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Abstract: Much of the planned installation of wind turbines in Sweden
will be located in the northern region, characterized by a lower popu-
lation density so that problems related to sound pollution and visual
acceptance are of lower concern. This area is generally distinguished by
complex topography and the presence of forest, that significantly affects
the wind characteristics, complicating their modelling and simulation.
There are concerns about how good an industrial code can simulate
a forest, a question of paramount importance in the planning of new
onshore farms.
As a first step, a sensitivity analysis was initially carried out to inves-
tigate the impact on the flow of different boundary conditions and cell
discretization inside the forest for a 2D domain with a homogeneous for-
est. Subsequently, a comparative analysis between the industrial code
WindSim and Large Eddy Simulation (LES) data from Segalini. et al.
(2016) was performed with the same domain. Lastly, simulations for a
real Swedish forest, Ryningsnäs, was conducted to compare a roughness
map approach versus modelling the forest as a momentum sink and a
turbulence source. All simulations were conducted for neutral stability
conditions with the same domain size and refinement.
The main conclusions from each part can be summarized as follows.
(i) The results from the sensitivity analysis showed that discretization
of cells in the vertical direction inside the forest displayed a correla-
tion between an increasing amount of cells and a decreased streamwise
wind speed above the canopy. (ii) The validation with the LES data
displayed good agreement in terms of both horizontal mean wind speed
and turbulence intensity. (iii) In terms of horizontal wind speed for Ryn-
ingsnäs, forest modelling was prevailing for all wind directions, where
the most accurate simulation was found by employing a constant forest
force resistive constant (C2) equal to 0.05. All forest models overesti-
mated the turbulence intensity, whereas the roughness map approaches
underestimated it. Based solely on the simulations for Ryningsnäs, a
correlation between lower streamwise wind speed and higher turbulence
intensity can be deduced.
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CHAPTER 1

Introduction

To reduce carbon dioxide emission and its impact on climate change, renew-
able energy production is of high importance. Based on the Paris agreement;
“Holding the increase in the global average temperature to well below 2°C above
pre-industrial levels and pursuing efforts to limit the temperature increase to
1.5°C above pre-industrial levels, recognizing that this would significantly re-
duce the risks and impacts of climate change” (UN 2015). One of the factors
required is to increase the use of renewable electricity production to phase out
fossil-based power production.

One renewable energy source that has steadily increased its role in Sweden
is wind power, see Figure 1.1. Based on IEA’s annual wind report, “2017
IEA wind TCP annual report” (IEA 2017), several new records were set in
2017, e.g. hourly, daily and annual wind-generated electricity, as well as the
total electricity generation share from wind has increased in several countries.
Sweden had an average wind power electricity generation of 12.5% in 2017 and
is projected to steadily increase to reach the government’s target to have a
complete fossil-free electricity generation fleet in 2030. From 2010-2017, the
energy auction price for land-based wind energy decreased by an average of
25%, which led to an overall increase in adopting wind energy.

The phase of installing wind power systems consists of several parts, i.e.
meteorology, aerodynamics and mechanics, electric generation, power systems
and lastly the consumer part. The focus of this master thesis will be on the
meteorology and aerodynamic part. To install wind turbines, a feasibility study
is initially conducted. This is done by first screening a potential area and, if the
site shows promising wind conditions, the wind measurement campaign can be
initiated. To screen a site, remote sensing devices such as SoDAR or LiDAR
are installed. A SoDAR (Sonic Detection And Ranging) functions as radar
but emits sound waves instead of radio waves, which reflect at particles in the
atmosphere. A LiDAR, acronym for Light Detection And Ranging, is an optical
measuring instrument that measures the properties of reflected light to find
the streamwise wind speed and other properties of the wind. After the initial
examination is complete (and if the site displays promising wind conditions),
a measuring mast is usually installed, to comply with current regulations and
since it is considered the most reliable measurement device. A meteorological
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Figure 1.1. Wind power energy production forecast in Swe-
den 2018 quarter four (Swedish Wind Energy Association
2019).

mast is a steel tower on which measuring instruments are installed, such as e.g.
anemometers and wind vanes.

It is of high importance to decrease the uncertainty for the measurements
by having yearly data with as little gap as possible due to poor availability
since it is desirable to capture seasonal differences, which vary depending on
site, location and time. Low uncertainty is advantageous in terms of prefer-
ential loan terms and in the process of procuring turbines. This in turn is
a cost-benefit issue, since the related cost to decrease uncertainty should not
exceed the savings of better loan conditions. For instance, it would be possible
to install remote sensing devices over the entire site, but the associated cost
would somewhere on the road exceed the actual benefit, which is why physical
measurement data is supplemented with cheaper computational fluid dynamic
(CFD) simulations, where a more accurate modelling yields a better estima-
tion of the wind properties as well as decreasing the uncertainty. Much research
has been invested in expensive CFD software to achieve better simulation re-
sults. There are many available CFD software that can be used to model wind
behaviour; a selection of the more common ones are: OpenFOAM, Comsol,
Star-CCM+ and WindSim, where the latter will be used in this master thesis.

Since wind turbines have already been constructed in the most advanta-
geous sites, in combination with a demand for higher wind power use and ac-
cording to the Swedish government: by the year 2040, 100% of the energy pro-
duction should originate from renewable energy sources (Energimyndigheten
2018). This entails that wind power is an important source of energy to achieve
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Sweden’s goal of renewable energy production and less advantageous sites with
complex terrain must be considered. These sites usually contain forest where a
more accurate forest modelling has become an increasingly important part of
the feasibility study in Sweden. According to Swedish forest statistics, there
are approximately 23.5 million hectares of productive forest land in Sweden,
corresponding to 58% of the total land area (Fridman 2018). The total share
of the forest, including none productive forest land, can therefore be assumed
higher.

1.1. Challenges in the wind industry

Much of the planned installation of wind turbines in Sweden is planned on-
shore in the northern parts. The advantages are that the population density
is lower, which entails that problems related to sound pollution and visual
acceptance are of lower concern, whereas complications regarding electricity
infrastructure, animal mitigation and complex terrain arise. For a simple ter-
rain (e.g. offshore), the wind characteristics are straightforward to evaluate,
since the wind speed grows until maximum wind speed is reached at the top of
the boundary layer. In complex terrain, whose properties can comprise both
strong elevation gradients and bushes and forests, the wind characteristics are
harder to evaluate. If no previous wind measurement campaign exists, how can
a potential site be screened to yield credible data? To get an initial glimpse
of the wind conditions, databases such as the Global Wind Atlas can be used,
but the data is general and says little about the micro-level which is necessary
to evaluate the feasibility of commissioning wind turbines. Several approaches
exist to simulate the wind characteristics, but how can one be sure that the
results are reliable and how does one know what software to use? Since the
local terrain has a large impact on the wind profile, a question arises on how to
simulate these effects. The problems related to vegetation and forest could be
eliminated by clear-cutting woodland in the area around the potential turbine
position, but because of its high related cost, it is more profitable to instead
take the forest effect on the wind profile into account whilst conducting sim-
ulations. There are however concerns about how good an industrial code can
simulate a forest, a question of paramount importance in the planning of new
onshore farms, which is what will be investigated in this master thesis.

1.2. Atmospheric flow in complex terrain

What can be the expected outcome of the wind interacting with complex terrain
such as a forest? Since the forest changes with seasons and the landscape
can look quite different after a ten year period, it is a cumbersome task to
model forest and simplifications are often required. Usually, the forest is not
homogeneous in height and tree type, but by isolating a certain time frame and
by considering a homogeneous forest, it is possible to extract information that
will be helpful to screen a potential area. For instance how a forest affects the
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wind profile and turbulence, which are two key parameters evaluated in the
screening process of a potential site. To explain how the wind is affected by
forest, we must first take a step back and go through how a simple flat terrain
affects the wind characteristics.

