Pre prints.org

Article Not peer-reviewed version

Assessing the Impact of Forests on
Wind Flow Dynamics and Wind Turbine
Energy Production

Svetlana Orlova * , Nikita Dmitrijevs , Marija Mironova , Edmunds Kamolins , Vitalijs Komasilovs

Posted Date: 2 December 2025
doi: 10.20944/preprints202512.0310.v1

Keywords: wind energy; wind resource assessment; forest canopy; wake effect; roughness coefficient;
turbulence; vertical wind shear; levelized cost of energy (LCOE)

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2177557
https://sciprofiles.com/profile/4937575
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0310.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article

Assessing the Impact of Forests on Wind Flow
Dynamics and Wind Turbine Energy Production

Svetlana Orlova *, Nikita Dmitrijevs, Marija Mironova, Edmunds Kamolins and Vitalijs Komasilovs

Laboratory “Energy Research Centre”, Institute of Electronics and Computer Sciences, Latvia

* Correspondence: sorlova@edi.lv

Abstract

Forests play a vital role in influencing wind flow by modifying turbulence intensity and vertical wind
shear. As wind turbines are susceptible to these conditions, accurately describing wind flow in
forested environments is vital for ensuring structural reliability and realistic energy yield
assessments. In Latvia, where approximately 51,3% of the territory is covered by forests, the
likelihood of wind turbine deployment in such areas is considerable. However, wind behaviour
within and above forests is complex and strongly influenced by canopy effects, which in turn affect
wake dynamics, structural fatigue, and power production. Advancing research in this field is
therefore crucial for improving the accuracy of wind resource assessment and supporting evidence-
based engineering solutions that enable the sustainable development of wind energy. Moreover, a
better understanding of forest-atmosphere interactions contributes to more precise estimations of the
Levelized Cost of Energy (LCOE), as accurate wind flow modelling directly impacts energy yield
predictions, project feasibility, and long-term economic performance.

Keywords: wind energy; wind resource assessment; forest canopy; wake effect; roughness coefficient;
turbulence; vertical wind shear; levelized cost of energy (LCOE)

1. Introduction

According to the European Green Deal initiative, the European Union aims to achieve climate
neutrality by 2050 [1,2]. Currently, energy production and consumption in the EU account for more
than 75% of the EU's greenhouse gas emissions. In this context, decarbonization is a top-priority task
that requires a profound transformation of the energy system. The European Wind Power Action
Plan sets ambitious targets to increase installed wind power capacity from 204 GW in 2022 to over
500 GW by 2030 [3]. The document outlines measures to promote sustainable growth and enhance
the sector’s competitiveness, including addressing supply chain sustainability. It highlights six key
areas: accelerating the deployment of new capacity, improving the auction mechanism, expanding
access to financing, strengthening international competitiveness, developing skills, and enhancing
industry engagement.

Wind generation in Latvia reached 276 gigawatt-hours (GWh) in 2024, a 1.8% increase from 2023,
accounting for approximately 5.9% of the country's renewable electricity production. Over the 2020
2024 period, output rose from 177 GWh to 276 GWh (+56%), yet wind remains a minor contributor
compared to hydropower (3,210 GWh) and the rapidly expanding solar sector (536 GWh in 2024)
[4,5].

Modern studies emphasise the increasing importance of electrification and the integration of
renewable energy sources in rural and natural areas, where the landscape and underlying surface
characteristics significantly impact generation efficiency [6]. At the same time, the development of
local energy communities and distributed generation models underscores the need to optimise
energy production and management in line with local conditions [7].

