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Abstract 
Rasul Satymov 
Techno-economic analysis of energy transition pathways and renewable energy 
technologies for a sustainable energy-industry system 
Lappeenranta 2025 
84 pages 
Acta Universitatis Lappeenrantaensis 1256 
Diss. Lappeenranta-Lahti University of Technology LUT 
ISBN 978-952-412-366-2, ISBN 978-952-412-367-9 (PDF), ISSN 1456-4491 (Print), 
ISSN 2814-5518 (Online) 
 
Climate change, driven by human-induced greenhouse gas emissions, poses an existential 
threat, with global temperatures already exceeding critical thresholds. The energy sector 
is the primary source of these emissions, as fossil fuel consumption continues to rise 
despite the growing adoption of renewable energy sources. A transition to renewable 
energy is crucial to mitigate the effects of climate change. 
 
This dissertation focuses on the transition to renewable energy systems, with a specific 
emphasis on techno-economic assessments of onshore and offshore wind power and wave 
power. The research aims to improve the accuracy of renewable energy assessments and 
enhance energy system models, ultimately informing more effective energy policies. 
 
The dissertation makes significant contributions to the field of energy systems research 
by highlighting the importance of technological detail in energy system models. The 
research provides a nuanced understanding of the costs and benefits associated with 
various renewable energy technologies, showing optimal configurations of onshore wind 
turbines, spacing-dependent regional variations in levelised costs of electricity of offshore 
wind power and cost-competitiveness of wave power by 2030s. Incorporating hourly 
coefficients of performance for heat pumps yields a more accurate representation of their 
behaviour, particularly during colder periods and in relation to energy storage. The 
integration of a more detailed industry sector representation on the case of Finland 
enhances flexibility and reduces storage requirements. A comparison of low-carbon 
transition pathways offers a timely cost assessment, contributing to the ongoing discourse 
on the role of nuclear power in the energy transition, showing that expansion of nuclear 
power in Finland would result in 71-84% higher system costs. Additionally, the 
investigation of the potential for remote areas such as Greenland to become energy hubs 
provides a global outlook on the options available during the energy transition. The key 
findings of this dissertation have important implications for energy system planners and 
policymakers, emphasising the need for advanced modelling approaches that account for 
interdependencies between energy sectors and technologies. 
 
Keywords: onshore wind power, offshore wind power, wave power, nuclear power, 
renewable energy transition, energy system model, sector coupling 
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1 Introduction  
The existential threat of climate change is both overwhelming and utterly critical to our 
collective future [1]. The average global temperature has already crossed the aspirational 
threshold of warming 1.5 °C above the pre-industrial era within a single year [2], [3] 
which is widely believed to be a trigger for many global ecosystems to irreversibly alter 
that could lead to a cascading escalation in global warming [4], such as the Arctic 
permafrost and the Greenland icesheet. These ecosystems are often referred to as climate 
tipping points, where a critical magnitude of a change can trigger abrupt and irreversible 
transitions, leading to catastrophic consequences [5]. For example, the thawing of Arctic 
permafrost could release massive amounts of methane, a potent greenhouse gas, 
exacerbating the warming trend. Furthermore, this warming is expected to be even more 
pronounced in high-latitude regions such as the Nordics and the Arctic, where studies 
suggest that a global average increase of 1.5 °C could result in significantly higher local 
temperature rises [6]. In recent decades, the average annual temperature in the Arctic has 
increased nearly four times faster than the global average [7], [8], with record-setting high 
average temperatures in two millennia [9]. The effects of global warming are varied 
across the world, from devastating natural disasters to unpredictable weather patterns with 
increasing precipitation in some regions [10] and droughts in others [11] and, counter-
intuitively, a risk of drastic cooling in Europe if the Atlantic meridional overturning 
circulation is perturbed [5]. Such drastic and sudden changes to local climates may disrupt 
global food systems [12], [13], increase water stress [14], decrease biodiversity [15], 
increase the risks of weather-related casualties [16], climate migration [17], and so on. 
The need to tame global warming is not just a moral imperative, but an economic one as 
well [18]. The world economy is expected to see a significant income reduction in the 
next few decades [19] and climate change mitigation measures have been shown to cost 
far less [20] than the damage that could come from a 2 °C warming. 

The main culprit behind the unprecedented rise in global temperatures is anthropogenic 
greenhouse gas emissions [1], primarily CO2. Although greenhouse gases are important 
for the habitability of the planet, the excessive rate of emissions of greenhouse gases has 
wreaked havoc in the natural balance between natural sources and sinks. The energy 
system is responsible for over 90% of human-caused CO2 emissions [21], with the 
majority from fossil fuel combustion. Despite awareness and the concerted effort to 
switch to low-carbon energy sources, the global primary energy consumption of fossil 
fuels is still growing [22], along with the associated emissions. The greenhouse gas effect 
of some gases in the atmosphere has been known for over a century [23], and the link 
between anthropogenic greenhouse gas emissions and rising global temperatures was 
established in mid-20th century [24]. Supply of primary energy from renewable energy 
(RE) sources has been growing progressively for the past 30 years, with onshore wind 
power and solar photovoltaics (PV) contributing the majority of the growth [22]. 
Nevertheless, the growth of primary energy demand globally has maintained a steady 
growth in fossil fuel use. 
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1.1 State of the art  

It is clear that any meaningful attempt to reduce emissions must start with a fundamental 
transition of the global energy system [25]. The CO2 reduction potential of RE 
technologies is clear [26], and it is an area that has seen tremendous growth and 
investment in recent years [27], [28]. 

1.1.1 Renewable energy 

Traditionally, the primary energy source besides muscle power has come from bioenergy, 
which continues to play a crucial role in many energy systems around the world. While 
bioenergy can be useful for reducing emissions in certain contexts, such as in the 
production of sustainable aviation fuels, its overall potential is constrained by the need to 
balance land use with food production and conservation [29]. Hydropower is currently 
the largest source of RE in the world [22], [30], but its sustainable potential is limited as 
it is largely tapped [31]. While there is still some potential for growth, particularly in 
developing countries or in rehabilitation projects, the adverse effects of new reservoirs on 
local ecosystems and communities can be significant, on top of the outsized emissions of 
methane [32]. Currently, there is a growing awareness of the effects of dams on river 
ecosystems, and a movement to dismantle river dams is gaining momentum [33]. 
Geothermal energy has vast potential, but it is highly site-specific, which limits its 
applicability [34]. Enhanced geothermal systems promise to expand the availability of 
geothermal energy, but its potential remains limited on the global scene [34]. Solar PV, 
wind power and ocean energy technologies hold the greatest promise among RE sources, 
with a very high potential (2 892.3 PWh/y) [35], about seven times larger than the 
projected demand of 400 PWh by 2100 [36], and they have become economically highly 
attractive [37], making them a crucial part of any energy transition pathway. The dramatic 
decline in the cost of solar PV and onshore wind power have already made them the 
lowest-cost electricity source in many parts of the world. Nevertheless, these variable 
renewable electricity (VRE) sources require energy systems to be more flexible, shifting 
from the traditional approach of adjusting supply to meet inflexible demand to adapting 
demand to accommodate VRE. 

1.1.2 Technologies for the energy transition  

The transition of energy systems requires a trajectory away from combustion-based 
methods towards widespread electrification. While the transition in power generation is 
straightforward, the heat, transport, and industry sectors must also be electrified to more 
effectively utilise RE sources. Fortunately, electrification in other sectors can be done 
with existing technologies via sector coupling without the need for miracles [38]. 
Electrification of the heat sector via heat pumps (HP) promises to decrease primary 
energy needs thanks to a coefficient of performance (COP) over 100% in HPs. The 
technical feasibility of HPs has been demonstrated beyond any doubt thanks to the largest 
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penetration of HPs in the Nordics [39], [40], where HPs consistently deliver COP over 3 
for space heating [41], [42], [43] and over 2.5 for hot water production [44]. The 
electrification of road transport is well underway with battery electric vehicles (BEV) 
taking over the global market [45]. Advancements in battery technologies have made all 
other alternatives less relevant, delivering superior performance for lower cost of 
ownership compared to plug-in hybrid electric vehicles and hydrogen fuel cell electric 
vehicles. The share of BEVs in new vehicle sales in the largest car markets is growing 
rapidly and BEVs are expected to replace almost the entire vehicle fleet before 2050. The 
sale of new internal combustion engine (ICE) vehicles is either already banned [46], [47], 
[48], [49], [50] or soon to be banned in many countries. Some argue that ICEs will persist 
either due to their sentimental value or economic reasons, possibly due to unaffordability 
of new vehicles in some developing economies. However, the decline in manufacturing 
of new ICEs and the decommissioning of most of the ICE fleet will drive the cost of 
ownership of the remaining vehicles very high, with negative economies of scale in the 
manufacturing of ICE, fuelling infrastructure and maintenance services. This will likely 
push the underdeveloped economies to switch to BEVs to be able to have low-cost 
mobility, and the niche of sentimental collectors of ICEs will be limited in numbers. 
Electrification of other modes of transport, such as aviation and marine, is less 
straightforward, due to the need for energy storage with high specific volumetric and 
gravimetric energy density that batteries cannot deliver. The energy demand of aviation 
and marine can be electrified indirectly with renewable electricity-based e-fuels, such as 
Fischer-Tropsch fuels [51], [52], e-methanol [53], [54], e-ammonia [55], and e-hydrogen 
[56], [57], as part of a broad Power-to-X Economy [58], [59]. Similarly, electrification of 
the industry sector is hard but not impossible with existing technologies [60]. Some 
processes in energy-intensive industries can be electrified directly, such as secondary 
steel manufacturing with electric arc furnaces [61], [62] or medium heat demand in pulp 
and paper mills with electric heaters. Other industries, specifically the ones that require 
raw materials, can be indirectly electrified with electricity-based e-fuels and e-chemicals, 
such as direct iron reduction with e-hydrogen or feedstock demand for the chemicals 
industry with e-methanol [61], [62], [63], [64]. 

