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a b s t r a c t

In response to the rapid growth of energy consumption in urban cities, rooftop wind turbines (RWT)
have emerged as a powerful technique for providing sustainable energy and strategically minimizing the
carbon footprint of buildings. However, significant knowledge gaps exist regarding how RWT respond to
the complex urban environmental flows modified by the coexisting buildings and trees. This study
conducts idealized numerical experiments using an open-source large-eddy simulation model to
investigate the interactions between actuator-disc turbines, street trees and buildings. We found that
trees taller than the mean building height modifies the existing roof-level strong shear layer by
extracting energy from the mean momentum. A significant change in the mean kinetic energy budget is
induced, drastically increasing turbulence production of the flow, which leads to lower power output of
RWT. Trees lower than the buildings hardly alter the mean flow field but they reduce turbulence pro-
duction near the roof level. As a result, improved power output (16%) and decreased normalized power
fluctuation (5.2%) are observed compared to the control case without trees. The results highlight that it is
important to assess effects of different street tree morphologies on the performance of RWT in their
design and implementation processes.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction trees are present during the operation of RWT. As illustrated in the
Urban environment hosts more than 50% of the world popula-
tion and the trend of rapid growth in energy consumption (56%
from 2010 to 2040) continues in this century [1]. Cities and urban
population thus face unprecedented challenges in achieving sus-
tainability, which require innovative strategies for renewable en-
ergy to meet the surge in electricity demands.

Recently, there has been an increasing interest in the potential
of rooftop wind turbines (RWT) in the built environment for
distributed renewal energy generation [2,3]. RWT can be consid-
ered as mini- or micro-turbines with small swept areas �200 m2,
low hub height<50m, small rotor diameters<5e10m and rated
capacities<50Kw [1,4,5]. Such environmentally friendly and cost-
effective modern small rooftop wind turbines are ideal for func-
tioning as an energy source to meet household electricity de-
mands [6,7].

In general, in realistic urban environments, it is likely that both
buildings and urban vegetation, especially tall vegetation like street
schematic in Fig. 1, when an internal boundary layer develops over
an array of buildings with RWT, the interactions between buildings,
street trees and turbines are expected to jointly impact the flow
(See Fig. 1). Buildings increase turbulence intensity and mean ve-
locity through acceleration effect of the roof shapes, which is
supposed to enhance the power of RWT [8]. Trees, however, extract
mean momentum from the flow and thus are expected to reduce
the mean power output of RWT. To date, researchers almost
exclusively focused on how flows over complex urban buildings
impact the performance and efficiency of RWT without the pres-
ence of urban vegetation, in terms of both the flow details andwake
developments. For instance, Tabrizi et al. [9] and Abohela et al. [10]
conducted computational fluid dynamics simulation in the built
environment showing that the turbine abilities are particularly
sensitive to the building height and shape, roof shape, wind di-
rection and turbine hub height. Peng et al. [11] investigated the
wind flow characteristics and wind energy potential over the flat
rooftops of tall buildings throughwind tunnel testing, showing that
wind energy on the roof is more sensitive to the building width
ratio, and it can be amplified by 1.6e2.7 compared to case without
buildings. Balduzzi et al. [12] found a positive influence on the
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Fig. 1. Schematic diagram of the flow transport in the urban area with rooftop wind turbines, where the gray dashed line represents to turbine wakes (TW) of rooftop wind
turbines; green arrows represent the interactions between tree canopy (TC)and TW; and blue arrows indicate influence of the building canopy (BC).
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velocity increment in the rooftop area with an optimal sloping
angle of 8�, that will ensure a further increase (up to 12%) of the
wind energy harvesting. Collectively, urban buildings of certain
shapes and arrangements can substantially improve the output
power of RWT. However, due to high turbulence intensity and
complex flows in the urban environment, fluctuations in the mean
power of rooftop turbines could be a bottleneck for efficient oper-
ations. This issue has received relatively little attention previously
and will be one of the focuses in this work.