Several studies have demonstrated that the wind field above forests exhibits distinct
aerodynamic characteristics that differ significantly from those in open-terrain conditions. The
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airflow is typically characterised by high turbulence intensity, a strong vertical wind shear, and a
pronounced wind veer with height, all of which influence the stability of the boundary-layer flow
and the available wind energy potential [8]. The power function of a wind turbine depends not only
on wind speed and air density but also on vertical wind shear, vertical wind veer, turbulence
intensity, directional variation, and inflow angle. Over forested terrain, surface roughness enhances
wind shear, veer, and turbulence, altering the effective inflow conditions and increasing aerodynamic
loading on the turbine. Therefore, accurate assessment of these parameters is crucial for determining
the optimal hub height and for predicting the annual energy yield and structural performance [9,10].
According to IEC 61400-1:2019, the optimum hub height of a wind turbine is determined not only by
economic and structural constraints but also by compliance with the standard turbulence classes (A,
B, or C). Since turbulence intensity generally decreases with height, even above forests, increasing
the hub height is considered a practical engineering approach to reduce dynamic loading and
enhance energy yield [11].

In forested environments, measurements indicate a wind-speed deficit of approximately 15% up
to 5 forest heights downstream, which gradually diminishes beyond 15 heights, while elevated
turbulence remains detectable up to 20 heights [12].

The levelized cost of energy (LCOE) represents the average total cost per megawatt-hour of
generating electricity over its lifetime, including capital, operational, and maintenance expenses
relative to the total energy produced. Table 1 displays recent LCOE figures for onshore wind energy
in various countries. Costs generally range from 35 to 90 €/ MWh, depending on wind resource
quality, terrain difficulty, and financing conditions. Onshore sites with forests tend to have higher
LCOE due to lower wind speeds and higher construction and maintenance costs.

Table 1. Levelized Cost of Energy (LCOE) for Onshore Wind by Country.

Country [ €I;1\C/[$\:Eh] Reference
Germany (DE) 43-92 [13]
Poland (PL) =37 [14]
Finland (FI) =39 [15]
Sweden (SE) =36 [15]
Spain (ES) =47 [15]
United States
ws) =39 [15]
Baltic States
(EE, LV, LT) =47 + 10 [15,16]

The study aims to assess the impact of forest parameters and seasonal wind variations on the
annual electricity output and economic efficiency of wind turbines installed in forested areas.
Specifically, the research examines how canopy height, forest density, and roughness length impact
wind flow, turbulence intensity, and vertical wind shear, as well as how these factors influence
turbine performance and lifetime. Using WindPRO software, the study simulates wind flow and
wake effects for a selected site in Latvia, providing quantitative estimates of energy yield, capacity
factor, and Levelized Cost of Energy (LCOE). The results contribute to a better understanding of wind
turbine operation in complex forested terrains and support evidence-based decisions in wind farm
planning.

2. Materials and Methods

The presence of forest canopies significantly alters the structure of the atmospheric boundary
layer, generating stronger wind shear and increased turbulence near the surface [17]. These factors
directly affect the aerodynamic behaviour of the blades and the efficiency of wind energy conversion.
Numerical and experimental studies both indicate that the high surface roughness of forested terrain
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reduces wind speed and leads to an uneven velocity distribution at hub height, resulting in decreased
energy production and increased fatigue loads on turbine components [18]. Moreover, the recovery
of the wind profile and turbine wake above forests occurs only at higher elevations and requires a
longer downstream distance. Therefore, the selection of hub height and inter-turbine spacing
becomes a critical design factor for wind farms located in forested areas [19].

Figure 1 illustrates the influence of forested terrain on wind flow behaviour compared with flat
terrain. In the upper diagram, the wind profile over flat land shows a nearly logarithmic increase in
velocity with height, allowing the turbine to operate in a relatively uniform, undisturbed flow field.
In contrast, the lower diagram demonstrates the effects of a forest canopy on wind flow distribution.
The presence of trees increases surface roughness and the displacement height, resulting in a
pronounced wind-speed deficit within and immediately above the canopy layer. This results in a
lower effective wind speed at the turbine hub and increased turbulence intensity in the near-canopy
region.