In the lowest part of the atmosphere, the effects of viscosity and friction are
significant. The fluid motion is therefore directly influenced by the characteris-
tics of the surface, which provides an opposing force in the fluid flow direction.
This region is also the most affected by the exchange of heat and momentum
and is known as the atmospheric boundary layer (ABL), sometimes referred to
as the planetary boundary layer (PBL). Starting from the ground, where the
velocity is zero due to the no-slip condition, streamwise wind speed increases
with increased height until it is fully developed, see Figure 1.2. The maximum
horizontal wind speed (u0) is reached at the top of the ABL, where it remains
approximately constant until it gets affected by objects such as buildings or
forests, which can cause distortion and displacement of the wind profile. It
is expected that when the ABL goes over a forested area, the air is partially
being transported above the canopy and some momentum absorbed by the for-
est. Some airflow inside the forest is expected but this will be considerably
less in contrast to the undisturbed wind speed. If the wind interacts with high
vegetation and trees, vortices can emerge. These vortices can be described as
turbulence, which is a chaotic fluid phenomenon. Turbulence, in contrast to
laminar flow, is hard to describe due to its disorganized nature. In fluid dynam-
ics, turbulence appears as a set of several unsteady vortices of different sizes.
Therefore, in the forest environment, higher turbulence is also to be expected.

Figure 1.2. Vertical inlet wind profile and profile inside canopy.

For a simple flat terrain with roughness, the commonly used initial expres-
sion for the wind profile in neutral stability condition is the logarithmic law,
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which is given by the following equation

U =
u∗

κ
ln
(z − d

z0

)
, (1.1)

where U is the wind speed at the corresponding height z, u∗ is the friction
velocity, here used as a scaling factor, κ is the von Kármán constant (= 0.41),
d is the displacement height and z0 is the roughness length, which can be seen
as a parameter describing the roughness of the surface. For an indication of
how the roughness length varies for different terrain, see Table 1.1.

Terrain description z0 [m]

Very smooth, ice or mud 0.00001
Calm open sea 0.0002
Blown sea 0.0005
Snow surface 0.003
Lawn grass 0.008
Rough pasture 0.01
Fallow field 0.03
Crops 0.05
Few trees 0.1
Many trees, hedges few buildings 0.25
Forest and woodlands 0.5
Suburbs 1.5
Centers of cities with tall buildings 3

Table 1.1. Roughness length variation for different terrains,
from Manwell et al. (2009).

Much of the surface area onshore is covered by vegetation that, as previ-
ously mentioned, imposes a drag working in the opposite direction of the flow.
The drag varies with the size and shape of the vegetation. Sometimes the sur-
face is covered by canopies, where a canopy in forest modelling is defined as
the uppermost branches of trees in a forest which form a continuous layer of
foliage. Here, the dominant effect on the fluid is not the roughness from the
ground, but the aerodynamic drag from the vegetation (Kaimal and Finnigan
1994). Conventional characteristics of the wind properties in the forest envi-
ronment are that it is affected by a blockage effect and a higher turbulence
regime occurs inside and in the vicinity of the canopy. Also, the wind profile in
the forest’s proximity is no longer behaving logarithmically but it is displaced
and not developed until well above the canopy. Below the canopy, the wind
profile assumes another shape since momentum is absorbed by the forest and
can be approximated by an exponential profile. Above the treetops, large-scale
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vortices take place, resulting in a higher turbulence regime. At the top of the
boundary layer, the eddies decrease in size, as can be seen in Figure 1.3. The
effect of the drag decreases the size of the vortices close to the forest and also
yields increased turbulence.

Figure 1.3. Figure displaying the turbulent eddies, picture
from Arnqvist (2018).

1.3. Layout of the thesis

The main aim of the thesis was to get a better understanding of how the
wind is affected by forest and to decrease the uncertainty of the results from
the current industrial simulation method. Currently, no industrial consensus
exists on how to estimate wind conditions in forested areas and the ambition
of the thesis is to shed some light in that area. To reach the aim, initially, a
sensitivity analysis was conducted to investigate the impact of the top boundary
condition and the number of cells used to represent the forest in the vertical
direction. The sensitivity analysis main goal was to gain a wider understanding
of how different boundary conditions affect the fluid flow in a forest regime.
Subsequently, a comparative validation between the industrial code WindSim
and Large Eddy Simulation data from Segalini. et al. (2016) was performed,
to assess the accuracy. The methodology from the validation was then applied
for different forest clearing configurations, which varied between full forest, 10
hc and 20 hc clearing together with a varying forest density. hc is the height
of the canopy and a clearing is defined as the absence of trees in the middle of
the forest. The final step was to investigate the performance of an industrial
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code to simulate the wind characteristics over a real Swedish forest, Ryningsnäs.
Atmospheric measurements from a meteorological tower were available through
aerial scans, providing the properties of the forest density, elevation grid and
the canopy height, where the results will serve as a benchmark of the achievable
accuracy with the current industrial simulation techniques to characterize the
forest. Here, different industrial forest simulation methods were tested, initially
by modelling the forest and later by imposing only a roughness map.

The thesis layout is described in the following. Chapter 2 will comprise a
brief review of the theory behind the industrial code and how the forest model is
implemented. Chapter 3 describes the finding of a suitable forest setup, which
will be achieved by comparing the effect of different boundary conditions and
forest cell counts, followed by the simulation setup to validate the industry
code simulation with LES result. The simulation setup for the clearing config-
urations is illustrated together with details about the simulation setup of the
Swedish site Ryningsnäs. In chapter 4 the results from the simulations will be
presented, and Chapter 5 will provide the main conclusions of the thesis.
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CHAPTER 2

Theoretical background

2.1. Navier-Stokes & Reynolds-Averaged Navier-Stokes
equations

Using numerical CFD models to simulate the wind fields on a site is a relatively
cheap method to assess the wind characteristics where one can control the input
variables. However, questions arise regarding the accuracy, especially in com-
plex environments. Different CFD models exist with varying physics and/or
accuracy, but to simulate a domain in the size of a wind farm, a lower CPU-
time has to be prioritized in favour of accuracy. That is because if you want
to accurately describe the turbulent motion, which varies from mm size to the
size of the domain in the ABL (Launder and Spalding 1973), the computational
need would exceed the current level of technology, and some simplifications are
required.

The cornerstone in fluid mechanics is the Navier-Stokes equation, which is
based on Newton’s second law and is used to describe the fluid motion in a
domain. The Navier-Stokes equation varies with both space and time and is
expressed as

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

+ Su,i, (2.1)

where the density (ρ) and the kinematic viscosity (ν)1 of the fluid are constant if
the flow is incompressible and the temperature is constant. Su,i is a momentum
sink term used to represent the impact of e.g. forest.

The Navier-Stokes equation can be solved for laminar flow, but it is cum-
bersome for turbulent flow2, since it is solved for the instantaneous quantities.
Since most of the fluid motion in real-life has turbulent characteristics, it is
desirable to have a physical model that can describe that. A time-averaged
variant of the Navier-Stokes equation can be derived by first dividing the total
velocity and pressure component into mean and fluctuating parts, commonly

1The kinematic viscosity relates to the dynamic viscosity (µ) as ν = µ/ρ.
2Turbulent flow in fluid mechanics is defined as a fluid motion displaying chaotic behaviour
in terms of pressure and velocity.
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referred to as the Reynolds decomposition, and can be seen in the following two
equations

ui = Ui + u′i (2.2)

p = P + p′. (2.3)

Figure 2.1. Reynolds decomposition.