In addition, as shown in Fig. 1, the aerodynamics of the tree
canopy (TC) and building canopy (BC) are critical for the evolution
of rooftop turbines wakes [13e15]. The preliminary wake recovery
was related to turbulence [16e18], with the finding of significant
positive correlation between the turbulence intensity and wake
recovery. Then, the interaction between the wind-turbine wake
and a downstream building array was undertaken by Ge et al. using
large-eddy simulations (LES) [19]. It is found that a high-pressure
region is formed upstream due to the blocking effect of the
downstream urban district, which dramatically changes the tra-
jectory of the wind-turbine wake and results in a fast wake re-
covery, and the wind-turbine wake suppresses the vertical
momentum flux and thereby reduces the wind speed in the
streamwise streets. Yang et al. [20] evaluated the effects of a three-
dimensional hill on the wake characteristics of a wind turbine,
which found that the hill higher than the turbine hub can promote
the recovery of downwind turbine wakes because of the increased
entrainment of ambient flow into the turbine wake. The hill
enhanced turbulent transport in both spanwise and vertical di-
rections. Similarly, faster recovery of the turbine wake is observed
when it was immersed in the wake of buildings, which was caused
by the enhanced turbulent transport and convection associated
with the secondary mean flow structure behind the cube [21].
Together these studies provide important insights that turbine
wakes (TW) can be sensitive to the presence of any urban rough-
ness elements. Nevertheless, there is a lack of understanding on the
joint impacts of buildings and tall vegetation (i.e., street trees) on
turbine wakes, which may hinder our ability to fully assess the
operation of RTW in realistic urban environment.

On the other hand, an extensive body of literature exists on
flows over roughness elements, which can consist of tall vegetation
(i.e., forest canopy), sharp-edged building obstacles (i.e., building
canopy) or coexisting trees and buildings. The canopy aerodynamic
drag and complex recirculation and wake patterns lead to the
characteristic canopy flows [22]. For example, previous studies
have applied LES and wind tunnel experiments over pure vegeta-
tion canopies that provides insight of the flow details, turbulent
coherent structures and scalar dispersion [23e25]. The impacts of
street trees with different morphologies and relative locations on
flows over urban building structures have also been investigated
[23,24,26e28]. Trees taller than the mean building height were
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found to strongly modify the flow and temperature fields [26]. The
effects of urban trees are twofold within the urban canopy: on the
one hand, they act as a direct momentum sink for the mean flow;
on the other hand, they lower the downward turbulent transport of
high-momentum fluid, significantly reducing the mean kinetic
energy at the heights where people live and buildings consume
energy, as concluded in Giometto et al. [23].

Therefore, from these existing evidences of the impact of urban
trees on turbulent flows, we postulate that details of the locations
and morphologies of the trees with respect to the RWT and
buildings critically impact both the mean flow and turbulence. As a
result, under certain circumstances, it is likely and will be studied
later that their nontrivial interactions can reduce fluctuations in the
mean power output of RWT, a desirable outcome in RWToperation.
This study is motivated to answer the following research questions:
1) how is the environmental flow altered by the interactions be-
tween the wakes of rooftop turbines, buildings and trees? 2) how
do different tree morphologies impact the flows and the turbine
performance? To investigate the synergistic impacts of RWT and a
mixed urban canopy consisting of buildings (i.e. the bluff-body
roughness elements) and trees (e.g. the porous roughness ele-
ments), we will conduct numerical experiments using large-eddy
simulation (LES) modeling.
2. Numerical setup

2.1. Modeling the aerodynamic effects of trees and turbines in LES

2.1.1. Governing equation
LES is a high-fidelitymethod to simulate thewake ofwind turbine

farm aswell as flows over complex canopy [29,30]. In the current LES
model, the buildings/obstacles are resolved using the immersed
boundary method [31,32], the RWT are actuator-disc [33,34] and the
urban trees are parameterized [26]. The current LES model has been
widelyappliedandvalidated forflowsovercomplexcanopyandwind
turbines [32,35]. For neutral condition, the continuous and filtered
momentum governing equations are given by
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where t denotes time; ui is the resolved velocity vector and i ¼ 1, 2,
3 corresponds to the streamwise direction x, spanwise direction y
and vertical direction z, respectively; r0 is the density of air which is
assumed to be constant without loss of generality; p is the modified
pressure; tij is the deviatoric part of the sub-grid stress tensor; Fi is
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the body force driving the flow (here simply a homogeneous steady
horizontal pressure gradient along the streamwise direction); Bi is
the immersed boundary force representing the action of the ob-
stacles (buildings) on the fluid; Ti is the thrust caused by RWT; and
di is the drag force exerted by the trees.