The pertinent question in the switch to RE, especially 100% RE-based systems [65], is 
the variability of the electricity supply and the need for a temporal match of supply and 
demand. The sun may not shine or the wind may not blow in a given location at a given 
moment, but the chances of that are low within an integrated electricity grid that spans a 
wide geographic area, coupled with the various energy sectors taking advantage of diverse 
flexibility options [66]. In times of true lack of VRE, batteries and dispatchable renewable 
power sources, such as dammed hydropower or pumped hydro energy storage (PHES) 
[67], come into play. Hydropower and PHES are already mostly tapped in most of the 
world, and they are geographically constrained, but wherever they are available they can 
be a source of low-cost flexibility. Otherwise, thanks to rapidly falling costs, batteries can 
fulfil the role of low-cost flexibility, including stationary utility-scale batteries and BEVs 
via smart charging and vehicle-to-grid technology (V2G) [68]. If forecasts predict a 
prolonged lack of solar PV and wind power, demand response can kick in to ease the load 
by dialling down industrial activities and smart charging of BEVs, among other flexible 
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where reg and r are sub-regions, tech and t are generation, storage and transmission 
technologies, CAPEXt, crft, OPEXfixt, OPEXvart, rampCostt are capital expenditures, 
capital recovery factor, fixed operational expenditures, variable operational expenditures, 
and cost of ramping, respectively, for technology t; instCapt,r, Egen,t,r and totRampt,r are 
installed capacity, annual generation and sum of power ramping values for technology t 
in region r. The schematic diagram of the model is depicted in Figure 2.1. 

 

Figure 2.1. Schematic diagram of LUT- ESTM [78]. 

The model is capable of integrating major final energy demand sectors, namely power, 
heat, transport, and industry. Power sector represents the inflexible electricity 
consumption in households and commercial sector. The electricity consumption and its 
profile in the publications in this dissertation were mainly obtained from national 
transmission grid operators or statistics databases. The heat sector represents the space 
heating demand (SHD) and domestic hot water (DHW) demand. Data for this sector, 
including demand profiles, was obtained from [104], which estimates the SHD based on 
heat degree hours weighted by population distribution and ambient temperature 
variations, and DHW based on average demand per capita approximated by gross 
domestic product of a given country. The transport sector is represented in detail with 
various modes of transport for road, rail, marine, and aviation transportation needs. The 
demand for this sector is taken from [105] and the transition is determined exogenously, 
independent of mathematical optimisation. The industry sector encompasses the 
production of cement, steel, chemicals, pulp and paper, and aluminium. The demand for 
this sector is represented in terms of energy demand per unit of output production, with 
the relevant data obtained from [36]. 

Given the projected final energy demand, the model fulfils  this demand by optimising the 
utili sation of a large set of primary energy supply options and energy conversion units, 
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residential heating systems. While water and ground-sourced HPs offer more stable 
COPs, air-sourced HPs remain popular due to lower installation costs. District HPs, 
primarily ground and water-sourced, have more stable COPs, while industrial HPs, 
assumed to utilise waste heat from e-fuel production, can achieve COPs around 2.4. 

Using temperature-dependent COP in energy system models leads to a more accurate 
representation of primary energy demand PED, particularly in the heat sector, although 
the impact on overall system efficiency and LCOFE remains limited. Crucially, 
temperature-dependent COP calculations lead to a lower installed HP capacity for 
individual heating. While the overall cost remains similar, using hourly COP values as 
opposed to mean COP leads to different operational strategies. The system with mean 
COP tends to rely on low and medium temperature TES, whereas the hourly COP system 
requires more battery storage due to increased variability in electricity consumption. This 
variability also affects the RE mix, with the hourly COP case favouring wind power and 
the mean COP case favouring solar PV, as seen in Figure 3.4. 

 

Figure 3.4. The installed power capacities (top left) and electricity generation (top right), annual 
throughput for electricity (bottom left), and heat (bottom right) storage throughout the transition. 

After 2030, district heating HPs struggle to compete with biomass heating, which is 
readily available and cost-effective, especially during periods of peak demand. Direct 
electric heating also becomes more competitive than district heating HPs due to 
decreasing electricity costs. Industrial HPs, utilising waste heat from e-fuel production, 
offer a promising solution for defossilising industrial heat demand, reducing overall 
electricity demand and specifically decreasing solar PV capacity by about 9% while wind 
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Figure 3.5. Energy flow in the Finnish energy system in the reference scenario by 2050. 

CO2 emissions will decline sharply, with the power and heat sectors eliminating them 
within ten years. CO2 point source capture (PSC) from biomass power plants, cement, 
pulp and paper, and waste incinerators will play a role in e-fuel and e-chemical 
production. Direct air captured CO2 will be negligible due to sufficient supply from PSC. 
The transition requires substantial capital investment in electricity generation and fuel 
conversion units (e.g. 18.4 GW of electrolysers and 1.8 GW of Fischer-Tropsch units), 
with cumulative expenditures varying across scenarios. Scenarios with energy imports 
require less investment but incur import costs. The LCOE will be lowest in scenarios with 
local generation from solar PV and wind power. The levelised cost of final energy and 
non-energy use (LCOFE) will be about 7% higher in scenarios without imports. 
Regionally, electricity generation capacity will be distributed based on resources. The 
BPS-WF scenario will have more wind power in the east and south-east, reducing 
transmission needs (17.7 GW vs 19 GW in BPS-ref). Import scenarios also reduce 
transmission capacity needs, with the BPS-Imports-IF-WF showing a 24% reduction in 
electricity transmission compared to the BPS-ref. Hydrogen storage capacity will differ 
significantly, with much lower requirements in import scenarios, e.g. 400 GWh in BPS-
ref vs significantly less in others, due to less e-fuel production. Heat generation capacities 
will also vary, with import scenarios potentially requiring more heat generation due to 
fewer e-fuel conversion units. The 2050 energy system will be characterised by dominant 
industrial demand, especially in the pulp and paper industry, widespread electrification, 
and the vital role of bioenergy for industrial heating and system flexibility. Despite high 
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4 Discussion 
The publications collectively contribute to a more nuanced understanding of the 
complexities and opportunities within the evolving research field of RE systems. A 
common thread throughout the publications is the critical importance of moving beyond 
simplified assumptions in energy system modelling to achieve a more accurate and robust 
representation of reality. This discussion synthesises the key findings and explores their 
implications for policy and energy systems research. 

4.1 Addressing oversimplified assumptions in renewable energy 
modelling 

This dissertation highlights several limitations in existing energy transition studies, 
particularly the oversimplified representation of key RE technologies. This section 
addresses these limitations by discussing Publications I, II, and III , which focus on 
improving the accuracy of wind power and introducing wave power modelling. 

4.1.1 Improving wind power representation 

Publication I  addresses the limitation of oversimplified wind turbine assumptions in 
energy system models, which often rely on a one-size-fits-all approach, neglecting 
geographical variations in wind conditions. Previous studies have typically assumed a 
fixed hub height and wind class, disregarding the significant geographical differences in 
average wind speeds, wind gusts, and energy content, which is a function of air density 
that varies with altitude [109], [110], [111]. This oversimplification can lead to 
suboptimal turbine installations, resulting in either missed opportunities for higher FLH 
at greater hub heights or oversized turbines that increase the LCOE. 

Omitting air density considerations can lead to overestimation of energy harvest potential 
at higher altitudes, resulting in inaccurate wind generation projections in energy system 
simulations for regions located at higher elevations. Additionally, annual variations in air 
density have been shown to increase wind energy content during winter and decrease it 
during summer [112]. Similarly, neglecting wind class considerations can lead to 
overestimation of onshore wind power potential in coastal regions, where higher wind 
gusts may preclude the installation of wind class III turbines, which are often preferred 
in most regions worldwide as presented in Publication I . 

In reality, wind power plant installations are preceded by extensive assessments of local 
wind conditions to maximise electricity generation and minimise costs. Energy system 
modelling studies that rely on static turbine assumptions have limited value for energy 
planners and can distort results. Publication I  addresses this limitation by optimising 
wind turbine configurations, including wind classes and hub heights, on a global scale, 
with the objective of identifying the configuration that yields the lowest LCOE. 
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Finland, compared to an earlier study built on the same model [86]. This demonstrates 
the practical applicability of the optimised wind turbine configurations and highlights the 
potential benefits of using more accurate representations of wind power in energy system 
modelling. 

Ultimately, Publication I  underscores the importance of optimising wind turbine 
configurations to balance cost and efficiency, providing valuable insights for improving 
the economic and technical representation of wind energy in global energy systems. By 
accounting for regional variations in wind conditions, energy planners can make more 
informed decisions, ultimately contributing to a more efficient and sustainable energy 
future. 

Publication II  extends this analysis to offshore wind power, addressing the historical 
reliance on oversimplified representations of offshore wind turbines. Offshore wind 
power is seen as one of the pillars of the energy transition around the world, with growing 
investments in offshore wind parks and a rising number of project announcements [113]. 
Offshore wind power also attracts significant attention in energy system modelling 
studies that see it as a valuable resource for the energy transition [114], [115]. The 
advantages of offshore wind power include stronger and steadier winds, which can lead 
to smoother and less variable power output, potentially reducing the need for energy 
storage. Additionally, offshore wind parks can mitigate the constraint of NIMBYism (not 
in my backyard) often associated with onshore wind power projects. 

The technical benefits of offshore wind power increase with distance from the shore, as 
winds further away from landmasses are stronger and steadier, unobstructed by surface 
roughness. However, the greater distances from the shore often result in deeper waters, 
which can be addressed through the use of floating turbines. Although the cost of floating 
foundations is currently prohibitively expensive, it is expected to decrease over time as 
technology advances, standardisation improves, and economies of scale are achieved 
[113]. While installing offshore turbines requires more capex, driven by a range of factors 
including increasing grid connection costs and complex installation processes, the full 
effect of its costs on overall energy system costs is not straightforward. 