In Figure 2.1, the Reynolds decomposition for a time-dependent velocity
ui is graphically displayed. Here ui is the instantaneous velocity, u′i is the
fluctuating velocity and Ui is the average velocity.

The continuity equation for incompressible flow provides an additional
equation stated as

∂ui
∂xi

=
∂Ui
∂xi

+
∂u′i
∂xi

= 0, (2.4)

and since
∂Ui
∂xi

= 0, also
∂u′i
∂xi

= 0. After substituting the Reynolds decom-

position into the Navier-Stokes equation, time averaging is performed on both
stages and the result is the Reynolds-Averaged Navier-Stokes (RANS) equation

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂P

∂xi
+

∂

∂xj

(
ν
∂Ui
∂xj
− u′iu′j

)
+ Su,i. (2.5)

The aim of the RANS equation is to distinguish between the turbulent compo-
nents of the flow to represent them with some form of turbulence model instead
of having to solve for the turbulent components from the numerical solution of
the unsteady Navier-Stokes equation. However, to solve the RANS equation,
the Reynolds stress tensor, which is the second term in the RANS equation
(2.5) (denoted as −u′iu′j) must be closed, since we now have more variables
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than equations. It describes the turbulent fluctuations in fluid momentum, is
symmetric and denoted as

−ρ

u′1u′1 u′1u
′
2 u′1u

′
3

u′2u
′
1 u′2u

′
2 u′2u

′
3

u′3u
′
1 u′3u

′
2 u′3u

′
3.

 .
Since u′iu

′
j = u′ju

′
i, the Reynolds stress tensor brings with it six new variables

that must be closed by additional constitutive relationships to solve the RANS
equation. As a result, several turbulence models have been created to solve the
closure problem. Two commonly used models are the Eddy viscosity model and
the Reynolds stress transport model. In this thesis, only the Eddy viscosity
model is being implemented.

2.2. Eddy viscosity model

The Eddy viscosity model is a method to close the Reynolds stress tensor.
Joseph Valentin Boussinesq attacked the closure problem by relating the turbu-
lent stresses to the mean flow to close the equation. Using the suffix notation3,
it results in equation (2.6), which is sometimes referred to as the Boussinesq
approximation for turbulent stress (Johannson and Wallin 2013), and can be
written as

τij = −ρu′iu′j = µt

(
∂Ui
∂xj

+
∂Uj
∂xi

)
− 2

3
ρkδij , (2.6)

where k =
1

2
(u′2 + v′2 +w′2) is in physical terms the kinetic energy of the tur-

bulent fluctuations, or more commonly known as the turbulent kinetic energy.
The term δij is called the Kronecker delta, which is an identity matrix. The
term µt is the turbulent eddy viscosity, which does not depend on fluid, but
rather on the state of the turbulence, and is computed as

µt = ρCµϑ` = ρCµ
k2

ε
, (2.7)

where ϑ ∼ k1/2 is the velocity scale, ` ∼ k3/2

ε
, is the large eddy scale and Cµ

is a dimensionless constant.

To close the RANS equation, a turbulence model is required to describe
the properties of k and ε. A subcategory of the Eddy viscosity model is the
k−ε turbulence model, which is one of the more commonly used models and is
used in CFD codes to simulate turbulent flow conditions. It comprises of two

3The suffix notation implies that if i or j = 1 it corresponds to the x-direction and if i or j
= 2 it would correspond to the y-direction etc.
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transport equations4, one for k (turbulent kinetic energy, equation (2.8)) and
one for ε (turbulent dissipation, equation (2.9)) as

Dk

Dt
= P − ε+

∂

∂xj

[(
ν +

νt
σk

)
∂k

∂xj

]
+ Sk, (2.8)

Dε

Dt
= (Cε1P − Cε2ε)

ε

k
+
∂

∂
xj

[(
ν +

νt
σε

)
∂ε

∂xj

]
+ Sε, (2.9)

where P is the production rate of turbulent kinetic energy and can be expressed
as

P ≡ −u′iu′j
∂Ui
∂xj

. (2.10)

The values of the model coefficients in the equations (2.8) and (2.9) are
empirically derived, and the standard values (Johannson and Wallin 2013) are:

• Cµ = 0.09
• Cε1 = 1.44
• Cε2 = 1.92
• σk = 1.0
• σε = 1.3

The origin of the source terms Sk and Sε is described later for the forest
region.

Also, the inlet conditions need to be defined. If for instance, the neutral
stability condition is present, the inlet wind profile behaves logarithmically in
accordance with the logarithmic law (1.1). However, the turbulent quantities
at the inlet also need to be expressed. According to the Phoenics5 encyclopedia
(Phoenics 2019), the turbulent kinetic energy and dissipation are imposed by
the following two equations

k =
u∗2√
Cµ

, (2.11)

ε =
u∗3

kz
, (2.12)

where Cµ was previously introduced in equation (2.7), u∗ is the friction velocity
and z is the height above ground.

4A transport equation is a partial differential equation (PDE) which contains multivariate

functions and their corresponding partial derivatives (Weisstein 2019)
5Phoenics is the developer of WindSim’s source code, where WindSim is the commercial
software used for the simulations in this thesis.
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2.3. Forest modelling

To describe the characteristics of a forest in a simulation, often the Leaf Area
Index (LAI) is used, which is a non-dimensional quantity. The LAI can vary
between 0 and over 16, where 0 means that no canopy is present and an in-
creased value of the LAI implies a denser forest. For a selection of different
forest characteristics with their corresponding LAI, see Table 2.1. The LAI can
be calculated using the following equation

LAI =

∫ hc

0

afdz, (2.13)

where af is the Leaf Area Density (LAD), which is defined as the area of the
plant surface per unit volume of space [m2/m3] (Kaimal and Finnigan 1994),
and can be provided from aerial scans. The LAD, can be seen as the total area
coverage of the specific biomass divided by the occupied volume.

Forest characteristics LAI [-] cd [-] H [m] C2 [m−1]

Very sparse 0.25 0.2 30 0.0017
Slightly sparse 1 0.2 30 0.0067
Slightly dense 4 0.2 30 0.0267
Very dense 16 0.2 30 0.1067

Table 2.1. A selection of different LAI for a uniform mixed
30 m high forest and cd = 0.2. LAI values from (Huang et al.
2008)

In equation (2.1) the momentum sink term was derived which, as previously
stated, was used to account for e.g. forests. The term in industrial code is
expressed by the following equation

Su,i = −ρC2U |U |, (2.14)

where C2 is the forest resistive force constant, which is used to interpret the
characteristics of the forest. By employing the LAI, the height of the canopy
and the drag coefficient, the forest resistive force constant can be calculated by
the following equation

C2 =
LAI

hc
cd. (2.15)

Here, the drag coefficient (cd) is typically set to 0.2 for numerical studies of
wind flow through forests (Dupont and Brunet 2009). The drag coefficient can
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be seen as an aerodynamic efficiency used to quantify the drag or resistance of
an object.