For spatial discretization, the pseudo-spectral method is used in
the horizontal directions and periodic boundary conditions are
adopted in both the streamwise and spanwise directions. A stress-
free boundary condition on the top boundary and an equilibrium
wall model on the ground and building walls [36] are applied in the
current LES. The subgrid scale (SGS) stress tensor is modeled using
the Lagrangian scale-dependent dynamic Smagorinsky model [36].
The second-order Adams-Bashforth method is adopted for time
advancement.

2.1.2. Wall model
As for the equilibrium wall model on the ground and building

walls, the second-order central finite difference method is used in
the wall-normal direction. It can be expressed by log law [35]:

u
u*

¼1
k
log
�

zn
z0m

�
(3)

where u is the resolved local wall-parallel velocity near the wall; u*
is the friction velocity calculated as the square root of the kinematic
wall shear stress; zn ¼ dz=2 is the distance away from the wall in
the wall-normal direction; z0m ¼ 10�4H (H is the height of the
cubic buildings) is the roughness lengths for momentum [37,38].
The instantaneous wall stress can be correlated with the filtered
velocity ui(i ¼ 1,2) of the first grid node above the surface through:
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2.1.3. Thrust force of wind turbine and drag force of tree canopy
The RWT is simplified as an actuator disc (ADM), which has been

verified with different turbine models (including ADM-R and ALM)
and experimental results to show the accuracy and consistence of
large eddy simulation (LES) with ADM [19,39]. The results based on
ADM neglect the rotation effect resulting in underestimating the
turbulent wake in the near-tip area. However, it is still an effective
approach to simulate thewakeofRWT.The thrust forceTi is calculated
by:

Ti ¼ � 1
2
rCT

Ud
2

ð1� aÞ2
p

4
D2 (5)

where CT is the thrust coefficient, Ud is the velocity of actuator disc,
Ud ¼ U∞ð1 � aÞ, a is the axial induction factor a ¼ ð1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Þ=

2, D is the diameter of the disc. In the current LES model, the thrust
of each turbine can be expressed as:

Ti ¼ � 1
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p
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where CT
0 is the local thrust coefficient, CT 0 ¼ CT=ð1� aÞ2; herein, a

typical operating case of the wind turbines is selected with
CT ¼ 0.75, which corresponds to a ¼ 1/4 and CT

0 ¼ 4/3 according to

previous works [19,40]; CuTdD is the disc and time-averaged velocity;
<ðxÞis the smoothed normalized indicator function to distribute the
turbine thrust force; be1 is the unit vector pointing outward from the
disc in the direction of the flow.

The drag force di of urban tree is parameterized using the same
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approach as in Shaw and Schumann (1992) and Pan et al. (2014).

di ¼ � CdPiaðzÞjujui (7)

where Cd is the drag coefficient, a(z) is the leaf area density (m2/m3)
and Pi is the projection coefficients. Cd is 0.40 in all the simulations
considered in this study based on laboratory experiment. a(z)Pi
gives the effective leaf area density facing the ith direction. Pi is
adopted based on well-documented empirical results for vegeta-
tion canopy, where Px ¼ Py ¼ 0.28 and Pz ¼ 0.44 [25,26]. The
vegetation canopy is assumed to be horizontally homogeneous
such that Pi and a(z) are functions of height (z) only. An empirical
relation found by Lalic and Mihailovic (2004) [41] in Eq. (8) for the
leaf area density a(z) is implemented here. The model is shown to
be applicable for vegetation canopy for a wide range of leaf-area-
index (2e20).

aðzÞ¼ am
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where n ¼ 6 for 0�z � zm; n ¼ 1/2 for zm � z � h. a(z) depends on
three parameters, which are the tree height h, maximum value of
leaf area density am at corresponding height zm. Note that the
parameterized trees are simplified as cuboid in the present work.
Thus, the typical geometrical parameters of trees include of height
h and the tree crown size Rt. The values of these parameters are
shown in Section 2.2.
2.2. Details of the numerical setup