Accurate and up-to-date representation of offshore wind power in energy system models 
is essential to address this complexity. Historically, research on energy systems has relied 
on oversimplified representations of offshore wind turbines, often assuming fixed capex 
and opex with limited consideration of critical factors such as distance to shore and water 
depth [114], [116]. In some cases, studies have applied onshore wind turbine models to 
offshore environments, resulting in significant distortions. This mischaracterisation of 
offshore wind power can lead to substantial errors in energy system modelling, yielding 
overly optimistic or pessimistic estimates that fail to accurately reflect real-world 
conditions. 
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the energy transition. Policies aimed at promoting the production and trade of e-fuels 
should consider the potential of regions with abundant RE resources, such as Greenland, 
to play a key role in supplying energy-demanding regions. The practical and logistical 
challenges associated with developing e-fuel production in Arctic conditions call for 
targeted research and international collaboration. 

4.4 Limitations and uncertainty 

This section provides an examination of the limitations and uncertainties associated with 
the research presented in this dissertation. The discussions that follow highlight the 
potential sources of error and the assumptions made throughout the publications, with a 
focus on the cost projections and other methodological constraints. 

4.4.1 Cost projections 

A significant source of uncertainty throughout this dissertation is that all assessments rely 
on cost projections that extend into the future. This is particularly pronounced in the 
evaluations of the economic potential of offshore wind power, wave power, and the costs 
associated with tripling nuclear power capacity. The substantial expansion of offshore 
wind power, especially with regards to floating turbines, is contingent on the accuracy of 
these cost projections. In an effort to mitigate this uncertainty, Publication II  employs a 
consensus approach, aggregating capex projections from five distinct sources. 
Furthermore, Publication II  provides a detailed outline of input assumptions and makes 
output data readily available in a data repository, thereby facilitating the reproduction or 
improvement of results in the event of significant changes in offshore wind turbine costs. 

The economic potential of wave power, as examined in Publication III , is even more 
heavily dependent on the accuracy of cost projections, given that the majority of its 
potential is anticipated to be realised in the distant future. Publication III  is subject to 
the greatest uncertainty, as its cost projections are derived from a single source, which 
assumes steep learning curves and substantial economies of scale. 

The future costs of nuclear power plants, particularly SMRs, are likely to be a subject of 
considerable debate among both proponents and opponents of nuclear power. The 
historical trajectory of traditional large-scale nuclear power plants has been marked by 
construction delays [154], cost overruns [153], and increasing safety requirements [155], 
driven in part by high-profile nuclear reactor meltdowns. Notably, large-scale nuclear 
plants are one of the few energy technologies to have experienced rising costs over time 
[37], [173]. The cost projections for SMRs are even more uncertain, as no commercial 
SMRs have been built for stationary power production so far. While SMRs promise lower 
capex through mass production and standardisation, their current capex remains higher 
per unit of capacity than that of large-scale nuclear power plants due to negative 
economies of scale [174]. Publication VI  makes ambitious assumptions regarding the 
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readiness of SMRs by 2035, accompanied by steep cost declines, yet still concludes that 
a nuclear power-based energy system would be significantly more expensive than an RE-
based system. 

Additionally, the energy system studies presented in Publications IV, V, and VII  rely on 
cost projections for all energy technologies, as well as the assumption that CO2 pricing 
will continue to rise. The linear optimisation model employed in Publications IV -VI  
ensures that the energy system meets final energy demand services on an hourly basis, 
selecting the components that result in the lowest-cost system. However, a change in the 
cost assumptions of any one technology can have cascading consequences, potentially 
leading to a drastically different system by the end of the transition period envisioned by 
the research horizon. Moreover, while it is likely that RE sources will dominate future 
energy systems due to their dramatic cost decline, a lower CO2 pricing could lead to a 
prolonged reliance on fossil fuels, particularly in hard-to-abate segments. It is not 
implausible that a developed society built on centuries of scientific progress could 
suddenly dismantle the measures aimed at mitigating climate change, as recent 
developments in the United States have demonstrated. 

Moreover, all publications in this dissertation assume that energy systems will develop 
based on purely rational cost minimisation, where national energy systems are treated as 
rational actors with complete knowledge of all tangible costs. However, this assumption 
neglects the potential value of self-sufficiency, energy security, and energy supply 
diversification. Assigning monetary value to these factors could significantly impact the 
results of linear optimisation models, such as making wave power more attractive or 
leading to higher installed capacity and local energy fuels production in scenarios where 
imports are allowed, as presented in Publication V. This highlights the need for future 
research to incorporate a more nuanced understanding of the complex interactions 
between energy systems, policy, and societal values. 

4.4.2 Climatological assumptions 

The assessments of RE sources in this dissertation rely on weather data from a single 
year, 2005, to maintain consistency across different RE sources. However, this approach 
neglects the inherent inter-annual variability in weather patterns, which can significantly 
impact the availability of RE resources, particularly wind and wave energy [175], [176], 
[177], [178]. The use of a single weather year is akin to taking a snapshot of a dynamic 
system, potentially missing the nuances of long-term climate variability. Furthermore, the 
research does not account for potential changes in weather patterns due to climate change, 
which could alter the distribution and intensity of RE resources [179], [180]. For instance, 
changes in wind patterns or ocean currents could affect the productivity of wind farms or 
wave energy converters. Future research should consider incorporating multiple weather 
years, exploring the impacts of climate variability, and integrating climate change 
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projections into the analysis of RE resources. By doing so, the research can provide 
pathways with a broader set of sensitivities for energy systems transitions. 

4.4.3 Islanded simulations 

A significant constraint in the national energy system simulation studies presented in 
Publications IV, V , and VI  is the assumption that Finland will operate as an isolated 
entity without power interconnections with neighbouring countries in the future. 
Although these studies account for current electricity exchanges with Sweden, Norway, 
Estonia, and historically with Russia, they do not consider the potential evolution of such 
power connections. The limitation arises from the fact that the development of these 
connections is inextricably linked to the transition of the energy systems of all 
participating grids, which would necessitate a comprehensive simulation and optimisation 
of the transition dynamics of these interconnected systems. This ambitious undertaking 
was beyond the scope of the research. However, other studies examining the European 
energy landscape at a macro level [58], [181], [182] suggest that future Nordic energy 
systems are likely to rely minimally on electricity exchange, instead prioritising domestic 
self-sufficiency to meet their electricity demands. 
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a b s t r a c t

This study aims to contribute to the � eld of energy systems modelling with high-resolution cost-opti-
mised onshore wind turbine con � gurations and an openly available hourly data of wind electricity yield
on a global-local scale. It introduces a more rigorous and novel methodology to estimate the wind
electricity yield for lowest cost electricity generation by considering different wind classes and hub
height related capital expenditures along with limitations induced by extreme wind gusts. Based on up-
to-date � nancial and technical assumptions, including the latest power curves for ENERCON wind tur-
bines, the results of this study show that there exists a certain hub height that enables wind turbines to
deliver the lowest cost electricity and growing beyond that height does not pay-off the rise in capital
expenditures needed for stronger foundations and taller and sturdier towers. Class III turbines provide
higher full load hours and more stable hourly generation pro � les, but in some areas higher cost does not
pay-off or wind gusts become a limiting factor. The application of this novel multi-turbine multi-hub
height high resolution optimisation results to energy system modelling would signi � cantly increase the
quality of modelling by improved estimation of the wind generation cost at different locations.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/ ).

1. Introduction

The growing threat of climate change necessitates radical
transformation of energy systems around the world [ 1]. The radical
transformation entails switching away from fossil fuels, which
cause most of the anthropogenic greenhouse gas emissions, to
sustainable renewable energy (RE) [ 2]. The switch to variable RE
sources requires a careful study of current energy systems and
modelling with high resolution and accuracy to attain the most
economically and technically sound solution. A simulation with
high spatial resolution is required to accommodate the local
geographical conditions into the system design, such as solar irra-
diation and wind speeds. High temporal resolution is required to
accommodate the variability of RE sources together with im-
provements of the energy system modelling (ESM). ESM is
improved to better consider the emergence of RE, the role of stor-
age technologies, the impact of other energy sectors' electri � cation
and sector coupling [ 3]. Though this model-driven approach to
improve energy system transition studies cannot increase the

reliability of the modelling without accurate data inputs. The ac-
curacy of energy system transition studies depends on many fac-
tors, such as accurate up-to-date � nancial and technical
assumptions of different energy technologies, for example capital
and operational expenditures, information on the current system
structure, and accurate assessment of local RE resources, including
information on the total resource potential and how the yield varies
throughout the year. Both model-driven and data-driven im-
provements of ESM are necessary for further progress in energy
system transition analyses.

Even in best models, not incorporating up-to-date information
can lead to distorted or sub-optimal results. Usually, an energy
system comprises of a mix of different energy technologies, both in
fossil fuel dominant systems and in 100% RE-based systems, and an
overestimation or underestimation of a certain resource can lead to
underutilisation of other resources. For example, the rapid decline
in costs of solar PV and battery solutions [ 4] puts an economic
pressure on wind power in ESM [ 1,5]. Research gaps related to the
lacking consideration of the latest developments and cost re-
ductions in the wind industry can lead to sub-optimal wind power
pro� les in simulations and underestimation of the role of wind
power in energy systems. In addition, most energy system transi-
tion studies fail to rigorously estimate wind electricity yields by* Corresponding author.
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adopting one turbine at one � xed hub height. The wind industry is
continually innovating and producing turbines with higher hub
heights, larger rotor diameters and more ef � cient power electronics
[6]. Innovations in the industry are allowing the turbines to reach
steadier winds at higher heights, capture more energy from the
wind and maximise capacity factors (CF), leading to lower levelised
cost of electricity (LCOE). There is a need for improved wind power
modelling, which can reduce uncertainties in energy system tran-
sition research.