]

JM\ ]

Figure 1. Illustration of wind flow behaviour around a wind turbine installed on flat terrain and in forested

terrain.

The vertical profile of wind speed is governed by the interaction between the airflow and the
underlying surface and can be described by the logarithmic wind law. As height increases, the
influence of surface friction decreases, leading to higher wind speeds; however, the rate of this
increase depends strongly on the surface roughness length (zo). Larger zovalues correspond to greater
turbulence and energy dissipation, resulting in a slower rise in wind speed near the ground. This
effect is clearly illustrated in the report [20], which demonstrates that for zo = 0.0001 m (smooth
surfaces, such as open water), the wind speed increases rapidly with height, whereas for zo = 3m
(urban or forested terrain), the profile is much more gradual.

Accurate terrain modelling involves the precise parameterisation of surface roughness, which is
impacted by the size, geometry, and distribution of roughness elements such as vegetation, built
structures, and topographical features. The roughness length zo commonly defines the roughness. A
simplified relationship between physical obstacles and z,, as determined by Lettau, is a function of
element height and wind-facing cross-sectional area, as shown in Equation 1.

hxS
|zo] = 05+ ——, @
H

Where h is the mean height of the roughness elements, S is their frontal area facing the wind,
and An is the mean horizontal area per element. This relation provides reasonable estimates when
An > S, but may overestimate z, when elements are densely packed, as the airflow is lifted above
them. In such cases, a displacement height must be considered, representing the level where the
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adequate wind flow begins. For forests or tall vegetation, z, should also be adjusted for canopy
density, since lower canopy density reduces aerodynamic drag compared to solid surfaces [21].

For practical application, roughness is often categorised into discrete classes. In this study, a six-
class system from 0 to 5 is utilised. This scale ranges from Class 0, representing open water surfaces,
to Class 5, representing very dense urban or industrial areas. Forested terrain typically falls within
Classes 3 to 4, with the specific class dependent on canopy type and the corresponding roughness
length (Figure 2). The terrain roughness classification used in this study follows the WasP/WindPRO
method, in which the roughness length z0 ranges from 0.0002 m (open water) to 6.0 m (urban terrain
with exceptionally rough surfaces). Forested areas typically correspond to zo=0.4 m, which equals
roughness class (RC) 3 [22].

Roughness
. - Roughness class,
length, z0 Terrain surface characteristics RC
(m)
0.0002 Water areas 0
Mixed water and land area
0.5
Open farmland with no crossing
0.03 i hedges 1
4

Farmland with some buildings 15

01 Farmland with many buildings < )

Farmland with closed appearance
and dense vegetation 25
Small towns, villages, forests
04 3
Large towns, cities
0.8 35
Large cities with build-up areas and
1.6 high buildings 4
T 4
3.09 Urban terrain with 45
. exceptional roughness
6 | 5

Figure 2. Roughness length, surface characteristics and roughness class.

3. Results
3.1. Study Area

The object of the study is a wind turbine installed in a forested area in the northeast of Latvia
(Figure 4), a region characterised by a temperate cold climate, predominance of forested areas, and
complex terrain of the underlying surface. The selected territory is characterised by a significant
proportion of forest land and a heterogeneous vegetation structure, making it particularly relevant
for studying the influence of the forest canopy on wind profiles, turbulence intensity, wake dynamics,
and, consequently, on wind turbine energy production. The average height of the forest in this area
is approximately 25 metres.

In this study, the Vestas V172-7.2 MW wind turbine is used as the reference model. This modern,
large-scale turbine is designed for moderate and low wind speeds (IEC 61400-1:2019 Class IIA/B and
IIIA/B). Table 2 presents the main technical specifications of the Vestas V172 7.2 MW turbine. The
power curve at an air density of 1.225 kg/m?3is presented in Figure 3. As illustrated in Figure 4, the
study site is located in a densely forested region of northern Latvia, and the comparative height
schematic shows the geometry of the modelled Vestas 7.2 MW turbines. All simulations of wind flow
and energy yield were performed for multiple hub heights.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Main technical specifications of the Vestas V172 7.2 MW.

