kWh, with human health impact 
being the most significant (0.490 g/kWh), mainly from particulate 
matter, nitrogen oxides, sulphur ISO, 2006 oxides, and volatile organic 
compounds emitted during the manufacturing (0.201 g/kWh) and 
operation & maintenance (0.120 g/kWh) phases. There is a need for 
more emission controls as these pollutants are responsible for respira
tory and cardiovascular diseases.

The life cycle external cost attributed to human health is the highest 
among the other subcategories due to its higher level of significance. The 
manufacturing phase accounts for 1.406 ZAc/kWh, with the operation & 
maintenance phase contributing 0.841 ZAc/kWh. Overall, the total life 
cycle external costs for the OWF range from 4.288 to 5.967 ZAc/kWh, 
with human health impacts as the most significant. This highlights the 
need for cleaner production technologies, enhanced emission controls, 
and improved recycling processes to mitigate offshore wind energy’s 
environmental and economic impacts.

Policymakers and stakeholders aiming to optimise the overall 

sustainability of OWF will get critical insights from this study. The 
specific impacts and costs associated with each phase of the OWF life 
cycle are being elaborated, and valuable data to the discourse on sus
tainable energy solutions and their implications for human and envi
ronmental health have been contributed by this study. Investors are 
being provided with essential information for strategic decision-making, 
reducing environmental and economic risks associated with offshore 
wind farm investments, which will enhance the project’s overall sus
tainability from this study.

This study’s novelty is premised by combining LCA, life cycle 
costing, and energy technology environmental analysis within an 
offshore wind context in Southern Africa. However, the investigation in 
this study is limited to a jacket platform. Future research could look at 
other support structures such as spar-buoy, semi-submersible, and ten
sion leg platforms, which may produce different results. Additionally, 
future research should also try to integrate LCA with techno-economic 
assessments, which will give a more comprehensive understanding of 
the true costs and sustainability implications of wind power. This will 
help make informed decisions and encourage sustainable practices in the 
wind energy sector, highlighting the crucial role of renewables in South 
Africa’s and Africa’s energy transition.
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Fig. 8. Non-GHG life cycle costs (ZAc/kWh).

Table 7 
LCA of offshore wind farms from literature.

S. 
No.

GHG impact 
(gCO2eq/kWh)

Lifespan 
(years)

Capacity per 
turbine (MW)

Location Ref.

1 9 20 6 Denmark [7]
2 12 20 4 Denmark [7]
3 17 20 5 Norway [77]
4 11 20 6 Spain [78]
5 31.4 20 5 Norway [77]
6 48 25 6 United 

Kingdom
[8]

7 25.5 25 3.6 China [46]
8 30 25 5 Canada [79]
9 11.8 25 1.5 United 

Kingdom
[80]

10 13.7 20 2.5 Norway [81]
11 9.7 20 0.5 Denmark [11]
12 34.6 20 3.6 South 

Africa
This 
study
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Appendix 

Table A. 1 
Material inputs for the offshore wind farm LCA [82,83].

Materials Input Unit

Steel 4.04 × 1010 kg
Concrete 1.198 × 109 kg
Cast iron 1.82 × 107 kg
Copper 3.84 × 107 kg
CroMag Steel 1.82 × 107 kg
Stainless steel 9.1 × 108 kg
Ester oil 1.99 × 106 kg
Neodymium 3.99 × 106 kg
Fibreglass (epoxy) 5.01 × 107 kg
Carbon Fibre (epoxy) 5.11 × 107 kg
Polymer 2.22 × 105 kg
Grease 1.8 × 105 l
Coolant 4.88 × 106 l
Nitrogen 2.26 × 107 l
SF6 3.99 × 104 kg
Hydraulic oil 3.51 × 105 l
Gear oil 6.89 × 108 l
Diesel 2.22 × 105 l
Copper wire core 253.8 km
Steel cable 253.8 km
Yarn and tapes 253.8 km
Steel rebar 1.33 × 108 kg
Scrap copper 1.06 × 103 kg
Waste glass 2.56 × 102 kg
Iron scrap, unsorted 2.56 × 106 kg

Data availability

Data will be made available on request.
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2024. https://www.irena.org/-/media/Files/IRENA/Agency/Publication/20 
24/Jul/IRENA_Renewable_Energy_Statistics_2024.pdf; 2024.