The principal parameter of determining the optimal wind tur-
bine type and hub height is the wind classi � cation according to the
IEC-61400 standard [ 7], which classi � es wind into four classes ac-
cording to average wind speeds and maximum acceptable wind
gust as listed in Table 1.

The IEC 61400 standard aims to ensure that wind turbines are
designed and installed appropriately and that they can withstand
the stress within their planned lifetime. Ensuring that wind tur-
bines can withstand winds at different wind classes entails in-
vestments in stronger foundations and sturdier towers. Thus, the
wind class in � uences capital expenditures (CAPEX) required for a
wind turbine.

CAPEX is also in� uenced by the hub height of a wind turbine.
Higher hub heights may enable turbines to capture stronger and
steadier winds but require taller towers and stronger foundation
structures leading to increasing CAPEX. Although steadier winds
can lead to higher annual electricity yields and potentially decrease
the LCOE, the increasing tower CAPEX may outweigh the gains in
yield.

While ESM studies have been getting more accurate over the
past years [8], whether it is new wind energy potential assessment
under climate change [ 9] or multi-turbine Geospatial Information
System based technical potential assessment [ 10], there is room for
further improvement, particularly for future projections. Many
studies investigate the wind power potential for different regions of
the world [ 11e13], though the yield is calculated on annual basis
and thus not applicable for ESM studies with high shares of RE. This
study aims to address the following research gaps in ESM studies:

� Lack of consideration of the state-of-the-art in the wind power
technology;

� Lack of optimisation for wind classes and hub heights for spe-
ci� c wind conditions in high granularity;

� Lack of assessment of wind electricity yield for wind classes and
hub heights in hourly resolution.

Furthermore, this study aims to improve upon traditional wind
power modelling methods by considering additional attributes of
wind power, particularly, global wind gust induced limitations on
wind turbine installations and hub heights.

The advanced methods presented in this study consider power
curves data of multiple state-of-the-art commercially available
turbines of three wind classes, hourly wind speeds at different
heights, effects of air density, extreme wind gusts, and latest
� nancial information, including different CAPEX values projected
until 2050 according to wind class and increase of CAPEX relative to
hub height. The study results de � ne hourly wind power pro � les for
location speci � c optimal turbine type at optimal hub heights ac-
cording to lowest LCOE in 0.45 � � 0.45� resolution. The optimisa-
tion is performed for the period from 2020 to 2050 in 5-year steps.
The novelty of this paper is estimation of wind electricity yield in
hourly resolution for optimal wind turbines and hub heights in a
global-local scale instead of applying a single reference turbine (or
hypothetical average turbine) at one � xed hub height to all loca-
tions, as reviewed in Section 2. Applying the novel wind pro � les
calculation in hourly resolution to ESM will allow to signi � cantly
improve the quality of energy system transition studies and prop-
erly estimate the role of wind power generation.

Notably, the aim of this study does not include an assessment of
the global wind power potential. There have been various studies
assessing the wind power potential in the past with different ap-
proaches [14e 23]. Nevertheless, the wind electricity yield pro � les
of this study may be used to estimate the wind power potential.

The paper is organised as follows. A literature review of wind
power modelling in energy scenarios is presented in Section 2.
Materials and Methods are described step-by-step in Section 3,
followed by the visualised Results in Section 4. The Discussion and
the analysis of the results, in addition to the limitations of the study
and future research recommendations, are discussed in Section 5.
Finally, the Conclusion is drawn in Section 6.

2. Wind turbine modelling in energy scenarios

This literature review focuses on energy system analyses with
RE shares of at least 95% in at least one major energy sector. In total
550 articles published in scienti � c journals are reviewed as further
detailed in Khalili et al. [ 24] and these studies cover a speci � c
geographic entity, from the level of islands and cities, to states and
countries, large economic rims, continents, and the world. From the
basis of these articles all global 100% RE system analyses were
selected, as described in more detail in Ref. [ 25]. In addition,
selected articles for major regions and continents covering practi-
cally all active research teams in the � eld and a broad variety of
ESM tools, as investigated by Lopez et al. [26], are reviewed for
wind turbine modelling. The aim of this review is to retrieve in-
sights on which types of wind turbines are used, corresponding hub
heights and the methods applied.

Some of the key studies are summarised in Table 2. From the
global 100% RE system analyses, 14 articles were analysed repre-
senting the work of 12 different teams. However, only two teams,
Jacobson et al. [2,27] and Breyer et al. at LUT [ 1,5] provide details on
how wind power generation is modelled, the other 10 teams do not
disclose further details, which indicates that reporting standards
must be further improved. Jacobson et al. use a REpower 5 MW
turbine at 100 m hub height, while the LUT team uses an ENERCON
E-101 3 MW turbine at 150 m hub height. In other articles on major

Abbreviations

CAPEX Capital Expenditure
crf capital recovery factor
FLH Full Load Hours
IEC International Electrotechnical Commission
LCOE Levelised Cost of Electricity
NASA National Aeronautics and Space Administration
OPEX Operational Expenditure
PV Photovoltaic
RE Renewable Energy
WACC Weighted Average Cost of Capital

Table 1
Wind classes according to IEC 61400.

Wind class Average wind speed [m/s] Extreme wind gust [m/s]

I 10 70
II 8.5 59.5
III 7.5 52.5
IV 6 42
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regions in the world, not a single explicit wind generation method
is disclosed, except in the publications of the LUT team [ 25], all
using the ENERCON E-101 3 MW on 150 m hub height, and except
Europe. Similar to global 100% RE transition studies, the reporting
standards should be also improved on major region and continental
levels. Europe is the most intensively studied region for 100% RE
system studies in the world [ 28], also using the most sophisticated
methods developed for energy system analyses. For Europe, 22
different articles on 100% RE systems have been analysed and
published between 2010 and 2021. 16 different teams with 9
different methods were found, while the teams of Breyer et al. [ 29]
and the Reiner Lemoine Institut (RLI) [ 30] use the same method,
tracing back to the same source [ 31]. The teams of Greiner et al.
[32], Brown et al. [ 33] with Victoria et al. [ 34] started with the
generic method of Heide et al. [ 35], later used the method of
Andresen et al. [ 36], and in latest publications the method of
H€orsch et al. [ 37]. Ringkjob et al. [ 38] and Troendle et al. [ 39] use
methods of Staffell and Pfenninger [ 8], while Boie et al. [ 40] use
methods of P� uger et al. [ 41], all of which reproduce the European
mix of wind turbines. Zappa et al. [ 42] is the only identi � ed article
that uses a method, which is also suggested in this research. Zappa
et al. model wind generation for three wind classes in Europe and
use Vestas wind turbines V105, V117, and V126. The advancement
of this research is to expand the approach of Zappa et al. not only on
the global level, but also to optimise the hub height for lowest LCOE
and to include wind gust for a further improved match of wind
turbines with local conditions.

All turbines are from European wind turbine manufacturers,
namely REpower, ENERCON, Siemens and Vestas. Four different
teams use ENERCON turbines, two collaborating teams use a
Siemens turbine, two teams use Vestas turbines, one team uses a
REpower turbine, while three teams use a mix of turbines. Almost
all turbines are between 3 MW and 5 MW. The hub heights are
between 80 m and 150 m. The methods span a wide range of ESM in
the � eld of 100% RE system analyses. Studies for Europe set the
highest standards in reporting, details in methods and continued
improvements of methods and data.

A more comprehensive review of onshore wind power assess-
ments is presented in McKenna et al. [ 46], where main criticisms
revolve around the turbine characteristics (outdated power curves
with low hub heights), limited scope of turbines represented
(usually only one turbine), lack of consideration of wind classes
(usually no wind class is mentioned) and disregard for extreme
wind gust effects. This study aims to address most of the recom-
mendations provided by McKenna et al., including a sensitivity
analysis to avoid giving an impression of “set-in-stone ” results and
providing access to raw results data for further appropriation.

3. Materials and Methods

The global wind speed data was obtained from NASA [ 47,48] and
reprocessed by the German Aerospace Centre [49] in 0.45 � � 0.45�

and hourly resolutions. Similarly, the global roughness length data
was obtained from Refs. [ 47e49]. The global air density values were
obtained in a 1 � � 1� resolution [ 40,47,48] and linearly interpolated
into a 0.45 � � 0.45� resolution. The global wind gust data was ob-
tained from Tan and Fang [ 50] in a 0.00833 � � 0.00833� resolution
and linearly interpolated into a 0.45 � � 0.45� resolution.

The latest data for wind turbines was obtained from ENERCON,
representing the product portfolio of 2020. The data includes po-
wer curves at sea level air density (1.225 kg/m 3) and various lower
air densities. Several other wind turbine manufacturers were con-
tacted, but only ENERCON was open to collaborate and provided the
data, therefore other manufacturers were excluded. ENERCON
provided power curves for six latest commercially available wind
turbines for three wind classes as listed in Table 3 [51] and
permitted to showcase the power curves, shown in Fig. 1 [52].

3.1. Wind power

The hourly wind speed data are for wind conditions observed in
2005 at a height of 50 m. Wind speed at 90 m was calculated using
the logarithmic wind pro � le function [ 53], as shown in Eq. (1):

UðzÞ ¼Uðzr Þ,
ln

�
z
z0

�

ln
�

zr
z0

� (1)

Wind speeds for heights at 100 m and above were calculated
using the power law wind pro � le function [ 54,55], as displayed in
Eqs. (2) and (3 ):

UðzÞ ¼Uðzr Þ,
za

zr
(2)

Table 2
Identi � ed wind turbines, hub heights, temporal resolution, ESM tools and methods for wind generation modelling in 100% RE system analyses.