Model V172-7.2 MW [23]
Standard rated power 7200 kW
Cut-in wind speed 3m/s
Cut-out wind speed 25m/s
Wind class IECS
Maximum sound power 107.8 dB(A)
Rotor diameter 172 m
Rotor swept area 23235 m?
114 m; 150 m; 164
. . m;
Available hub heights 166 m; 175 m; 199
m
Frequency 50/60 Hz
8000
7000
6000
= 5000
=
g 4000
O 3000
a
2000
1000
0
0 5 10 15 20 25 30

Wind speed (m/s)

Figure 3. Power curve of Vestas V172-7.2 MW wind turbine used in the study.

. 5m

16am. |
: 1
em

b)

a)

Figure 4. Location and comparative height illustration of modelled wind turbines. a) satellite image showing the

analysed forested site in northern Latvia; b) scaled schematic of Vestas 7.2 MW wind turbines.

The study used historical data from the NORA3 source. Figures 5 and 6 present the wind roses
and Weibull distributions for measurement heights of 100 m and 200 m, respectively, calculated from
NORA3 data collected from January 1999 to July 2025. NORA3 dataset, a high-resolution (3 km)
regional atmospheric reanalysis developed by the Norwegian Meteorological Institute [24].
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Figure 5. a) Wind Rose at 100 m; b) Weibull distribution at 100 m.
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Figure 6. a) Wind Rose at 200 m; b) Weibull distribution at 200 m.

The wind rose indicates a dominant flow direction from the west and south-west at both

altitudes, with greater uniformity and wind intensity observed at 200 m. This suggests a stable
vertical structure of the wind flow.

3.2. Effect of Seasonal Wind Variation on Energy Yield

Figure 7 shows the monthly variation of average energy yield (MWh) and average wind speed
(m/s) throughout the year at a hub height of 199 m. The graph is based on a 5-year meteorological
dataset obtained from NORAS3. The results reveal a clear seasonal pattern, with both parameters
being higher during the winter months and lower during the summer period.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Monthly variation of mean energy yield (MWh) and mean wind speed (m/s).

The highest energy production occurs in January (3100 MWh), followed by February (2900
MWh) and December (2900 MWh), corresponding to mean wind speeds of approximately 9.0-9.3
m/s. Conversely, the lowest energy yield is observed in June (1200 MWh), coinciding with the
minimum mean wind speed of 5.8 m/s. From July onwards, wind conditions gradually improve,
leading to a steady increase in energy output that peaks again during autumn and winter. This
pattern reflects the typical seasonal wind regime in temperate climates, where stronger and more
consistent winds dominate the colder months. The strong correlation between mean wind speed and
energy yield highlights the sensitivity of wind turbine performance to seasonal wind variability.

3.3. Effect of Canopy Height on Annual Energy Production

To evaluate the impact of forest canopy on wind turbine performance, a parametric sensitivity
analysis was conducted to assess annual energy production (AEP) as a function of the canopy
coefficient. This coefficient is defined as a multiplier based on a tree height of 25 metres (the baseline
coefficient is set at 1.0). The canopy height varied from 0 to 35 m, corresponding to a canopy
coefficient between 0.0 and 1.4, where the reference tree height was 25 m. Positive AAEP values
indicate an increase in output relative to the baseline. The calculations focused on the Vestas V172-
7.2 turbine, utilising four different hub heights: 114 metres, 164 metres, 175 metres, and 199 metres
(see Figure 8).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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0
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5 +22.9% +18.1% +13.0% +8.1% +4.1%

0.0 02 0.4

Forest canopy height (relative value)

Figure 8. Change in annual energy production (AAEP, %) relative to the baseline as a function of the forest

canopy height.