[19] Roro K, Grobler J-H, Carter-Brown C, Calitz J. Draft Final Report Potential of 
offshore wind energy as a power source for South Africa PREPARED FOR : EU-SA 
partners for Growth Programme. https://www.euchamber.co.za/wp-conte 
nt/uploads/2022/03/POTENTIAL-FOR-OFFSHORE-WIND-IN-SA_EUSA-PAR 
TNERS-FOR-GROWTH-CSIR-FINAL-REPORT.pdf; 2022.

[20] Markandya A. Externalities from electricity generation and renewable energy. 
Methodology and application in Europe and Spain. Revistas ICE; 2012. 
https://www.revistasice.com/index.php/CICE/article.

[21] Wimhurst JJ, Nsude CC, Greene JS. Standardizing the factors used in wind farm 
site suitability models: a review. Heliyon 2023;9:e15903. https://doi.org/ 
10.1016/j.heliyon.2023.e15903.

[22] Li H, Peng W, Huang CG, Guedes Soares C. Failure rate assessment for onshore and 
floating offshore wind turbines. J Mar Sci Eng 2022;10. https://doi.org/10.3390/ 
jmse10121965.

[23] Jung C, Sander L, Schindler D. Future global offshore wind energy under climate 
change and advanced wind turbine technology. Energy Convers Manag 2024;321. 
https://doi.org/10.1016/j.enconman.2024.119075.

H.A. Ibrahim and G.A. Thopil                                                                                                                                                                                                               Energy 335 (2025) 138382 

11 

https://doi.org/10.1016/j.esr.2023.101085
https://doi.org/10.1016/j.esr.2023.101085
https://iea.blob.core.windows.net/assets/6b2fd954-2017-408e-bf08-952fdd62118a/Electricity2024-Analysisandforecastto2026.pdf
https://iea.blob.core.windows.net/assets/6b2fd954-2017-408e-bf08-952fdd62118a/Electricity2024-Analysisandforecastto2026.pdf
https://doi.org/10.1016/j.egyr.2022.10.064
https://doi.org/10.1016/j.energy.2024.133507
https://doi.org/10.1016/j.energy.2024.133507
https://doi.org/10.1016/j.energy.2023.128709
https://doi.org/10.1016/j.energy.2023.128709
https://doi.org/10.1016/j.apenergy.2016.07.058
https://doi.org/10.1016/j.apenergy.2016.07.058
https://doi.org/10.1016/j.apenergy.2021.118067
https://doi.org/10.1016/j.renene.2008.04.004
https://doi.org/10.1016/j.renene.2008.04.004
https://doi.org/10.1111/jiec.12400
https://doi.org/10.1016/S0960-1481(99)00123-8
https://doi.org/10.1016/j.rser.2024.114351
https://doi.org/10.1016/j.rser.2024.114351
https://doi.org/10.1016/j.energy.2024.132644
https://doi.org/10.1016/j.enconman.2021.114914
https://doi.org/10.1016/j.enconman.2024.119326
https://doi.org/10.1016/j.enconman.2024.118759
https://www.energy.gov/sites/default/files/2023-09/doe-offshore-wind-market-report-2023-edition.pdf
https://www.energy.gov/sites/default/files/2023-09/doe-offshore-wind-market-report-2023-edition.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Jul/IRENA_Renewable_Energy_Statistics_2024.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Jul/IRENA_Renewable_Energy_Statistics_2024.pdf
https://www.euchamber.co.za/wp-content/uploads/2022/03/POTENTIAL-FOR-OFFSHORE-WIND-IN-SA_EUSA-PARTNERS-FOR-GROWTH-CSIR-FINAL-REPORT.pdf
https://www.euchamber.co.za/wp-content/uploads/2022/03/POTENTIAL-FOR-OFFSHORE-WIND-IN-SA_EUSA-PARTNERS-FOR-GROWTH-CSIR-FINAL-REPORT.pdf
https://www.euchamber.co.za/wp-content/uploads/2022/03/POTENTIAL-FOR-OFFSHORE-WIND-IN-SA_EUSA-PARTNERS-FOR-GROWTH-CSIR-FINAL-REPORT.pdf
https://www.revistasice.com/index.php/CICE/article
https://doi.org/10.1016/j.heliyon.2023.e15903
https://doi.org/10.1016/j.heliyon.2023.e15903
https://doi.org/10.3390/jmse10121965
https://doi.org/10.3390/jmse10121965
https://doi.org/10.1016/j.enconman.2024.119075