In this study, the industrial code used for the simulations was WindSim.
In WindSim, the turbulence model has been formally implemented from Sanz
(2003) and Katul et al. (2004), with the model constants revised to be com-
patible with the default set of constants of the standard k − ε model, and the
source terms as

Sk = C2(βP |U |3 − βD|U |k) (2.16)

Sε = C2(Cε4βP
ε

k
|U |3 − Cε5βD|U |ε), (2.17)

where the empirically derived parameters in equation (2.16) and (2.17) in Wind-
Sim are set to (Sanz 2003)

• βP = 1.0
• βD = 6.51
• Cε4 = 1.24
• Cε5 = 1.24

2.3.1. Methods to account for forest

As previously mentioned in this study, the commercial software WindSim was
used for the forest simulations. WindSim uses the finite volume method to
evaluate the partial differential equations in the meshed geometry. To simulate
the wind characteristics, WindSim uses the RANS equation to solve the non-
linear transport equations. It is possible to simulate complex terrain and also
the effect of forest on the wind profile (WindSim 2018). To account for the
forest, WindSim uses porous cells to account for the momentum sinks and
turbulent sources in the computational grid (Meissner and Weir 2011). Ideally,
to achieve as high accuracy as possible, the no-slip condition should be applied
for the whole tree, and cells should completely cover the branches and trunk.
This is however impossible, because of the current computer power limitations,
so simplifications have to be applied, which is why the forest is considered
as porous cells with the desired horizontal and vertical resolution inside the
domain.

Instead of modelling the forest as a momentum sink and turbulence source,
one can impose roughness lengths from different existing data-sets, similar to
what was displayed in Table 1.1. Examples of roughness lengths databases are
the European Wind Atlas (Troen and Lundtang Petersen 1989), and Corine
2006 (Corine 2006), where the latter data-set has often been used in mesoscale
meteorological modelling (Pineda et al. 2004). The roughness length map from
Corine has a resolution of 100×100 m and the approach was used for one
simulation in the case study.
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Another method employed by disregarding the forest is by instead imposing
an objective roughness approach (ORA). ORA is enforced by converting tree
height maps provided from airborne LiDAR scans to a roughness length map
for wind modelling. Using ORA, the roughness length is calculated by dividing
the tree height with a factor 10 (Floors et al. 2018). Results from the same
article also showed that the horizontal resolution is of importance, 20, 100, 500
and 1000 m were simulated in WAsP and WindPro in the article Floors et al.
(2018), where a higher resolution disclosed a better agreement with measured
data from a meteorological mast. If the displacement height was added to the
streamwise wind speed, the results indicated an even better agreement with
the measured data. The different methods presented in this section will be
evaluated and presented in chapter 4.
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CHAPTER 3

Simulation setup

In this chapter, the search for a suitable forest setup will be reviewed. This
will be achieved by first describing the simulation setup of several 2D forest
simulations in the commercial software WindSim, which will later be validated
with already existing Large Eddy Simulation data for the same domain. The
data was provided from Segalini. et al. (2016). This will be followed by a
sensitivity analysis for different top boundary conditions and the impact of the
discrete number of cells inside the forest. The chapter ends with details and
the simulation setup for a Swedish forested site Ryningsnäs.

3.1. 2D simulation

To compare the performance of the industrial code WindSim, a validation will
be performed with data provided in Segalini. et al. (2016), who simulated a
forest with Large Eddy Simulations (LES). In contrast to the RANS method,
LES is not solved through time averaging, but through the spatially filtered
Navier-Stokes equation. The purpose of the filter is to only solve for large ed-
dies, whereas small eddies are implicitly accounted for by employing a subgrid-
scale-model. This entails that the simulation requires more computer capacity
than RANS equation, but yields a higher accuracy.

To validate WindSim’s forest model with the LES data, a similar domain
had to be used. The length of the homogeneous forest in the streamwise direc-
tion was set to 40 hc, see figure 3.1. The domain was created in a geographic
information system software, here the size (Lx×Ly×Lz) was set to 2400 × 40
× 600 m respectively, where x, y and z correspond to the streamwise, spanwise
and vertical directions, respectively. The canopy height (hc) was set to 30 m
and represented by 12 cells. The cell size in the x-y direction was equidistant
at 5 m, thus creating a slab1 with 480 × 8 cells (Nx ×Ny). In WindSim, the
maximum number of cells in the vertical direction was limited to 60, to achieve
the highest vertical resolution. For the z-direction, refinement of the grid was
used, where the size of the cells in the vertical direction inside the forest was
set equidistant, whereas the refinement geometrically was applied above the
canopy: this implies that the first adjacent cell above the canopy was one-
tenth of the size as the cell at the top of the domain. The total number of cells

1A slab is in this case a 2D plane in the x− y direction
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in the domain (Nx ×Ny ×Nz) amounted to 230 400. An initial attempt was
made with 80 cells in the y-direction to visualize the wall’s effect on the flow.
The outcome displayed that it had close to zero impact, as it should since the
case is 2D, and thus Ny was decreased to 8 cells to achieve a faster CPU-time.

Figure 3.1. Domain setup for the validation.

LES data was available for a full forest with LAI = 2 and 5 (Segalini. et al.
2016). Besides from the difference in the governing equations, two important
discrepancies between the RANS and the LES forest setup are that in the latter
LAD profile is varying with height, whereas WindSim is set constant, and the
LES data is using a thin turbulent boundary layer at the inlet, whereas Wind-
Sim is using a thick turbulent inlet flow, valid for atmospheric flow. The LAD
profiles for the LES simulations (Figure 3.2), were obtained from Nakamura
(2014). The profiles represent a beach tree with the LAD distributed upwards
towards the canopy-crown.

To achieve the fairest validation for the simulations between the industry
code simulation and the LES data, a similar vertical wind profile should be
imposed at the inlet. Beside that, it is only the effect of the forest that will
be observed when comparing the result and that is expected to be dominant.
The same goes for the inlet k and ε. A logarithmic profile was used with the
industrial code for the initial wind profile to resemble the vertical wind profile
from the LES data, the inlet wind profile comparison at x/hc = −10 can be
seen in Figure 4.2.

3.1.1. The different clearing simulation cases

The LES data also provided results for different clearings configurations inside
the forest. In real life, the forest is seldom homogeneous, but usually con-
tains clear-cuts, which is why it is of interest to verify how the industrial code
performs with regards to the LES data for clearings.

Six different scenarios were simulated with LAI = 2 and LAI = 5 with
full forest, 10 and 20 hc clearing. The cases are summarized in Table 3.1. For
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Figure 3.2. The LAD profile for the LES set-up, Nakamura
(2014). Data points extracted and digitized from Dupont and
Brunet (2009).

the full forest, 10 and 20 hc clearing, the clearing appears in the middle of the
forest. For instance, for the 10 hc clearing case, forest occurs at 0 < x/hc < 15
and forest at 25 < x/hc < 40. For the 20 hc clearing case, the forest is present
at 0 < x/hc < 10 and at 30 < x/hc < 40. Figure 3.3 displays the different
clearing configurations.

Simulation setup LAI [-] C2 [-] cd [-] z0 [m] u∗[ms−1]

Case 0, Flat terrain - - - 0.0058 0.36
Case 1a, Full forest 2 0.013 0.20 0.0058 0.36
Case 1b, Full forest 5 0.033 0.20 0.0058 0.36
Case 2a, 10 hc clearing 2 0.013 0.20 0.0058 0.36
Case 2b, 10 hc clearing 5 0.033 0.20 0.0058 0.36
Case 3a, 20 hc clearing 2 0.013 0.20 0.0058 0.36
Case 3b, 20 hc clearing 5 0.033 0.20 0.0058 0.36

Table 3.1. Parameter values for the different case simulations.