The curve shows that decreasing the coefficient increases Annual Energy Production (AEP),
while increasing it reduces AEP. The lowest hub height of 114 meters shows the most incredible
sensitivity, with AEP varying from +22.9% to -8.6%. Increasing the hub height from 114 meters to
164-175 meters significantly reduces the impact of canopy changes on AEP, as it elevates the rotor
above the high-turbulence layer above the treetops. The slight difference in AEP between heights of
164 and 175 meters is negligible compared to other uncertainties. At a hub height of 199 meters, the
range of AEP variation narrows to +7.8% to -3.6%.

At a hub height of 114 metres, the V172-7.2 rotor, with an 86-metre radius, has its lower tip
approximately 28 metres above ground. With a representative canopy height of 25 metres, this results
in a clearance of only about 3 metres above the treetops. Consequently, part of the rotor operates
within the zone of intense turbulence just above the canopy. This zone, known as the roughness
(canopy) sublayer, typically extends to roughly twice the canopy height above the treetops.
Therefore, at a hub height of 114 metres, a significant part of the rotor disc is situated within an
unfavourable height range.

3.4. Effect of Forest Canopy Type on Annual Energy Production

To analyse the influence of surface conditions and hub height on wind turbine performance, the
results are presented as relative annual energy production (AEP). The baseline reference is defined
as the AEP at a hub height of 114 metres over dense coniferous forest, which is set to unity (Relative
AEP =1). Figure 9 illustrates how relative AEP values change as hub height increases up to 199 metres
across different types of forest canopies—dense coniferous forest, mixed forest, and sparse canopy
forest. The observed relationships highlight the impact of surface roughness and turbulence,
influenced by varying forest density and structure, on energy production efficiency.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Impact of forest canopy type and hub height on relative annual energy production (AEP).

The analysis results show that both hub height and the type of underlying forest canopy greatly
affect the relative annual energy production (AEP). Raising the hub height from 114 to 199 m
consistently increases AEP across all scenarios, mainly due to reduced surface roughness and
turbulence. The highest energy yields are found over sparse canopy conditions, while the lowest
occur in dense coniferous forests. Additionally, differences between canopy types become more
pronounced at higher hub heights, underscoring the importance of forest features in wind resource
assessment and turbine siting.

3.5. Effect of Forest Clearing Area on Annual Energy Production

Planning and siting of wind turbines require effective management of fire risk, as this is a crucial
factor influencing the safety and resilience of wind energy infrastructure. A comprehensive
assessment of each turbine or wind farm should consider site-specific ecological, climatic, and
geographical conditions, addressing not only energy efficiency but also noise propagation and
broader environmental implications. Preventive measures aim to lower both the likelihood of
wildfires being caused by turbine-related incidents and the risk of wildfires damaging turbine
infrastructure. Currently, there are no universally recognised standards for the minimum separation
distances between wind turbines and woodland. For example, in the United States, a minimum
clearance distance of 152 m (= 7.3 ha) from trees is specified, assuming a circular buffer area. For
turbines near shrub or brush vegetation, a base clearance zone of 60 m (= 1.1 ha) is recommended
[25]. Likewise, the Confederation of Fire Protection Associations Europe (CFPA-E) recommends
creating a 25 m (= 0.2 ha) buffer zone cleared of scrub and low vegetation to reduce the risk of fire
spread [26]. Such area-based safety zones serve as valuable references for spatial planning in forested
or fire-prone areas. They can be incorporated into wind farm layout optimisation to improve fire
resilience.

Figure 10 illustrates the variation in annual energy production (AEP, %) as a function of forest
clearing area for turbines with hub heights of 114 m, 164 m, 175 m, and 199 m. A consistent increase
in AEP is observed with the expansion of forest clearing across all configurations. This trend indicates
that removing surrounding vegetation reduces surface roughness and turbulence intensity, thereby
increasing the effective wind speed at hub height.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The results are based on simulations of rectangular forested areas with mixed canopies that were
progressively cleared to create open zones around a centrally positioned turbine. The scenarios range
from of 0.25 ha to complete forest removal.