Teams Region Turbine Power [MW] Hub height [m] Temporal resolution ESM tool Methods

Jacobson et al.[2,27] Global REpower 5 100 hourly GATOR-GCMOM Jacobson et al. [2,27]
Breyer et al. at LUT[1] ENERCON E-101 3 150 hourly LUT-ESTM Bogdanov and Breyer [43]

RLI[30] Europe ENERCON E-101 3 150 hourly elesplan-m Plessmann et al. [ 30]
Greiner et al. [36] Siemens SWT 3.6 3.6 90 hourly AU model Andresen et al. [ 36]
Brown et al. [37] Vestas V112 3 80 hourly PyPSA H€orsch et al. [ 37]
Victoria et al. [34] Siemens SWT 3.6 3.6 90 hourly PyPSA Andresen et al. [34]
Breyer et al. at LUT[29] ENERCON E-101 3 150 hourly LUT-ESTM Bogdanov and Breyer [43]
Zappa et al. [42] Vestas V105, V117, V126 3.3 150 hourly PLEXOS Zappa et al. [42]
Reichenberg et al.[44] ENERCON E-103 EP2 2.35 93 2920 time slices greenVRE Reichenberg et al. [44]
Ringkjob et al. [38] EU28 turbine mix 48 time slices TIMES Staffell and Pfenninger [ 8]
Troendle et al. [39] EU28 turbine mix hourly Calliope Staffell and Pfenninger [ 8]
Boie et al. [40] EU28 turbine mix hourly PowerACE P � uger et al. [ 41]
Robinius et al. [45] ENERCON E-126 EP4 4.2 hourly FINE Welder et al. [45]

Table 3
Wind turbines from ENERCON in 2020.

Wind Class Name Rated power [kW]

I E-115 EP3 4200
E-136 EP5 4650

II E-126 EP3 4000
E-147 EP5 5000

III E-138 EP3 4200
E-160 EP5 4600
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a ¼
1

ln
�

z
z0

� (3)

where U(z) is the wind speed at height z, U(zr) is the wind speed at
reference height zr (50 m), a is the power law exponent and z0 is the
roughness length. The surface roughness data was taken from the
measurements made in 1984, though the general surface rough-
ness of Earth is assumed to not have changed signi � cantly in the
following years. For the purposes of this study, wind speeds were
calculated for the following heights: from 90 m to 170 m in 10 m
intervals and from 170 m to 260 m in 15 m intervals. These heights
were chosen to represent the range of hub heights in real world
onshore wind turbine installations. The maximum hub height was
assumed to be limited to 170 m in 2020 and gradually rising to
260 m in 2050, as shown in Fig. 2, continuing the trend of
increasing hub heights in the industry [ 56].

The power generated was calculated according to wind turbine
power curves provided by ENERCON, by interpolating with corre-
sponding wind speeds.

To re� ect the impact of air density, the equivalent wind speed
approach was used. Equivalent wind speed was calculated as the
speed at which the air � ow with standard air density would have
the same energy content as the air � ow with actual wind speed and

air density, as shown in Eq. (4):

Ueq ¼ Ureal,
�

r
r r

� 1 =

3

(4)

where Ueq is the equivalent wind speed at air density r , Ureal is the

Fig. 1. Power curves for wind class I (top), wind class II (centre) and wind class III (bottom) ENERCON wind turbines at sea level air density [ 51,52].

Fig. 2. Maximum hub heights assumed. Upper limits of hub heights re � ect industry
trends and technical feasibility.
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measured wind speed at reference air density r r (sea level, 1.225 kg/
m3).

Hourly CF were calculated for each turbine with air density
adjusted wind speeds at different heights. To calculate CF, the
following Eq. (5) was used:

Capacity Factorh ¼
Powerh

Nameplate Power
(5)

The CF at every hour of a year enables the calculation of annual
FLH, using the Eq. (6):

FLH¼
X8760

h¼1

Capacity Factorh (6)

FLH is a sum of CF for each hour. While FLH is of limited value as
a standalone number, it is an important part of the LCOE
calculation.

3.2. Levelised cost of electricity

An optimal wind pro � le is de� ned as the CF distribution of the
lowest LCOE of a de� ned turbine at the range of considered hub
heights. LCOE is the key parameter of determining the optimality of
a turbine and a hub height in pure economic terms. While there are
various factors that could deter the installation of wind farms, such
as societal preferences and landscape preservation [ 57,58], or
lessen pro� tability, such as distance to power grids [ 59], LCOE here
is purely used to determine the turbine selection and hub height at
one location. LCOE is calculated applying Eq. (7):

LCOE¼
CAPEX, crf þ OPEX

FLH
(7)

where crf is the capital recovery factor, which is a function of
weighted average cost of capital (WACC) and lifetime of the tur-
bines as shown in Eq. (8):

crf ¼
WACC, ð1 þ WACCÞN

ð1 þ WACCÞN � 1
(8)

WACC and lifetime N were assumed to be � xed at 7% and 25
years, respectively, for all turbines throughout all years.

Operational expenditure (OPEX) values were set uniformly
across the turbines and CAPEX values were calculated separately
for each wind class turbine with decreasing values throughout the
years, with the following reference values in Table 4 adopted from
Ref. [60]. The wind class average of the CAPEX assumptions of [60]
matches the assumptions of Bogdanov et al. [ 5] within a range of
2e 5%. The projected fall of CAPEX values is in accordance with the
historical trend of falling prices for onshore wind turbines.
BloombergNEF documents global wind turbine price index over the
period 2009 e 2019 where the price falls from 1.52 to 0.7 $m/MW, or
a 58% drop [61]. Renewable Power Generation Costs in 2020 report
by IRENA [62] documents a fall in total installed costs of onshore
wind projects for the period 1983 e 2020. For instance, the global
mean cost fell from ~3400 in 1990 to ~1400 USD/kW in 2020, a
roughly 59% drop. The preceding fall and the forecasted fall in
prices per MW can be explained by economies of scale, learning-
by-doing with a respective learning curve. Technology upgrades
may increase the total costs of a nacelle but falling tower prices and
increasing rated capacities can lead to lower price per MW.

The key part of determining the hub height at the lowest LCOE
for a given turbine is the calculation of CAPEX as a function of
height. While higher hub heights can enable turbines to capture
steadier winds, leading to higher wind electricity generation, the
need for stronger foundations and sturdier towers can lead to rapid
escalation in CAPEX. Thus, the rate of growth of CAPEX as a function
of height can determine the optimal hub height for a turbine. The
following Eqs. (9)e (11) were used to calculate the CAPEX as a
function of height for each turbine at wind classes I, II and III by � rst
separating the tower CAPEX from the turbine CAPEX and then
adjusting the tower CAPEX to the respective hub heights and
adding again the nacelle CAPEX:

CAPEXðIÞ ¼

8
>>>><

>>>>:

max
�

CAPEXr ðIÞ, TwrShrðIÞ, ð1 � 2:1%, ð110 � HÞÞ; CAPEXr ðIÞ,
TwrShrðIÞ

2

�
þ CAPEXr ðIÞ, ð1 � TwrShrðIÞÞ; H � 110

CAPEXr ðIÞ, TwrShrðIÞ, ð1 þ 2:1%, ðH � 110ÞÞ þCAPEXr ðIÞ, ð1 � TwrShrðIÞÞ; 110 < H � 130

CAPEXr ðIÞ, TwrShrðIÞ, ð1 þ 2:1%, ð130 � 110Þ þ 1:6%, ðH � 130ÞÞ þCAPEXr ðIÞ, ð1 � TwrShrðIÞÞ; H > 130

(9)

CAPEXðIIÞ ¼

8
><

>:

max
�

CAPEXr ðIIÞ, TwrShrðIIÞ, ð1 � 2:1%, ð130 � HÞÞ; CAPEXr ðIIÞ,
TwrShrðIIÞ

2

�
þ CAPEXr ðIIÞ, ð1 � TwrShrðIIÞÞ; H � 130

CAPEXr ðIIÞ, TwrShrðIIÞ, ð1 þ 1:6%, ðH � 130ÞÞ þCAPEXr ðIIÞ, ð1 � TwrShrðIIÞÞ; H > 130

(10)

Table 4
Reference values for CAPEX and OPEX.

Years Wind Class I [V/kW] Wind Class II [V/kW] Wind Class III [V/kW] OPEX [V/kW]

2020 1080 1295 1395 23.0
2025 1034 1228 1328 21.2
2030 988 1161 1261 20.0
2035 914 1086 1186 19.3
2040 840 1010 1110 18.8
2045 811 977 1077 18.3
2050 782 943 1043 18.0
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where CAPEXr is the reference CAPEX from Table 4, TwrShr is the
share of tower CAPEX for all structure cost out of total CAPEX,
shown in Table 5, and H is the installation height. The rise in tower
CAPEX is 2.1%/m up to 130 m and 1.6%/m from 130 m onwards.
Reference hub heights for turbines of the three wind classes are set
to default values of 110, 130, and 150 m, respectively, and shown in
Table 5, which are also around the median hub heights offered by
ENERCON [51]. Essentially, if a turbine is installed at a reference
height, then the � nal CAPEX is equal to the reference CAPEX from
Table 4; otherwise, every added or deducted meter increments or
decrements the CAPEX by either 1.6%/m if installed above 130 m or
2.1%/m if installed below 130 m. The fundamental basis of these
assumptions is taken from Lantz et al. [ 63] based on a detailed
tower CAPEX investigation for the US wind market. Current tower
CAPEX and the average projections for 2030 as ratio to the total
wind power plant CAPEX are around 20% for a hub height of 80 m
and 110 m in 2030, which is set as the default value for the Wind
Class I at hub height 110 m. The tower CAPEX share for Wind Class II
turbines at 130 m hub height is calculated based on the values for
Wind Class I turbines applied to the wind power CAPEX of Wind
Class I turbines (see Table 4) and divided by the reference wind
power CAPEX of Wind Class II turbines. The same is applied for the
tower CAPEX share of Wind Class III turbines. Fraunhofer [ 64] re-
ported that the average hub height of turbines installed in Germany
in 2018 was 133 m, which is the average across reference hub
heights of the three wind classes.