3.1.2. Effect of the top boundary condition

The boundary condition for the top of the domain can be expressed in many
ways. The two standard approaches in the WindSim GUI are the no friction
wall (τ = 0) and constant pressure (p = constant). If the no friction wall setting
is used, the height of the canopy should at most comprise a 5% of the total
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Figure 3.3. Domain description for the clearing cases. Sub-
figure A corresponds to full forest, B to the 10 hc clearing and
C to the 20 hc clearing. The circles attached to dotted lines can
be seen, these are located at x/hc = -10, 0 . . . 40, equispaced
in the streamwise direction with a step of 10 hc. This is where
the vertical profiles of the velocity and turbulence intensity
were extracted.

height of the domain to minimize the risk of artificial speed-up effects from
the top. There is a third way to account for the top of the domain, namely
a so-called diffusive link (or open sky) boundary condition. The diffusive link
uses a fixed-pressure condition together with a constant shear stress for the
top boundary condition to resemble a real-world open sky. The Phoenics Wind
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Object provides the boundary conditions for modelling the surface layer of a
neutral ABL.

To establish what top boundary condition yielded better results, several
simulations were carried out over a flat terrain, where a comparison between
the inlet and outlet profile was made. The simulations that had similar inlet
and outlet shape were the least affected by artificial speed up from the top
boundary condition. The top boundary condition diffusive link and constant
pressure yielded almost identical results, whereas there was a large discrepancy
between inlet and outlet profiles for no friction wall.

In Figure 3.4, the effect of the top boundary condition diffusive link can
be seen at inlet and outlet of the domain without any forest (C2 = 0). The
surface roughness (z0 = 0.0058 m) together with a fixed friction velocity (u∗ =
0.36 m/s) was set constant over the flat domain and should ideally yield nearly
the same vertical wind profile at both inlet and outlet. The wind speed was
set to 10 m/s at the top of the boundary layer (600 m). As seen in Figure
3.4, a slowdown occurs because of the drag of the surface. The difference is
noticeable, but in contrast to the effects of the forest, it is almost negligible.
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Figure 3.4. Vertical wind profile at inlet and outlet for the
diffusive link top boundary condition over a flat terrain.
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In Figure 3.5, the vertical profiles over a canopy with full forest with LAI
= 2, for all the different top boundary conditions, are presented. If the top
boundary condition is set to no friction, the momentum accumulates and the
wind speed continuously increases above the boundary layer. Similar behaviour
can be observed for constant pressure and diffusive link, but the effect is consid-
erably less. Besides the top boundary condition, the simulation setup was the
same. In the same plot, it is hard to separate the diffusive link from the con-
stant pressure plot, since they yield almost identical results. For the remainder
of the simulations, the constant pressure boundary condition was used.
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Figure 3.5. Horizontal wind speed for different top boundary
conditions at various x positions for a domain with full forest.
The blue line corresponds to the top boundary condition dif-
fusive link, the red one to no friction wall and the yellow to
constant pressure.

3.1.3. Importance of the discretization of the forest

According to a PowerPoint presentation made by a multi-company research
project (WindSim, Envision and Siemens Gamesa) presented at WindEurope
2017, the recommendation for the forest cell count (FCC) should be at least
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2.5 m forest cells for all trees with a height between 5-30 meters (Enevoldsen
et al. 2017), which provides the rationale for the choice of 12 cells to represent
the forest in the simulations where the forest height was 30 m. Here FCC is
defined as the number of cells in the vertical direction used to discretize the
forest.

An additional study was performed to investigate the effect of FCC on the
simulation results. Here, the FCC was varied between 3, 6, 9, 12 and 15 cells
for a domain with full forest, LAI = 2 and with the same boundary conditions.
The domain used can be seen in Figure 3.1. The results for only FCC = 3 and
12 has been plotted in Figure 3.6. The forest begins at x/hc = 0 and the trailing
edge is located at x/hc = 40, with the homogeneous forest in between. As seen
from Figure 3.6, the vertical wind speed profiles in the windward direction of
the canopy are similar, except for below the canopy, which is explained by the
fact that there are only three cells below the forest for FCC = 3, and between
the cells, the velocity is linearly interpolated. However, above the canopy, FCC
= 3 is overestimating the horizontal wind speed in comparison to FCC = 12.
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Figure 3.6. Simulated velocity profiles at various x positions
with full forest and LAI = 2 for different forest cell counts
(FCC-values). FCC = 3 (blue lines) and 12 (red lines).
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In Figure 3.7, the vertical wind speed profiles for all FCC are displayed,
at z/hc = 3 and x/hc = 30. Here the trend is very clear: the fewer amount
of cells used in the vertical direction of the forest, the more overestimated the
streamwise wind speed becomes. But by increasing the number of FCC, a
weak convergence is achieved. For instance, the absolute percentage difference
between FCC = 15 and FCC = 12 is smaller than for FCC = 6 and FCC = 3.
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Figure 3.7. Magnified figure at x/hc = 30 and z/hc = 3 for
a canopy with full forest and LAI = 2. The forest cell count
varies between 3, 6, 9, 12 and 15.

3.2. Ryningsnäs details

The site Rynninsnäs was chosen to validate the Windsim forest model. Ryn-
ingsnäs is a forested landscape with varying clearings and elevation and the
terrain is defined as moderately complex. The forest consists mainly of Scots
pine trees. Ryningsnäs is located in Sweden, approximately 30 km inland from
the south-eastern coast (Figure 3.8 A). The site has a 138 m tall measuring mast
installed in a clearing of size 200×250 m2 in the north-western corner (Figure
3.8 C), whose data will be used to validate the simulation results. Data regard-
ing the elevation, tree height and Plant Area Index (PAI, which has similar
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properties as LAI), was provided by Johan Arnqvist from Uppsala University.
The result from the meteorological mast was provided for 100, 240 and 290°,
where the effect of two wind turbines installed nearby was assessed to zero
(marked T1 and T2 in Figure 3.8 C), this is to avoid simulating the influence
of the wind turbines. The meteorological measurement equipment was placed
at the following heights: 40, 59, 80, 98, 120 and 138 m, measuring horizontal
and vertical wind speed, as well as turbulent kinetic energy. The measuring
campaign was initiated in November 2010 and completed in February 2012,
amounting to 10 560 hours of measuring data. The anemometers used for the
wind measurement were Thies first-class cup anemometer and ultrasonic Metek
3D, placed at a similar height along the tower. More information regarding the
site description and the measurement campaign/instrumentation is provided
by Arnqvist et al. (2014) and Bergström et al. (2013).

Figure 3.8. The site Ryningsnäs. A-C: increased magnifica-
tion of the measurement area, while sub-figure D displays the
elevation grid, Figure from Arnqvist et al. (2014).

3.2.1. Industrial methods

Two different simulations for Ryningsnäs were initially carried out. The first
adopted the current methodology used in the industry, whereas the second was
conducted with higher accuracy in terms of forest height and the corresponding
PAI. Tree height and PAI were provided from aerial scans. The drag coefficient
was set to 0.2 (Johan Arnqvist, private communication). The size of the domain
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was set to Lx × Ly = 30×30 km2, with the meteorological mast in the centre.
Refinement of the grid was used for both horizontal and vertical direction, with
a higher resolution in the proximity of the measuring mast, where the horizontal
resolution was 20×20 m2. Refinement in the vertical direction was set to 0.1,
which entails that the first adjacent cell above the canopy was one-tenth of the
size as the cell at the top of the domain. The top boundary condition employed
was constant pressure and the number of cells used in the vertical direction was
60, with Lz = 1 000 m and the wind speed the top of the boundary layer was
10 m/s. The total number of cells amounted to roughly 11 millions.