[24] Das U, Nandi C. Life cycle assessment on onshore wind farm: an evaluation of wind 
generators in India. Sustain Energy Technol Assessments 2022;53. https://doi.org/ 
10.1016/j.seta.2022.102647.

[25] Mello G, Ferreira Dias M, Robaina M. Wind farms life cycle assessment review: CO2 
emissions and climate change. Energy Rep 2020;6:214–9. https://doi.org/ 
10.1016/j.egyr.2020.11.104.

[26] Kaldellis JK, Apostolou D. Life cycle energy and carbon footprint of offshore wind 
energy. Comparison with onshore counterpart. Renew Energy 2017;108:72–84. 
https://doi.org/10.1016/j.renene.2017.02.039.

[27] ISO 14040:2006. Environmental management — life cycle assessment — principles 
and framework. https://www.iso.org/standard/37456.html; 2006.

[28] Carvalho ML, Marmiroli B, Girardi P. Life cycle assessment of Italian electricity 
production and comparison with the European context. Energy Rep 2022;8:561–8. 
https://doi.org/10.1016/j.egyr.2022.02.252.

[29] Brussa G, Grosso M, Rigamonti L. Life cycle assessment of a floating offshore wind 
farm in Italy. Sustain Prod Consum 2023;39:134–44. https://doi.org/10.1016/j. 
spc.2023.05.006.

[30] Chen J, Mao B, Wu Y, Zhang D, Wei Y, Yu A, et al. Green development strategy of 
offshore wind farm in China guided by life cycle assessment. Resour Conserv 
Recycl 2023;188. https://doi.org/10.1016/j.resconrec.2022.106652.

[31] Kouloumpis V, Azapagic A. A model for estimating life cycle environmental 
impacts of offshore wind electricity considering specific characteristics of wind 
farms. Sustain Prod Consum 2022;29:495–506. https://doi.org/10.1016/j. 
spc.2021.10.024.

[32] Moussavi S, Barutha P, Dvorak B. Environmental life cycle assessment of a novel 
offshore wind energy design project: a United States based case study. Renew 
Sustain Energy Rev 2023;185. https://doi.org/10.1016/j.rser.2023.113643.

[33] Scolaro M, Kittner N. Optimizing hybrid offshore wind farms for cost-competitive 
hydrogen production in Germany. Int J Hydrogen Energy 2022;47:6478–93. 
https://doi.org/10.1016/j.ijhydene.2021.12.062.

[34] Chipindula J, Botlaguduru VSV, Du H, Kommalapati RR, Huque Z. Life cycle 
environmental impact of onshore and offshore wind farms in Texas. Sustainability 
2018;10. https://doi.org/10.3390/su10062022.

[35] Kadiyala A, Kommalapati R, Huque Z. Characterization of the life cycle greenhouse 
gas emissions from wind electricity generation systems. International Journal of 
Energy and Environmental Engineering 2017;8:55–64. https://doi.org/10.1007/ 
s40095-016-0221-5.
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