The computational domain, presented in Fig. 2, is an idealized
urban areawith coexisting buildings, street tress and RTW. Similar to
Calaf et al. (2013) [33] that examines the fully developed turbulent
flow an ‘infinite’wind farm, here we make the same assumption for
the urban area and a horizontally periodic boundary condition is
imposed. The computational domain has a dimension of
Lx � Ly � Lz ¼ 12H � 6H � 6H ¼ 240 m � 120 m � 120m, and the
sufficiency of vertical length Lz¼ 6Hhas beenverified comparedwith
Lz¼ 8H (the results are shown in Fig. A1of Appendix). Same grid scale
dx ¼ dy ¼ dz is set in streamwise, spanwise and vertical directions
with resolutionNx�Ny�Nz¼ 240� 120� 120 grid points. Thus, the
actuatordiscof eachwind turbinehas a resolutionof5�5gridpoints,
and each building has 20� 20� 20 points. 12 cubic buildings with a
height of H are used to represent urban area with the aspect ratio H/
w ¼ 0.5, whose space is twice wider in streamwise than that in
spanwise.Note that the treeswithvariousheights areplacedbetween
the buildings, and the wind turbine is placed at the center of the
rooftop. The buildings are placed symmetrically in the computational
domain. The flow is driven by a constant streamwise pressure
gradient. The grid resolution is previously studied for the present
method in urban environment, which shows that 8 grid points is
sufficient to resolve the cube in each direction in order to get grid-
insensitive results [42,43]. Further, 16 grid points resolving the cube
for urban-tree environment also provide reasonable results [26].
Thus, the current setup of 20 grid points is adequate for the urban-
tree-turbine simulations. All the cases are run for 50 eddy turnover
times (one eddy turnover time, TETO, is defined as the vertical domain
height divided by the friction velocity, i.e. t=TETO ¼ tu*=Lz,
u* ¼ 0.45m/s). To get themean quantities of the flow, the time-space
averaging ismade for the instantaneous flow field. The timewindow
of temporal averaging is set as the last 25 eddy turnover times,where
the sufficiencyhasbeenconfirmed. Thereinafter, theupper symbols<
> and e refer to horizontal spatial average and time average,
respectively.

As shown in Table 1, 13 cases of simulations were conducted to



Fig. 2. Scheme of the three-dimensional computational domain with buildings (represented by cubes), rooftop wind turbines (based on actuator-disc model) and parameterized
trees (modeled by cuboids with the tree crown of size, Rt).

Fig. 3. Vertical distribution of leaf area density a for different tree canopies, where a(z)
in T2 and T4 are identical except for different tree crown sizes.
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study how urban buildings and street trees of different morphol-
ogies impact the wake of RWT. The symbols “W” and “T” represent
wind turbines and urban trees, respectively. W1T1, W1T2 and
W1T3 were responsible for interpreting the impact of varied tree
heights; W1T2-F and W1T2-B were set for investigating the effect
of tree location; W1T4 is applied to analyzing the effect of tree
canopy size; W2T2 and W3T2 were used to evaluate the influence
of building and tree canopies on different height of turbines. W1,
W2 and W3 are the corresponding control groups with buildings
and turbines but without trees. W0 is the control case with only
buildings and OT is the control casewith only turbines to obtain the
standard wake propagation in wind farms. Fig. 3 illustrates the
distributions of the leaf area density of trees for the cases in Table 1.

3. Results and discussions

3.1. Flow field over buildings

We first analyzed the flow field over buildings only in case W0.
The normalized time averaged velocity and turbulence intensity in
streamwise direction of this area are shown in Fig. 4. Fig. 4a clearly
indicates the difference between CuD above the rooftops and that in
the street canyons, especially for z/H � 2.5. Recirculation between
the buildings is observed in the lower part of the street canyon.
Strong vertical gradients of CuD near z/H¼ 1 above the roofs indicate
the presence of strong shear layer. Large values of Iu ¼ 0.255e0.213
(Iu is the turbulence intensity) at z/H ¼ 1.5e2 above the rooftop
Table 1
Parameters for different computational cases.

Cases Rooftop turbines

d/H L/H

Only turbine OT 0.25 1.5
No Tree W0 e e

W1 0.25 1.5
W2 0.25 1.75
W3 0.25 2

With Tree W1T1 0.25 1.5
W1T2 0.25 1.5
W1T3 0.25 1.5
W1T4 0.25 1.5
W2T2 0.25 1.75
W3T2 0.25 2
W1T2-F 0.25 1.5
W1T2-B 0.25 1.5
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indicate strong flow fluctuations, which is much higher than that in
the case without buildings [19]. This means that potentially RWT
can be impacted by the shear layer and high Iu due to the buildings.
Moreover, the streamwise velocity contour in the horizontal xy-
plane (Fig. 4 (c)) at z/H ¼ 0.5 shows that low values of u are present
in areas sheltered by the buildings in their leeward [42,43]. Next,
Trees