LCOE calculations were performed for each of the six turbines at
each of the 15 heights, resulting in 90 matrices for each of the seven
5-year time steps, totalling in 630 matrices for the full analysis.

3.3. Wind gust

To account for the extreme wind gust limitations, the global wind
gust data (Fig. 3) was applied onto the LCOE matrices. The co-
ordinates with wind gust speed above the threshold level for each
wind class, as shown in Table 1, were excluded for the respective
wind turbine. In addition to the binary exclusion according to the
extreme wind gust, the hub height can also vary depending on the
wind gusts. While the threshold values may permit a certain wind
class turbine to be installed at the location, the maximum hub height
may be limited. Forces exerted by wind gust on the foundation
structure of the turbine increase with the hub height, thus requiring
further enforcement in the foundation for the tower to maintain
structural integrity. The enforcements entail further capital expen-
ditures. To the best knowledge of the authors, there were no stan-
dards or scienti � c publications regarding CAPEX related to
enforcements against wind gusts. Therefore, it is assumed that if
wind gusts exceed the threshold limits mentioned in Table 6, the
hub height of a turbine in this high wind gust area is limited to the
upper limit of onshore wind turbine installation hub height in 2020
of 160 m. The listed values have been chosen for limiting the
effective forces at the turbine according to the wind gust limit of
59.5 m/s for wind class II and 52.5 m/s for wind class III [ 7] as an
indicator for the limitation of the wind class I and wind class II,C
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Wind class speci� c assumptions for calculation of CAPEX.

Wind Class I Wind Class II Wind Class III

Hr [m] 110 130 150
TwrShr 20% 23.7% 29.0%

Results of CAPEX calculations for the three wind classes and all heights throughout
the years from 2020 to 2050 are available in the Supplementary Material ( Tables S1-
S3).
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respectively, while the limit for wind class III is extrapolated.
Subsequently, wind turbines to be considered for installation at

coordinates that have wind gusts above the cut-off value or wind
turbines with hub heights above 160 m and with wind gusts above
the threshold speeds in Table 6 were excluded from the analysis for
the affected hub heights.

Fig. 4. Flowchart of the methodology.

Fig. 3. Global wind gust dataset according to Tan and Fang [ 50].

Table 6
Wind class speci� c wind gust thresholds for hub height limitation at 160 m.

Wind Class I Wind Class II Wind Class III

Wind gust threshold [m/s] 59.5 52.5 45.5
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Due to incomplete wind gust dataset, it was additionally
assumed that ocean coastlines experience high extreme wind
gusts, thus a 100 km coastline buffer was added globally. The
waterbodies enclosed by land were excluded from the coastline
buffering, i.e., Mediterranean, Black Sea, Caspian Sea, Red Sea, Baltic
Sea, the Great Lakes of North America, etc. The wind class III tur-
bines were excluded from being installed in the 100 km coastline
zone.

3.4. Lowest LCOE

Finally, the lowest LCOE was found indexing through the
matrices and � nding the minimum LCOE for each turbine at each
hub height. Subsequently, the heights and the turbines with lowest
LCOE were obtained by indexing through the lowest LCOE matrices.
In addition, FLH values of lowest LCOE turbines and heights were
obtained.

The � owchart of the methodology is shown in Fig. 4.

4. Results

Results will be presented in the following structure: Section 4.1
presents optimal wind turbines and hub heights for a set of
geographically dispersed coordinates that were calculated in a

spreadsheet; the coordinates are chosen to help validate the results
of the simulation; Section 4.2 presents the results in global-local
resolution.

4.1. Validation

To validate the results of the simulation, a set of geographically
dispersed locations with high FLH were chosen to be calculated in a
spreadsheet following the steps according to Fig. 4. The map of the
chosen locations is shown in Fig. 5.

First, CAPEX values for the whole range of hub heights were
calculated for 2050, as shown in Table 7. Next, FLH values for the
chosen coordinates for all turbines were obtained from the simu-
lation. CAPEX and FLH values were used to calculate the LCOE for
each turbine at the chosen coordinates, alongside the default values
for OPEX at 18 V/kW, WACC of 7% and lifetime of 25 years. The
resulting LCOE values were compared and the minimum LCOE
values were selected, alongside the corresponding cost-optimal
turbine, hub height and FLH values. The results of the validation
are available in the Supplementary spreadsheet S2. Steadier winds
at higher hub heights enable greater electricity generation leading
to higher FLH. However, given the � nancial assumptions in this
study, the lowest LCOE is reached at 120 m hub height in 8 of the 11
locations and all with a wind class III turbine. As given in Tables 4
and 5, the reference CAPEX assumption for the wind class III tur-
bine for 2050 is 1043 V/kW for a reference hub height of 150 m. The
cost-optimal hub height of 120 m is 30 m below the reference
150 m, i.e., according to Eq. (10), the CAPEX of this wind class III
turbine is 151 V/kW lower. The sites in Scotland, Yamal (Russia) and
Gujarat (India) were blocked for the wind class III turbines, as they
fall under the 100 km coastal buffer zone. Scotland and Yamal � nd
the lowest LCOE for wind class I turbines at 90 m hub height, and
Gujarat for a wind class II turbine at 100 m hub height. The FLH
range from 3008 h in Finland to 5680 h in Patagonia, which lead to
the lowest LCOE range from 16.74 V/MWh in Patagonia to 29.84
V/MWh in Gujarat. The FLH increase due to higher hub heights is
lowest for excellent wind sites, as it reaches 13.1% in Patagonia for
an increase from 90 m to 260 m, while the range of all sites is be-
tween 13.1% and 22.9%, except Finland, where the increase reaches
44.2%. As shown in the Supplementary spreadsheet S2, LCOE for the
E-160 EP5 III turbine decreases from the minimum 90 m hub height
continuously until 120 m hub height, however, for higher hub
heights, LCOE increases again. While the FLH increases on average

Fig. 5. Validation locations for regions of excellent wind resources across the world.

Table 7
Hub height speci � c CAPEX values calculated for each wind class in 2050.

Height [m] CAPEX [V/kW]

Wind Class I Wind Class II Wind Class III

260 1173 1408 1575
245 1135 1354 1503
230 1098 1301 1430
215 1060 1247 1358
200 1023 1193 1285
185 985 1140 1212
170 948 1086 1140
160 923 1050 1091
150 898 1015 1043
140 873 979 995
130 848 943 946
120 823 896 892
110 782 849 892
100 749 831 892
90 716 831 892
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Fig. 6. Hourly wind pro � les of three wind class turbines E-136 EP5 IA (top left), E-147 EP5 IIA (top right) and E-160 EP5 IIIA (bottom) at 120 m in Patagonia at the coordinates 50 � S,
70� W.

Fig. 7. Average wind speeds at 90 m (top left), 185 m (top right) and 260 m (bottom).
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by 1% for the chosen locations between 120 m and 130 m, the
CAPEX jumps by 5%, which boosts the LCOE. This indicates a strong
sensitivity correlation of LCOE to the tower CAPEX and the related
foundation structure, as the tower CAPEX increase with the in-
crease in FLH. The parameter of the lowest LCOE as presented in this
section can be found in the more aggregated results of the next
section.

Fig. 6 shows the wind electricity yield hourly pro � les (CF) of
three wind class turbines for a sample location in Patagonia for
demonstration purposes. The optimisation model determined the
E-160 wind class III turbine at 120 m to be optimal for local con-
ditions, as the turbine achieves 5644 FLH at 892 V/MW CAPEX. It
can be observed at a closer inspection on Fig. 6 that the pro � le
diagram of the wind class III turbine leans more towards a 100% CF
than the other two diagrams. The wind class I and II turbines
achieve 4855 and 4988 FLH at 823 and 896 V/MW CAPEX,
respectively. Even though the wind class III turbine has an 8%
higher CAPEX, its FLH for this coordinate are 16% above the FLH of
the wind class I turbine, thus it achieves the lowest LCOE. Addi-
tionally, with the wind class III turbine the system will also bene � t
from more stable hourly generation and thus energy storage de-
mand may be reduced. In the same vein, the higher hub heights
provide marginally higher FLH for this location for the E-160 tur-
bine, rising on average 0.8% for every 10 e 15 m, whereas the CAPEX
climbs up at over 4% with each hub height rise. Similarly, the higher
hub heights also lead to more stable generation, but bene � t is too
low relative to the CAPEX increase.

Additionally, a comparison with resulting CF of other studies
were carried out to validate the results of this research. Bosch et al.
[65] provides CF data on a country basis in 288 month-hour reso-
lution and they breakdown the country grids into CF tranches from
15% up to 55%. To continue with the sample location above, Bosch
et al. report CF values for Argentina of 8% in the lowest tranche and
57% in the highest tranche, and the CF results of this research for
Argentina fall between 5% and 70%, though Bosch et al. consider
more granular geographical data, such as protected areas, land use
suitability factor, terrain gradient and altitude. Lu et al. [ 11] provide

another view at a global CF picture with a time resolution of 6 h. The
Fig. 7 in Ref. [11] shows a “map of the ef � ciencies with which tur-
bines with rotors centred at 100 m might be capable of converting
wind energy to electricity ”, in contrast to the map of FLH ( Figure S3)
of this paper that shows the cost optimal FLH. The similarities with
the results of this paper can be observed globally, though the re-
sults of Lu et al. have a wider range, as can be seen in UK, Central
Asia, and Northern Russia.