The results indicate that turbines with lower hub heights exhibit a stronger dependence of
annual energy production (AEP) on the extent of forest clearing, reflecting the influence of forest
structure on wind flow dynamics. In contrast, turbines with higher hub heights demonstrate reduced
sensitivity to forest clearing, resulting in more consistent AEP across varying levels of forest removal.

= Hub height
Hub height 114
~8— Hub height 164

=8~ Hub height 175
== Hub height 199

AAEP [%)]
5

]

025 144 3
Forest clearing [ha]

Figure 10. Change in Annual Energy Production (AAEP, %) as a function of forest clearing size for different hub
heights.

3.6. Evaluation of Economic Efficiency Using the Levelized Cost of Electricity (LCOE)

To evaluate the economic efficiency of the project, the Levelized Cost of Electricity (LCOE)
indicator was employed, the average cost of electricity generation over the entire lifecycle of the
installation [27]. This indicator enables an objective comparison of different configurations and
parameters of wind energy systems, considering both capital costs and operational expenses. Figure
11 illustrates the variation in the Levelized Cost of Electricity (LCOE) as a function of turbine hub
height across different assumed operational lifespans.

The assessment was conducted for an onshore wind farm consisting of 25 Vestas V172-7.2 MW
turbines, located in the northern part of Latvia within a forested area characterised by mixed
vegetation and an average tree height of approximately 25 m.

The LCOE is calculated using equation 2 with a 5% discount rate, which accounts for the time
value of money. For comparison, the Cost of Energy (COE) was also calculated as the ratio of total
costs over the wind farm's lifespan to total electricity output, without discounting.

(CapEx * FRC) + OpEx ()

(Fods")

LCOE =

The variables in the above equation are defined as follows: LCOE is the levelized cost of energy
(EUR/MWh); FRC is the fixed charge rate (%); CapEx is the capital expenditures (EUR/kW); AEPretis
the net average annual energy production (MWh/MW/year); OpEx is operational expenditures
(EUR/kW/year).

The results demonstrate a consistent pattern: increasing hub height reduces LCOE, with the
lowest values achieved at an installation lifespan of 25 years.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. Variation of the Levelized Cost of Electricity (LCOE, EUR/MWh) with project lifespan for different
hub heights.

The downward trend in LCOE with longer operational lifespans reflects the effect of spreading
capital costs over a larger cumulative energy output. As the lifespan extends from 10 to 25 years,
LCOE decreases from approximately 80-85 EUR/MWh to 4045 EUR/MWh, depending on hub
height. This suggests that project longevity has a significant impact on economic performance,
enhancing the overall cost-effectiveness of wind power generation.

Additionally, turbines with higher hub heights consistently achieve lower LCOE values within
each lifespan category. This improvement is attributed to higher average wind speeds and reduced
turbulence intensity at higher elevations, resulting in increased annual energy production (AEP). For
example, at a 25-year lifespan, turbines with a hub height of 199 m have an LCOE around 10-15%
lower than those with a hub height of 114 m.

Overall, the analysis indicates that increasing hub height, extending project lifespans, and
reducing wake losses all help to lower the levelised cost of wind energy. These findings suggest that
cost-effective wind energy development relies not on a single measure but on the combined effect of
technological advancements and strategic long-term operational planning.

Figure 12 illustrates the results of the sensitivity analysis of the Levelized Cost of Energy (LCOE)
to changes in key parameters.