Rt/H h/H zm/h am Dl/h

e e e e e

e e e e e

e e e e e

e e e e e

e e e e e

0.25 0.75 0.8 2.8 1
0.25 1.25 0.8 2.8
0.25 1.5 0.8 2.8
0.5 1.25 0.8 2.8
0.25 1.25 0.8 2.8
0.25 1.25 0.8 2.8
0.25 1.25 0.8 2.8 1.5
0.25 1.25 0.8 2.8 0.5
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the joint impact of the buildings and trees on the turbine wake will
be discussed and evaluated.
3.2. Joint impact of buildings, trees and turbines on the flow field

This section first examines the joint impact of tree canopies and
turbines with various morphologies on the overall flow filed in
urban environment is discussed for answering the first question
proposed in Introduction. Fig. 5 shows the normalized time-space
average shear strength dCuD =dz =Cuðz ¼ HÞDH, in which three
typical enhanced shear strength regions can be clearly observed.
The first shear strength peak is in the rooftop illustrating that there
exists a strong shear layer generated by the buildings. It is
remarkable that the trees taller than buildings can modify the
strong urban shear layer, corresponding to the second peak at z/
H¼ 1.25 for the cases ofW1T2,W1T2-F, W1T2-B andW1T4 (shown
in Fig. 5 (a)). The third transitional shear strength region is at the
location of turbines. However, such vital transition of shear
strength totally coincides with the trees taller than the down tip of
turbines as shown inW1T3. In addition, as show in W1T1, the trees
lower than the buildings can slightly reduce the shear strength in
street canyon but has less impact above the rooftop. Overall, Fig. 5
indicates that the tall tree canopy increases the shear strength,
demonstrating that the mean flow is the most sensitive to tree
canopy height rather than the location or crown size. Similar con-
clusions are also obtained in Fig. 5 (b). As reported in Li et al. [26]
and Krayenhoff et al. [27], the modification of the tall tree is
creating additional shear layer to interact with the existed building
shear layer, which is more obvious in the tree with dense foliage
and the crown that partially or fully cover the rooftop.

Next themagnitude of the difference between a variable in cases
with and without tress (CXDVAR) is defined in Eq. (9):
Fig. 4. The vertical profiles of the rooftop and street canyon (a) mean velocity and (b) turb
streamwise direction, where the flow is from left to right.
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CXDVAR ¼ CjXcase �X0jD (9)

where X0 denotes the corresponding cases without trees (W1, W2
and W3) and <> indicates averaging over the volume Lx � Ly � Lz
excluding the solid volume occupied by the buildings. The
normalized velocity and Reynolds stress (resolved and subgrid-
scale parts) for all the cases are shown in Fig. 6. The tall trees
significantly affect the vertical distributions of velocity and Rey-
nolds stress, especially near the rooftop and within the street
canyon with CXDVAR � 0:4. The larger variability in CuDVAR =Cuðz¼HÞD
indicates that different tree canopy morphologies and locations
result in distinct surface drag. The time-averaged Iu (hereinafter,
Iu ¼ su =uðz¼hubÞ) for cases with tree canopy of different heights are
compared with case without the trees, as highlighted in Fig. 6 (c)
showing three typical cases W1, W1T1 and W1T2 (the others are
shown in Fig. A2 the Appendix). Surprisingly, compared with W1,
high values of Iu behind the upstream turbine from z/H ¼ 1 to
height of the turbine are lower in W1T1 due to the presence of tree
canopy at z/H ¼ 0.75. In contrast, the tall tree canopy W1T2
significantly increase Iu. This may be caused by tall tree canopy
exerting a high pressure drag to the flow, leading to an increased
transfer of turbulent kinetic energy from the mean flow to turbu-
lence [44]. It will drastically influence the output power of the RWT,
and detailed analysis is given in Section 3.5. To summarize, we
confirmed that the mean streamwise velocity, Reynolds stress and
turbulence intensity are not as sensitive to the location and crown
size compared to the tree canopy height.