4.2. Geo-spatial results

4.2.1. Wind speed
The initial step of the simulation was the calculation of wind

speeds at different heights. Fig. 7 shows average wind speeds at 90,
185, and 260 m. The darkest blue patches mostly correspond to the
tropical rainforests with high surface roughness and consequently
low wind speeds, averaging less than 3 m/s. The areas with high
wind resources can be observed in Patagonia, the UK, Midwest of
the United States, the Horn of Africa, Southwest Australia, among
many others. Greenland is one of the regions with the best wind
resources in the world, while only a small fraction is accessible
where no ice shields block installations. As expected, global average
wind speeds increase at higher heights. Notably, high winds can
also be observed on the Tibetan plateau, however due to the high
elevation, air density is lower in this region and thus there is less
energy in the winds across this region. The average wind speeds at
all heights are available in the Supplementary Material ( Figure S1).

4.2.2. Lowest LCOE
Fig. 8 shows the lowest LCOE for 2020, 2035 and 2050. As ex-

pected, with declining CAPEX, the LCOE decreases worldwide from
2020 to 2050, from around 30 V/MWh in 2020 in USA (Midwest),
Canada (Quebec), China (Northeast), Russia (Yamal), Kenya and UK
to values below 20 V/MWh, roughly a 33% decrease. LCOE values in
Patagonia drop almost 50% from around 20 V/MWh to 10 V/MWh.
LCOE is in the range of hundreds to thousands of euros per MWh in
the tropical rainforest belt due to low average wind speeds and low

Fig. 8. Lowest LCOE values in 2020 (top left), 2035 (top right) and 2050 (bottom).
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wind electricity yield. Additionally, the effect of air density on the
Tibetan plateau can be observed in Fig. 8. Even though the Tibetan
plateau has similar wind speeds as the Midwest, USA, the LCOE in
Tibet is on average higher than in the Midwest, because the wind
electricity yield is lower, since there is less energy available in the
wind, due to the lower air density, which reduces the power of the
wind by 17%, as the air density is about 1.167 kg/m 3 and 0.716 kg/m 3

for an average altitude of 400 e 600 m and 4000 m in the Midwest,
USA and Tibetan plateau, respectively. Large regions of excellent
wind resources for low LCOE can be found in the Midwest, USA,
Northeast Canada, Patagonia, Europe to Central Asia and many re-
gions of Russia, North Africa with Sahara Desert and Middle East,
Southern Africa, Mongolia, Northern regions of China, and
Australia. Global distribution of lowest LCOE values for all years are
available in the Supplementary Material ( Figure S2).

4.2.3. Lowest LCOE heights
Fig. 9 shows hub heights that correspond to the lowest LCOE.

Majority of the locations reach cost-optimal conditions at 120 m
hub height. The areas with very good wind resources attain cost-
optimality at 90 m, such as some parts of Patagonia and the UK,
where the surface roughness is relatively low and thus wind con-
ditions do not considerably improve at higher heights. This is a
common characteristic of all best wind sites in the world. In addi-
tion, the effects of the 100 km coastal buffer zone can be seen at a
closer inspection. The outlines of the continents have slightly lower
optimal hub heights, mostly at 110 m. Global distribution of hub
heights that correspond to the lowest LCOE for all years are avail-
able in the Supplementary Material ( Figure S4).

4.2.4. Lowest LCOE turbines
Fig. 10 shows the installed turbines that correspond to the

lowest LCOE. Almost uniformly, the relatively low speed wind class
III turbines attain the lowest LCOE. The E-160 wind class III turbine
with a 160 m rotor diameter has a power curve that allows to
maximise the energy output in most regions with average wind
speeds of around 6.5e 8.5 m/s. The E-160 turbine enables the

highest wind electricity yield for the observed wind speeds, thus
achieving the lowest cost per unit of energy. Regions with the best
wind resources, such as Patagonia, Yamal, the UK, Greenland, and
Atlantic coast of Northeast America, opt for the wind class I turbine
with the best performance at the observed average wind speeds in
these regions. The tropical regions attain their lowest LCOE with a
wind class II turbine, but the region is not worth considering given
that LCOE is in the range of hundreds to thousands of euros per
MWh. In addition, the constraints of extreme wind gusts can be
observed at the coastlines. Wind class III turbines are blocked at the
coastal regions, so most regions opt for the wind class II turbine
that is well suited for local average wind speeds. Regions with the
highest extreme wind gusts can only install turbines of wind class I,
such as Taiwan and Luzon (Philippines) in the Northwest Paci � c
Basin. Global distribution of turbines that correspond to the lowest
LCOE for all years are available in the Supplementary Material
(Figure S5).

5. Discussion

5.1. Possible impact on energy system modelling

As shown in the results, there exists a certain hub height that
enables the lowest LCOE for a given turbine and going beyond that
height does not pay off the rising CAPEX, owing to diminishing
returns on the additional meters of height. The slightly higher
average wind speeds at greater hub heights may enable higher
wind electricity yields but given the applied � nancial and technical
assumptions the additional yield is not worth the investments in
stronger foundations and taller towers. Moreover, the average wind
speeds at moderate heights around the world seem to ideally � t the
power curves of wind class III turbines, which indicates the domi-
nance of the E-160 EP5 IIIA turbine in this study. The wind class III
E-160 EP5 IIIA turbine can deliver the highest power for the
observed wind speeds of around 6.5 e 8.5 m/s at different heights in
most regions. The � nancial assumptions regarding the CAPEX,
OPEX, WACC and lifetime, applied in this study, allow the wind

Fig. 9. Hub heights that correspond to the lowest LCOE in 2020 (top left), 2035 (top right) and 2050 (bottom).
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class III turbine to deliver the lowest LCOE among all turbines.
Different assumptions regarding the CAPEX and the hub height
related CAPEX rise may result in different outcomes but given that
the calculated average wind speeds at different heights do not
change dramatically, the CAPEX assumption would need to be
substantially different to replace the wind class III turbine from the
obtained dominance in this study. Important to note is that this
study does not estimate an economic potential of wind power in
the world [ 46] but aims to determine optimal yields as de � ned by
the lowest LCOE turbine at a lowest LCOE hub height. Economic
potential can be estimated if the resultant LCOE data are appro-
priated with custom “pro � tability ” targets, as in Refs. [17,22,23].
Critically, the costs in this study are also projected until 2050 which
helps to avoid the drawbacks of some studies, as mentioned by
McKenna et al. [ 46], that can lead to an underestimation of eco-
nomic potential in later years.

The results have also been implemented in a step-by-step
manner in a spreadsheet approach in a fully traceable format to
validate the outcome of the simulation. A set of eleven geograph-
ically dispersed locations were chosen to undergo the manual
validation and the results fully match the output of the simulation.
Most regions in the validation also prefer the wind class III turbine
at 120 m. In fact, all regions prefer the wind class III turbine at

120 m, but the nodes of Scotland, Yamal (Russia) and Gujarat (India)
were blocked as they lie in the 100 km coastline zone of high wind
gust. The spreadsheet � le facilitates further investigation to
observe the sensitivities of � nancial assumptions.

Results of this study were compared to the approach used in
global and national energy transition modelling studies. For
instance, the latest study by Bogdanov et al. [ 5] relies on the wind
pro� le based on the ENERCON E-101 turbine at a� xed hub height of
150 m. The results of the study by Bogdanov et al. [ 5] show that
wind energy peaks at 42% of total global electricity generation in
2030 averaged for the world, and later solar PV electricity genera-
tion dominates the system with a 76% share in electricity genera-
tion by 2050. The results of the present study may have changed
the electricity generation mix of such a global energy modelling
study with improved results for low-cost wind electricity genera-
tion. Notably, some regions of the world had higher FLH in the E-
101 wind pro � le, such as the Atacama Plateau and the Tibetan
Plateau. This is explained by distorted consideration of air density
in the approach used in the E-101 wind pro � le that led to some
overestimation of wind energy available in the winds at elevated
altitudes. The wind yield for the E-101 wind turbine at 150 m hub
height was modelled according to Eqs. (1)e (6) for comparing the
results with this research. Fig. 11 shows the differences in FLH

Fig. 10. Turbines that correspond to the lowest LCOE in 2020 (top left), 2035 (top right) and 2050 (bottom).

Fig. 11. Absolute (left) and relative (right) differences in FLH between the results of the optimised turbine con � guration of this research and the E-101 at 150 m hub height in 2035.
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values between the E-101 wind yield and the wind yield of the
optimised turbine con � guration of this research in absolute and
relative terms. The positive values in the diagrams indicate FLH
gains in the wind yield of this study compared to the E-101 for a
� xed hub height at 150 m. The global FLH of this study are mostly
higher compared to the FLH of the E-101 wind pro � le due to the use
of more ef � cient turbines. Majority of the locations indicate FLH
gains between 500 and 800 h on average, which equals a relative
gain of about 10 e 30% in many regions. In most of the locations,
turbine class optimisation plays the most important role, only in
the regions with high surface roughness the hub height optimisa-
tion also contributes to the cost optimisation. Turbine class opti-
misation, and utilisation of data from more modern turbines
compared to the E-101, allowed to reach the overall higher FLH at
lower hub heights, as in most locations the optimal hub height is
120 m, compared to 150 m in case of the E-101. The multi-turbine
multi-hub height cost-optimised approach of this study increased
the FLH of wind electricity generation and the optimised wind
pro� les of this project could potentially enable wind energy to
provide higher shares of electricity generation in ESM studies.

The difference in LCOE values between this research and the E-
101 in absolute and relative terms is shown in Fig.12. The optimised
turbine and hub height con � guration achieves slightly lower LCOE
in many regions of the world, such as the West and East coast of
USA, Canada, Southern Europe, Western China, and Russia, where
LCOE decreases by 10e 20 V/MWh. The availability of six turbines in
three wind classes with the possibility to be installed at different
hub heights allows to � nd the turbine that is best suited for the
local wind conditions at the most optimal hub height leading to
lower LCOE in virtually all regions.