OPEX (EUR/kW/year) 289
54.3

Interest rate (%)
Capacity factor (%) 40
CAPEX (EUR/KW) 1465.8
47.6

10

Lifespan (years) 35
0. 91.3

50.9

56:54 LCOE (EUR/MWh)
Minimum LCOE Emm Maximum LCOE ---- Baseline LCOE

Figure 12. Levelized Cost of Electricity (LCOE) sensitivity analysis by parameter variation.
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Data for the analysis were obtained by developing multiple scenarios in the Cost Model Setup.
The baseline scenario assumed a project lifetime of 25 years, an interest rate of 6%, a capacity factor
of 37.6%, a capital expenditure (CapEx) of 1,829 EUR/kW, an operational expenditure (OpEx) of 36.2
EUR/kW/year. It resulted in an LCOE of 56.54 EUR/MWh. During the sensitivity analysis, one
parameter was varied at a time, while the others were kept at their baseline values.

The results demonstrate that the project’s operational lifetime and capital expenditure (CapEx)
have the most significant influence on the Levelized Cost of Energy (LCOE). Extending the project
lifespan significantly reduces LCOE by spreading the initial investment over a longer period of
energy production. Similarly, reductions in CapEx lead to a direct, proportional decrease in energy
costs, underscoring the critical role of investment optimisation and cost-effective infrastructure
design.

In contrast, variations in interest rate and capacity factor have a moderate effect on LCOE. Lower
financing rates and improved turbine performance contribute to cost reductions but to a lesser extent.
Changes in OpEx have a negligible influence on LCOE, indicating that maintenance and operating
costs play a relatively minor role in determining the final price of electricity generation.

Conclusions

The results of this study provide a comprehensive overview of the influence of forested terrain
on both the energy production and financial performance of wind farms. The findings clearly indicate
that incorporating forest assessments into conventional wind and environmental analyses can
significantly enhance the optimisation of energy output. By accounting for forest characteristics such
as canopy density and tree height, more suitable turbine hub heights, placements, and even forest
clearing areas can be determined.

Multiple simulations were conducted based on Latvian geographical and meteorological
conditions, encompassing seasonal wind assessments, variations in tree height, clearing zones, and
overall terrain roughness. The wind assessment using the NORA3 dataset clearly demonstrates a
strong seasonal dependence of annual energy production. Furthermore, forest height and canopy
density significantly influence the complex dynamics of wind flow. The simulations revealed that
lower and sparser forests surrounding wind turbines lead to more efficient energy production,
primarily due to increased wind speeds and improved wake recovery effects.

From an economic perspective, comprehensive forest assessment represents a critical
component of wind park analysis. The determination of the Levelized Cost of Energy (LCOE) serves
as a fundamental metric for evaluating project competitiveness and investment viability before
development. A reduction in the Levelized Cost of Energy (LCOE) directly corresponds to enhanced
economic efficiency, improved competitiveness relative to alternative generation technologies, and
greater long-term profitability. Sensitivity analyses demonstrate that the final LCOE is highly elastic
with respect to Annual Energy Production (AEP). The Annual Energy Production (AEP), in turn, is
influenced by a range of design and environmental parameters, including turbine hub height,
between-turbine spacing, surface roughness characteristics, and the extent of the forest clearing zone.
Consequently, an assessment integrating these parameters is essential to derive an optimised
configuration that minimises energy costs while maximising resource utilisation efficiency.

The findings suggest that optimising turbine placement in forested areas is a complex and
multifaceted task. The main limitation remains the availability of suitable land, as strict regulatory
requirements impose buffer zones around settlements, infrastructure, and environmentally sensitive
areas. These constraints are particularly significant in forested landscapes, where habitat structure,
high biodiversity, and the presence of protected species further restrict potential turbine locations.

Despite these spatial and environmental limitations, the study emphasises the importance of
thoroughly considering forest-related factors that influence wind flow dynamics, including
turbulence intensity, vertical wind shear, and energy losses due to increased surface roughness.
Incorporating these parameters into wind farm optimisation is essential for accurately predicting
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energy output and ensuring the long-term performance of turbines situated within or near forested
regions.
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