Next, the spatial distributions of the time-averaged velocity and
Reynolds stress in the urban environment are plotted for interpret-
ing the joint impact of buildings, trees and turbines. A unit, con-
sisting of two adjacent buildings and the intermediate street canyon,
ulence intensity. (c) the horizontal xy-plane contour of u at z/H ¼ 0.5 in W0 along the



Fig. 5. The normalized time-averaged shear strength for (a) the lowest turbine W1 with different tree canopies, and (b) the two higher turbines, W2 and W3, with the same tree
canopy. The block shows the location of turbine disc.

Fig. 6. Comparison between cases of turbines with different tree canopies with their corresponding control cases (a) normalized variance of mean velocity, (b) normalized variance
of Reynolds stress, and (c) the time-averaged turbulence intensity for the typical cases W1, W1T1 and W1T2.
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in the streamwise direction of the computational domain is selected
for presentation, and the normalized velocity contours and stream-
lines are presented in Fig. 7, where the white block represent the
buildings. The spatial patterns of the flow field have been drastically
altered due to the presence of the trees, despite seemingly small
differences in the horizontally normalized quantities shown in Fig. 6.
For themoderate canyon aspect ratio (i.e., building height divided by
street width) of 0.5, a clockwise recirculation within the street
canyon is formed close to the windward (W0), which is quite char-
acteristic for street canyons with similar aspect ratio [45]. The
rooftop turbine (W1) and low urban tree (W1T1) hardly alter the
flow recirculation pattern within the street canyon. However, as
W1T2, W1T3 and W1T4 shown in Fig. 7, the tall tree canopy alters
the location of the recirculation, which is ‘locked’ between the
leeward of the building and the tree canopy, as indicated by the
arrows. When the tall trees are placed forward (W1T2-F) or back-
ward (W1T2-B) with respect to the street canyon center line, the
flow recirculation is located near the leeward but its horizontal
extent decreases or increases, respectively, shown by the arrows in
Fig. 7 (e) and (f). As described in Ref. [46], the flow pattern in the
169
moderate street canyon is dominated by the upstream wake and is
sensitive to the pressure drag imposed by the building geometry.
Therefore, the urban tree canopy as porous obstacles exert additional
drag force, depending on its height, location, andmorphology, which
modify the effective street canyon aspect ratio and thus drastically
changing the flow recirculation within the street canyon. The wake
of the lowest turbine (all cases with W1) is not apparent and
partially immersed in the shear layer of the building and tree can-
opies for all cases. On the contrary, the turbine wakes in cases W2,
W3 and W3T2 can be clearly observed, since they are too tall to be
interfered by the shear layer of buildings and trees (except forW2T2,
which is slightly affected by the tall tree canopy). The following
analysis of the spatial distribution of Reynolds stress provides
consistent results about the impacts of tree canopy.

Fig. 8 depicts the temporally averaged u0w0=u2* . The standard
turbine wake in case OT (Fig. 8 (a)) is approximately horizontal,
which is consistent with its distribution in Abkar and Port�e-Agel

[16]. However, as confirmed by W1, u0w0=u2*caused by the down
tip of turbine is totally combined with that of buildings and thus



Fig. 7. The normalized time-average velocity contours and streamlines in the middle xz-plane for all the cases listed in Table 1, where the white blocks represent the buildings, the
brown block refers to the urban tree and the white lines are the mean streamlines.
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the positive momentum flux is suppressed, resulting in a

downward shift of negative u0w0=u2* . When the hub height is

increased in case W3, the spatial distribution ofu0w0=u2* is almost
undisturbed by the urban and tree canopies, similar to those in
OT, in which equally positive and negative components are found
in the turbine wakes. On the other hand, tall trees (W1T2, W1T3
and W1T4) cause the negative momentum flux of the buildings
and turbines combined to preferentially distribute between the
building leeward and the tree canopy. For the lower part of the
urban street canyon, buildings have the largest contribution to
the total drag force, which is in equilibrium with the transport by
Reynolds stress [23]. Therefore, the tree canopy lower than H
only slightly increase the magnitude of the Reynolds stress
within the street canyon. Conversely, for the urban canopy above
the buildings, a significant portion of the vegetation drag force is
exerted by the tall tree canopy, resulting in a monotonic decrease
of the Reynolds stress [23]. The downward flux of momentum
from turbulent motions is suppressed and hindered by the tall
tree canopy. Consequently, the urban tree and buildings can
affect the wake topology and propagation of the RWT, leading to
the change of the performance of the turbines. This aspect will be
further analyzed in Sec. 3.5.
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3.3. The MKE budget analysis