The LCOE values for the E-101 were calculated based on the
CAPEX, OPEX, WACC and lifetime values given inTable 8.

The results of this study can help to minimise the under/over-
utilisation of wind power in ESM, thanks to a diversi � ed set of
turbines across three wind classes and up-to-date � nancial and
technical assumptions. In contrast to the conventional approach,
where only one turbine at a � xed hub height is used to simulate the
wind power pro � le as practiced for most studies and presented in

Table 2, this study presents wind power pro � les for a set of six
turbines with a cost-optimised turbine and hub height
investigation.

As summarised in Table 2, Zappa et al. [42] presented the only
identi � ed energy system analysis using wind turbines developed
for the wind classes I, II, and III. Ringkjob et al. [ 38], Troendle et al.
[39] and Boie et al. [ 40] use a wind turbine mix of the EU28 of a
de� ned reference year. The limitations of these approaches are that
Zappa et al. have � xed the hub height to 150 m for all wind classes,
while the EU28 turbine mix may have limitations to a future wind
turbine mix and may be constrained by older wind turbines
installed in the past, not representing the latest status of wind
turbine technology anymore. These limitations are overcome in this
research with projections until 2050 for CAPEX and hub heights for
turbines adjusted to the wind classes, so that optimised lowest
LCOE for an optimal set of parameters for the local conditions can
be obtained. The cost-optimised wind power pro � les of this
research may enable lower cost wind energy in future energy
system analyses and potentially lead to higher yields for wind po-
wer in ESM.

Most importantly, the resulting CF of this research are available
in an hourly format (8760 h) in 0.45 � � 0.45� spatial resolution for
all continents. The temporal resolution is crucial for integrating
variable wind power in ESM. There are various studies that provide
a wind power potential and CF estimates in relatively high temporal
and spatial resolution, for instance on country level with daily or
seasonal CFs [11,65,66], but global estimates in hourly resolution
are either missing or many fail to openly provide hourly data.

5.2. Limitations

Although this study is a substantial improvement over the one
turbine and � xed hub height wind power pro � les as practised by
most energy system analyses (see Table 2), there are still limitations
regarding precision, resolution, and diversity of the input data.

First, the 0.45 � � 0.45� resolution of the input data of this study
translates to approximately 50 km � 50 km for each node, meaning
that there is one turbine selected per 2500 km 2. In reality, the
conditions inside an area of 2500 km 2 may not necessarily be
uniform and can change dramatically, depending on surface
roughness and other geographical features of the area. Also, the
wind speed data used in this study is in an hourly resolution and
thus it cannot respond to the changes in wind speed occurring
within an hour. Data with higher granularity and higher temporal
resolution would help to resolve these limitations and could lead to
different results for some speci � c locations with high wind speeds
and high surface roughness.

Second, the wind speed data from NASA [ 47,48] was a real-
world measurement at a 50 m height and reprocessed by German
Aerospace Center [49]. This data cannot be as reliable as real onsite

Fig. 12. Absolute (left) and relative (right) differences in LCOE between the results of the optimised turbine con � guration of this research and the E-101 at 150 m hub height in 2035.

Table 8
Financial assumptions for the ENERCON E-101 wind turbine.

Years CAPEX [V/kW] OPEX [V/kW] WACC [%] Lifetime [years]

2020 1150 23.0 7 25
2025 1060 21.2
2030 1000 20.0
2035 965 19.3
2040 940 18.8
2045 915 18.3
2050 900 18.0
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lidar measurements, though it is practically a suitable approach to
get reliable data on global scale.

Third, all wind speed data used in this study was mathemati-
cally derived either with a logarithmic or a power law wind pro � le
function linked to the roughness length. Even though the wind
pro� le function is an accurate model of the behaviour of wind, the
actual wind may behave differently in reality. Further improved
data with carefully calibrated wind speed data for various height
levels would be required.

Fourth, the wind speed data represents only a single weather
year (2005). For hourly pro � les calculations it is important to use
real year data as averaged data will lead to unrealistically stable
wind pro � les and underestimation of RE variability. Proper ESM
requires all energy system components to be applied to a speci � c
interdependent meteorological environment so that interactions of
resources are represented. The wind can have inter-annual and
long-term variations, the year 2005 has been chosen as the wind
condition in this year were close to average over the dataset period
in most of the regions. A comparison of longer time-series would be
helpful for more robust analysis and using latest available datasets
[46] could also improve the accuracy of the results.

Fifth, the wind turbine power curve data was obtained from only
one turbine manufacturer, whereas different turbines from various
manufacturers can be used that may optimally � t local conditions
for installation. Ideally, power curve datasets from all commercially
available wind turbines would help to eliminate this limitation.
Unfortunately, such data are not available in the public domain, and
several contacted turbine manufacturers were not willing to share
this important data for scienti � c analyses. This is even more critical,
as latest research results strongly indicate a solar PV dominance in
almost all parts of the world [ 5,67], so more openness would be
foremost for the bene � t of the wind industry.

Sixth, the method for tower CAPEX calculation was calibrated on
best available references. Improvements in tower and foundation
construction and further cost reductions in this most important
part of wind power plants might lead to lower relative tower CAPEX
and thus enable higher hub heights, which could improve the wind
power economics considerably. Moreover, the CAPEX do not
include land costs that can have an impact on the � nal LCOE.
Limited land costs may be regarded as part of the OPEX. A global
database with municipal level land costs would help to minimise
this limitation.

Seventh, wind gust data used in this study was mostly limited to
the regions of the world affected by hurricanes and typhoons. To
the best knowledge of the authors, no global wind gust data was
available at the time of conducting this research. The constraints of
wind gust data compelled the authors to assume a rudimentary
100 km coastal buffer to accommodate the realities of coastal wind
conditions.

Eighth, the WACC is set to be uniform across the globe. As
highlighted by Egli et al. [ 68], WACC can signi� cantly differ across
nations and setting a uniform value for all countries may distort the
reality. However, as responded by Bogdanov et al. [ 69], no dataset is
known for an effective projection of WACC from the present until
2050, which would be required in this research. Ideally, a dataset
with WACC values for every country in the world projected until
2050 would provide more accurate results. WACC can change
signi � cantly from year to year and a countless number of variables
can affect the WACC development in a region, including geopolitics,
economic growth, investor sentiment, global pandemic, natural
disasters, etc.

5.3. Future research recommendations

The next step for this research would be the analysis of offshore

wind power. Offshore wind power is expected to play an ever-
greater role in future energy systems and a similarly multi-
dimensional cost-optimal offshore wind power pro � le is needed.
The hub height optimisation may play a less relevant role due to the
relatively low surface roughness length, while the water depth and
distance to the coastline will play a greater role.

Additionally, the results of this study could be augmented by
including more turbines from different manufacturers. Different
power curves from wind turbines of different manufacturers would
enable � nding a better � t for wind conditions in each location.
Moreover, more detailed data on CAPEX scaling for towers and
CAPEX differences of turbines would enable more precise cost-
optimisation. Also, the results of this study could be improved
upon by using latest climate models listed in Ref. [ 46].

Finally, the importance of this research may be further high-
lighted by comparison studies of applying one turbine at a � xed
hub height versus a set of turbines at optimised hub heights, in
particularly for studying consequences in energy system analyses.

6. Conclusion

The aim of this research was to determine the global-local cost-
optimised onshore wind turbine con � gurations and it was achieved
by simulating wind conditions at � fteen different heights and
comparing the performance of six turbines for three different wind
classes, considering air density, wind gust and the rise in hub height
related CAPEX. The resultant hourly pro � les for wind electricity
yield can be appropriated within ESM to reduce a potential
distortion of the role of wind power among other RE technologies.

The conventional approach applying one turbine with a � xed
hub height tends to underestimate the annual wind electricity yield
for a given location, whereas the optimised turbine and hub heights
method of this study is more closely aligned with real world
approach of harnessing wind. The results demonstrate concrete
calculations of the optimal con � gurations for the given data and
assumptions and provides a framework for further optimisation.
Additionally, given the � nancial and technical assumptions, the
� ndings show the wind class III turbines dominate in parts of the
world with moderate wind speeds above 5 m/s and below 8 m/s, as
it provides the lowest cost electricity production, and its power
curve � ts well for the average wind speeds observed globally at
different heights. Additionally, wind class III turbines provide more
stable hourly generation pro � les, which can be a further bene � t for
energy systems and potentially reduce the storage capacity de-
mand for energy systems with high RE penetration. Meanwhile,
wind class II turbines are preferred in the regions of the world with
high extreme wind gusts, e.g., coastlines up to 100 km, where wind
class III turbines are not allowed to be installed. Wind class I tur-
bines, that are designed for high wind speeds, are preferred in re-
gions of the world with excellent wind resources, such as
Patagonia, North Sea, North Atlantic from Canada via Greenland to
Iceland, where average wind speeds are above 9 m/s, and regions of
the world prone to very high extreme wind gusts above 60 m/s,
such as the Northwest Paci � c Basin. The inclusion of six wind tur-
bines of three different wind classes and hub height adjusted
CAPEX for wind power modelling improves the quality of � ndings
and reduces uncertainties, though the validation shows that results
are highly sensitive to inputs, and further research is required into
wind class adapted CAPEX and rise in hub height related CAPEX
calculations. The results show increase in global wind power FLH
compared to the conventional approach of one turbine at a � xed
hub height, with gains of over 20% in many regions. The supple-
mentary material may help researchers to validate the results of
this study and assess the sensitivity of the assumptions. Although,
this conclusion stands to further prove the consensus of the wind
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industry regarding the optimal con � guration of wind turbines of
different classes, the results of this study can help future energy
system modelling studies to incorporate more robust wind power
potential for regions around the world.
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