In the industry, one of the current methods to incorporate forest is by ini-
tially reviewing the canopy height and bin it with probability density functions,
usually between 4-6 bins. Each bin has its roughness dummy value (RDV)2

in the roughness map, which is then replaced by the forest characteristics as-
signed by the user. Since more dummy-values implies more manual labour
and more CPU-time, it is cumbersome with too many, and simplifications are
required. LAI/LAD3 (or PAI/PAD4) maps are currently uncommon and sel-
dom provided, which entails that the best guess estimate is imposed for the
PAI at the corresponding canopy height. The PAD is set constant from the
surface to the canopy. Roughness length maps are then applied as the second
layer, providing information about the roughness where the forest is absent.
For this simulation, since the domain consists mainly of trees, the roughness
length was set constant to 0.05 m. Since no function yet exists to import PAI
maps directly into WindSim, accuracy has to be prioritized lower in favour
of feasibility. Therefore, each averaged tree height bin has its corresponding
C2-value. However, in reality, each tree has its own particular PAI profile.

For the first simulation, the canopy height was binned equidistant between
2.5-7.5. . . 27.5-32.5 m, altogether amounting to six bins. Tree height below
2.5 m was disregarded and was considered as a roughness value, whereas tree
heights above 32.5 m were binned together with the 27.5-32.5 bin. The binned
tree height distribution can be seen in Figure 3.9. The index from the tree
height map was extracted and used to pick out the equivalent PAI value, which
was then averaged, resulting in an averaged PAI for each tree height bin. De-
rived from the PAI, the C2 can be calculated through equation (2.15), which
is then inserted into WindSim’s forest configuration.

3.2.2. Bin discretization

For the second simulation, the methodology to set up the simulation was to
initially decrease the tree height bin size, varying from 3 to 30 m with 10
equidistant steps. Since poor correlation was obtained between the PAI and
the tree height (correlation coefficient was calculated to 0.502), see Figure 3.11,

2A RDV can be seen as a placement holder for user input in terms of tree height and C2-value.
3Leaf Area Density
4Plant Area Density
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Figure 3.9. Tree height distribution in Ryningsnäs, classified
into six bins.

Figure 3.10. PAI distribution in Ryningsnäs.

each tree height bin had 6 different RDVs assigned for PAI between 0.5-6.5.
Amounting to 60 RDVs which require manually assigned C2-values in Wind-
Sim’s forest configuration. In contrast to the industrial setup previously de-
scribed, this has a higher degree of correspondance in terms of PAI and tree
height. The amount of PAI values per tree height bin was chosen after scruti-
nizing the tree height and PAI distribution. PAI < 0.5 and tree height < 1.5 m
were not modelled as trees since the influence would be next to none. Instead,
a constant roughness length was employed.

In Figure 3.12, the classification process of the different RDVs graphically
is explained. If the tree height is between 1.5 - 4.5 m and the PAI value for the
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Figure 3.11. Tree height and PAI correlation for Ryningsnäs.

Figure 3.12. RDV classification in WindSim.

corresponding tree height is between 0.5 - 1.5, the RDV 1 would be assigned.
If the same tree height bin is found, but the corresponding PAI is between 1.5 -
2.5 m, the RDV 2 would instead be assigned. The average of the tree height bin
would be inserted into the forest configuration and, for the previous example,
the tree height would be 3 m whereas the PAI 2 would be employed. As seen,
this RDV now contains information about both the average tree height and the
PAI, and one tree height can now have several associated PAI.
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3.2.3. Auxiliary simulations

It is also interesting to assess how other forest simulation techniques compare,
that explains why Ryningsnäs was simulated with two different modelisations
of the forest, i.e. as a roughness or as a discretised forest. One additional
simulation was also conducted, still with a forest model but with a constant
C2, regardless of tree height or PAI.

For all Ryningsnaäs simulations, the same domain size, horizontal and
vertical refinement and the number of cells was used as described in section
3.2.1. Three additional simulations were carried out. The first one was done
by imposing a roughness map from the database Corine (Corine 2006), which
has a horizontal resolution of 100×100 m2. Applying only a roughness map
instead of modelling the forest was also done for the ORA20 simulation (which,
in contrast to the Corine simulation imposes a roughness length equal to one-
tenth of the size of the tree height). Where the forest was absent, a roughness
length of 0.05 m was imposed. The displacement height (d), see equation 1.1,
for all wind directions (100, 240 and 290°) was 10, 15 and 17 m respectively. The
third auxiliary simulation was performed by using a FCC equal to 6 together
with a fixed C2-value of 0.05 regardless of tree height and PAI. The results are
presented in section 4.2. In Table 3.2.3, the prerequisites for all simulations
conducted for Ryningsnäs are displayed. Here z0 is defined as the roughness
length when trees are absent and cd is the drag coefficient. Since no forest
is modelled for Corine or ORA20, the FCC and the cd is not applicable. For
the Corine simulation, the roughness length varies geographically, whereas for
ORA20, the roughness length was set constant to 0.05 and when trees were
present, the roughness length was set to hc/10.

Case setup Model forest FCC z0 [m] cd [-] #RDVs

RDV6 Yes 12 0.05 0.2 6
RDV60 Yes 12 0.05 0.2 60
C2 = 0.05 Yes 6 0.05 0.2 6
Corine No - - - -
ORA20 No - 0.05 - -

Table 3.2. The different simulation parameters for all simu-
lations conducted for Ryningsnäs.
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CHAPTER 4

Results and discussion

4.1. Results from the 2D simulation

In this section, a quantitatively and qualitatively comparison between the in-
dustrial code and LES results is presented, together with the results for the
simulation of Rynningsnäs. To visualize the findings, surface plots of the nor-
malized streamwise wind speed, turbulence intensity (TI) together with the
corresponding vertical wind profiles and vertical TI at varying x/hc are plotted.
The TI is expressed in % and is defined as the ratio between the turbulent ki-
netic energy (k) and the local mean wind speed (U). The TI is non-dimensional
is calculated as

TI =

√
k

U
100. (4.1)

The 2D comparisons of WindSim and the LES data were solely rendered for
case 1a and case 1b (full forest and LAI = 2 and 5) with top boundary con-
dition constant pressure and FCC = 12. The reference wind speed (Uref ) was
extracted at the inlet at z/hc = 5.

4.1.1. Full forest with LAI = 2

Figure 4.1 displays the streamwise wind speed in the x− z plane: The topmost
subplot is displaying the results from the WindSim simulation whereas the
subplot at the bottom is from the LES data. The figure illustrates how much
a forest influences the incoming wind, which introduces a significant turbulent
activity that affects wind turbines over forested areas, see Figure 4.3.

The notable difference between the two subplots in Figure 4.1 are that the
LES displays a higher blockage effect at the leading edge of the forest. This
might be explained by the LAD profile that is changing with height for the
LES data, whereas it is set as constant for the industrial code simulation. Both
simulations display a significant blockage effect by the forest at the leading edge
of the canopy, a significant speed reduction inside the forest, similar wind profile
above the canopy and recovery at the trailing edge of the forest. However, the
WindSim simulation seems to regain more momentum at the end of the domain.
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Figure 4.1. Normalized streamwise wind speed for RANS
and LES simulations. Full forest case with LAI = 2. The
dashed line indicates the location of the homogeneous forest
in the domain.

For a more quantitative validation, extracted vertical wind profiles at vary-
ing x/hc can be observed in Figure 4.2. Here, the inlet wind profile for the LES
data and the WindSim simulation are not identical, but they share a similar
wind gradient above the canopy. The wind profiles for all x/hc above the
canopy show good agreement although, below the canopy height, it can be no-
ticed that the slow down due to the drag of the forest is higher for the LES,
which is most noticeable in the subplot at x/hc = 0. At z/hc > 4 the wind
profiles above canopy display similar behaviour as the inlet WindSim profile
(the dashed line). However, a speedup occurs related to flow below the canopy
at the leading edge partially being transported above the canopy. It can also
be concluded that the most influencing condition for the wind profile is the
canopy, even though the inlet streamwise wind profile was different.

In the TI surface plot with LAI = 2, see Figure 4.3, turbulence intensity
for both simulations can be viewed. Since the spatial wind speed inside the
canopy is close to zero (and can even be negative), the surface plot height is
limited to z/hc > 1. By reviewing the subplots, it can be noticed that the TI
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Figure 4.2. Vertical wind profile comparison for a full forest
and LAI = 2 at different streamwise stations.

at the leading edge of the canopy is higher for the LES, whereas the TI for
WindSim is higher near the trailing edge of the forest.

For a more quantitative approach, vertical TI has been extracted in the
same manner as the streamwise wind speed. The vertical TI subplots for vary-
ing x/hc can be seen in Figure 4.4. The results display a good agreement above
the canopy, whereas inside the forest the LES data displays a higher TI. This
could again be explained by the higher aerodynamic drag generated by the
forest with a variable LAD profile. For both simulations, the maximum TI is
reached closest to the ground.

4.1.2. Full forest with LAI = 5

Similar results as LAI = 2, were obtained for LAI = 5 for the full forest.
The notable difference is that the wind is affected by a larger blockage effect,
resulting in a little higher horizontal wind speed above the canopy. Also, since
the forest is denser, the streamwise wind speed in front and inside of the forest
is lower. Figure 4.5 shows the vertical wind profiles for both LAI = 2 and 5.
Although it is difficult to distinguish, it can be observed that for both WindSim
and LES data, for LAI = 5, the horizontal wind speed between 0 < z/hc < 3
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Figure 4.3. TI in %, comparison between WindSim and LES
data, with LAI = 2, plot starts at z/hc = 1.

is lower in comparison to LAI = 2. However, above z/hc ≈ 3, the streamwise
wind speed is higher for LAI = 5. Since the forest acts as an obstacle for the
wind, momentum is being partially absorbed by the forest and simultaneously
being forced upwards, generating a higher vertical and horizontal wind speed
above the canopy.

4.1.3. Clearings

In this section, the results from the WindSim simulations for different clearing
cases are presented. Simulations were carried out for both LAI = 2 and LAI
= 5, but due to the similarity of the results, only LAI = 2 is displayed. In the
first plot, Figure 4.6, the mean streamwise wind speed is displayed. From the
following figure, it can be noted that the horizontal wind speed is the highest
well above the canopy. If a clearing exists, the average momentum above canopy
height decreases, which can be seen in the wave formation above the canopy
at approximately 9 hc. The subplots are also expressing a clear blockage effect
at the leading edge of the canopy, as well as a similar recovery at the trailing
edge of the domain. The profile above the canopy is almost indistinguishable
for all subplots.
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Figure 4.4. Vertical TI profiles with LAI = 2 for a full forest
at several streamwise stations.

The turbulence intensity is not significantly affected by the clearing pres-
ence, a small dent for the TI can be observed where the clearings are located:
not surprisingly, the recovery is the most pronounced for the 20 hc clearing.
The TI behind the trailing edge of the canopy is very similar for all forest con-
figurations. To avoid high TI at turbine height, based on these results, it is
advisable to install turbines close to the upstream leading edge of the forest.

Figure 4.8 displays the vertical wind profile extracted at x/hc = 20, for both
LAI = 2 and LAI = 5, for the full forest and all clearing configurations. What
can be observed is that the height until the profiles regain the initial logarithmic
profile, for all clearings regardless of LAI, is z/hc ≈ 3.5. Beneath that, the
profiles do not express themselves logarithmically, and for the longest clearing,
the highest streamwise wind speed is found. Above 3.5 hc, the full forest
yields a higher wind speed, which can be explained by more momentum being
transported above the canopy, which indicates that in an energy production
sense, it could prove beneficial to avoid clear-cutting the forest in the vicinity of
the turbine location. Since it previously was distinguished that the wind speed
continuously decreases over a flat terrain due to the drag from the surface (see
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Figure 4.5. Vertical wind profiles with LAI = 2 and 5 for a
full forest at several streamwise stations.

Figure 3.4), the only explanation for the speed-up above the canopy is due to
the impact of the forest.

In Figure 4.9, the wind direction with regards to the horizontal plane can
be seen. The angle is expressed in degrees and the only affecting parameter
is the forest. At the leading edge of the canopy, the angle is the highest.
According to International Electrotechnical Commission: “The influence of an
inclination of the mean flow with respect to a horizontal plane of up to 8° shall
be considered”, which is due to the associated fatigue loads of the turbines
(IEC 2018). For the investigated case, it means that the turbines should not
be installed below 2.5 hc, when LAI = 5, and neither at the trailing edge of the
canopy, due to the related negative wind direction below 1.5 hc. For a lower
LAI, the threshold height can be decreased since the wind direction was below
8° already at to approximately 2 hc. So it can be concluded that a denser
forest yields a higher vertical wind speed. Another interesting result is that
the vertical wind speed is only pronounced at the beginning of the forest, and
it is not as distinct at the trailing edge of the clearing. Comparing the 10 and
20 hc long clearings, the wind direction is steeper at the trailing edge of the
clearing for the longer clearing.
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Figure 4.6. Mean streamwise horizontal wind speed for dif-
ferent clearing length and LAI = 2. The dashed lines indicate
the location of the forest.

4.2. Ryningsnäs simulations

For the Ryningsnäs site, initially, two different simulations were set up. The
first to comply with the current industry standard and the second with higher
accuracy in terms of PAI and tree height correspondence. The industry sim-
ulation amounted to six Roughness Dummy Values (RDVs), the simulation is
therefore referred to as RDV6, for six different tree height bins, whereas the
simulation with higher accuracy totalled in 60 RDVs (simulation referred to
as RDV60). Due to a limitation in WindSim (where the maximum amount of
RDVs that could be assigned was equal to the total amount of cells employed in
the vertical direction), only 60 RDVs were used. As previously mentioned, the
measured data from the meteorological mast was gathered for three different
upstream directions: 100°, 240° and 290°. The physical measurement locations
ranged from 40 to 138 m. The result of the horizontal wind speed and TI can
be seen in Figure 4.10 and 4.11, respectively.

Besides from the two initial simulations, three additional simulations were
performed. The Corine, ORA20d and a forest model with constant C2 value
of 0.05. The details of the five simulations are reported in table 3.2.3.
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Figure 4.7. TI in % for different clearing formations and LAI
= 2. It is worth to mention that the vertical coordinate starts
at z/hc = 1, namely at the top of the canopy.

In Figure 4.10, the normalized horizontal wind speed can be seen for
all wind directions. The data of the simulated horizontal wind speed was
normalized with the maximum streamwise velocity of the measured data (at
height 138 m), and interpolated with the Piecewise Cubic Hermite Interpolat-
ing Polynomial-method.

By comparing RDV6 and RDV60, the simulated vertical wind profiles share
similar gradient. For all wind directions, a strong agreement between the mea-
surements and the simulations occurs above 80 m. Below 80 m, the simulated
data overestimates the horizontal wind speed. The discrepancy between the
two simulated cases (RDV60 and RDV6) is most evident between 5 to 40 m,
where RDV60 yielded a higher horizontal wind speed than RDV6. Since the
streamwise wind speed is overestimated in comparison to the measured data,
it can be concluded that the drag generated by the forest is underestimated for
both simulations. This conclusion is validated by examining the simulation C2

= 0.05, which has an almost perfect agreement with the measured data. The
C2 value for the the C2 = 0.05 simulation was almost two times higher than
the average C2 value for RDV6 and RDV60.
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Figure 4.8. Vertical wind profile in the middle of the forest
or clearing at x/hc = 30, for all clearing cases.

The two roughness map approaches, Corine and ORA20d, both display an
overestimation of the horizontal wind speed, although the result of ORA20d
displays a better fit than Corine. Both simulations perform worse than simula-
tions where a forest model was applied. In Table 4.1, the absolute percentage
difference from the measurements and the simulations is presented. Only data
for the inlet angle 100° is presented, since similar results were obtained for 240
and 290°.

Regarding the TI, see Figure 4.11, it can be recognized that for RDV6 and
RDV60 that the TI is overestimated. In terms of accuracy, the RDV60 yielded
a better result in comparison to RDV6. The C2 = 0.05 simulation proved to
severely exaggerate the TI for all wind directions.

For the roughness map approaches, a similar result was obtained: both
underestimated the TI. This can be explained by the absence of turbulence
source inside the forest. Since the turbulence is mostly generated from the
roughness of the surface, the result displayed an almost vertical profile between
40 and 138 m.
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Figure 4.9. Wind direction in degrees for the clearing cases
with LAI = 5.

Simulation
100°

∆U
120 m

∆U
98 m

∆U
80 m

∆U
59 m

∆U
40 m

Mean

RDV60 1.30 0.70 1.73 6.68 13.88 4.05
RDV6 1.12 1.19 0.89 5.22 11.36 3.29
Corine 2.67 2.36 6.13 12.33 19.86 7.23
ORA20d 2.45 1.83 5.28 11.03 17.94 6.42
C2 = 0.05 0.48 2.75 1.66 0.94 4.32 1.70

Table 4.1. Table displaying the absolute percentage differ-
ence between the measured and the simulated data for horizon-
tal wind speed at 100° upstream direction. The bold numbers
display the best estimation for the corresponding simulation.

In Table 4.2, the absolute percentage difference of the measured TI in
comparison to the simulated one, at reference heights is reported. The best in
terms of average TI was found for simulation RDV60. Only data for 100° is
presented, similar results were obtained for 240 and 290°.
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Figure 4.10. Results from the Ryningsnäs simulations, nor-
malized vertical wind profile for all wind directions. The blue
filled circles indicate the measured data and the coloured solid
lines the results from the different simulations. The dashed
lines indicate the inlet wind profile imposed by the logarithmic
law, with the roughness length equal to 0.05 and the boundary
layer height equal to 500 m.
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Figure 4.11. Ryningsnäs simulation result, turbulence inten-
sity for all wind directions. The blue filled circles represent the
measured data, and the solid lines the simulated.

Simulation
100°

∆TI
138 m

∆TI
120 m

∆TI
98 m

∆TI
80 m

∆TI
59 m

∆TI
40 m

Mean

RDV60 51.89 49.38 46.32 39.46 29.59 17.56 39.03
RDV6 58.68 56.35 53.55 46.99 37.49 25.73 46.46
Corine 60.01 62.02 64.09 69.31 75.47 80.84 68.62
ORA20d 51.62 53.92 56.41 62.11 68.87 74.74 61.28
C2 = 0.05 76.71 74.76 72.41 66.47 57.76 46.74 65.81

Table 4.2. Table displaying the absolute percentage differ-
ence between the measured and the simulated data for TI at
100° upstream direction. The bold numbers display the best
estimation for the corresponding simulation.
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CHAPTER 5

Conclusions

Much of the planned installation of wind turbines in Sweden is located in the
northern areas, characterized by a low population density so that problems re-
lated to sound pollution and visual acceptance are of lower concern. These areas
are generally distinguished by complex topography, usually with the presence
of forest, that significantly affects the wind characteristics, complicating their
modelling and simulation. There are concerns about how good an industrial
code can simulate the effect of a forest, a question of paramount importance
in the planning phase of new onshore farms. No industry consensus yet exists
on how to estimate wind conditions in forested areas, where the ambition of
this thesis was to investigate the forest model in the commercial CFD software
WindSim and also to review and compare different industrial methodologies to
simulate the effect of the forest.

Initially, a sensitivity analysis was conducted to simulate the impact of
the top boundary condition and of the forest cell count. To assess the ac-
curacy of the simulations, a validation between the industrial code WindSim
and Large Eddy Simulation data from Segalini. et al. (2016) was initially per-
formed, demonstrating good agreement between the two. The methodology
was then applied on a real Swedish forest, Ryningsnäs. Five different simu-
lations were carried out to compare a roughness map approach versus forest
modelling. All simulations were conducted for neutral stability conditions with
the same domain.

The main conclusions of this study can be summarized as follows:

(i) There is no notable difference between the top boundary condition dif-
fusive link and constant pressure over a full forest configuration. The
no friction wall top boundary condition overshoots the streamwise wind
speed above 3 hc for the 2D simulation.

(ii) The FCC affects the horizontal wind speed at all heights. When evaluated
at 3 hc, the wind speed for FCC = 3 was 1.8% higher in comparison to
FCC = 12. Fewer cells led to a significant difference in horizontal wind
speed and convergence can be achieved with FCC over 15.

(iii) Good agreement was achieved between the industry code and the LES
data in terms of streamwise wind speed and turbulence intensity for a full
forest, for both LAI = 2 and LAI = 5.
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(iv) A dense forest yielded a marginally higher streamwise wind speed above
the canopy, in contrast to a sparse one.

(v) If a prevailing wind direction exists, in an energy production sense, it
would prove beneficial to install the turbine in the vicinity of the leading
edge of the homogeneous canopy, and not in the clearing or at the trailing
edge. However, the angle of the wind with regards to the horizontal plane
was observed higher at the leading edge of the canopy and might affect
the lifetime of the turbine negatively.

(vi) The wind angle above the forest was noticed higher for a denser forest
than for a sparser one.

(vii) Vertical wind speed profiles in the middle of the forest for the differ-
ent clearing configurations showed that the undisturbed wind speed was
reached at approximately 3.5 hc. Above 3.5 hc, the full forest composi-
tion yielded a higher horizontal wind speed compared to the undisturbed
wind, as well as for the forest clearings.

(viii) For the Swedish forest Ryningsnäs, bin discretization of the tree height
and PAI correspondence did not yield a better agreement than RDV6,
and it seems like that other factors, such as terrain complexity and choice
of drag coefficient, affect the wind profile to a higher extent.

(ix) The turbulence intensity for Ryningsnäs was more accurate with more
precise RDVs.

(x) The best discretised simulation result for Ryningsnäs, in terms of hor-
izontal wind speed, was achieved for a constant C2 = 0.05, regardless
of wind direction. The TI was however overestimated by approximately
50%, for all heights, regardless of the wind direction. The main difference
between the other forest models was that the C2-value was almost always
higher compared to RDV6 and RDV60, that indicates that the effect of
the forest was underestimated for the RDV6 and RDV60 simulations.

(xi) The best agreement for the roughness map approach was achieved for
ORA20d, both in terms of horizontal wind speed and TI. The horizontal
wind speed was constantly overestimated, whereas the TI was underesti-
mated.

(xii) For Ryningsnäs, a strong correlation can be deduced for all simulations
conducted, between an underestimated horizontal wind speed and an over-
estimated TI.
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