The mean kinetic energy (MKE) budgets are used to understand
which parameters of flow and how buildings, trees and turbines
interact with each other in the wake region between two arrays of
buildings. The MKE transport equation can be expressed as
[16,19,20,47]:
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Thus, the spatial-integral MKE budgets in U are obtained in Eq.
11- Eq. (16).
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Fig. 8. The normalized time-average u0w0=u2* in the middle xz-plane for all the case listed in Table 1, where the white blocks represent the buildings and the brown block refers to
the urban tree.
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where MC describes the advection of MKE by mean flow; TC is the
turbulent convection, and it describes howMKE is move around by
the turbulent eddies; TP is the turbulence production term (loss in
MKE, negative production), which represents the energy trans-
ported from the mean kinetic energy to the turbulent flow due to
the mean shear; PT is the pressure correlation term that describes
how MKE is redistributed by pressure gradient; DF denotes the
diffusion term, and DP represents the dissipation term. The integral
domain U for all the cases listed in Table 1 is on the cross sections
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with y2½yhub �0:5D; yhub þ0:5D� and z2½hhub � 0:5D;hhub þ 0:5D�,
which is concentrated on the streamwise turbine wake area. All the

budgets are normalized by Auhub
3 =2D with A ¼ D2. The standard

MKE budgets of OT in wind farm are presented in Fig. 9 for com-
parison, where TC and MC are balanced in the far wake region.

As confirmed by the MKE budget in the vertical direction [48],
the transport terms of the model canopy (including buildings and
trees) indicate that turbulence extracts energy form the free-shear-
layer-like flow immediately above the canopy (1<z/H < 1.5) and
redistribute the energy into the other heights. Here, we focus on the
MKE budget of the lowest rooftop turbine W1 (Hhub ¼ 1.5H) with
different tree canopy morphologies, since it provides crucial in-
formation about energy transfer modified by the joint effects of the
buildings, trees and turbines.

Fig. 10 shows the MKE budget in the wake region for three
representative cases, namely, W1, W1T1 and W1T2. The rooftop
and street canyon are regarded as near and far wake region,
respectively. The tall tree canopy, such as W1T2, behaves as a
porous wall and momentum sink against the horizontal mean flow
to decrease u, and slightly enhancing the vertical velocity w (as the
streamlines shown in Fig. 7) in the far wake region. It corresponds
to the decrease of MC in W1T2 (Fig. 10 (a)). In addition, the
decreased TC (Fig. 10 (b)) and TP (Fig. 10 (c)) terms inW1T2 indicate
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that themean energy is dominantlymoved around by the turbulent
eddies and transformed to turbulent kinetic energy (TKE) with loss
of MKE when going through the tall trees. The loss of MKE is also
partially caused by the additional strong shear force (see the second
peak in Fig. 5). The higher TKE can lead to the high turbulence in-
tensity in W1T2 (see Fig. 6 (c)). On the other hand, according to Eq.
(12) and Eq. (13), the change of TC and TP reflects the decrease of
u0w0, which is also confirmed by the contours in Fig. 8, where u0w0 of
high magnitude (i.e., more negative) is restricted upwind of the tall
trees before decreasing downwind. The dissipation ofMKE inW1T2
is enhanced in the far wake region, resulting from the drag by the
tree foliage as confirmed by the increased DP (Fig. 10 (f)) [27]. Note
that the higher DP is mainly controlled by the SGS dissipation term
instead of the dissipation directly from the mean flow [48].
Correspondingly, the viscous diffusion DF is decreased due to the
same drag force of tree foliage (see Fig. 10 (e)). Furthermore, due to
the strong pressure gradients present in the urban environment,
the non-negligible pressure transport PT dominates within the
wakes [19,49]. With respect to canopy and near-canopy levels, PT of
tree operates in a similar function to turbulent diffusion, extracting
energy form the near canopy top, and acting as an energy supply for
the other regions [50]. The obstacles, such as buildings and trees
(especially for dense foliage am ¼ 2.8) induce significant pressure
gradients in the horizontal direction. The pressure transport term
PT dominates in the MKE budget compared to other terms (see
Fig. 10 (d)), especially for the tall tree case W1T2. It can be inferred
that higher level of PT in case W1T2 compared to the other two
cases at x/H ~6 acts to promote the recovery of wake in the far wake
region.

The current integral domain U is too high to study the influence
of the low tree canopy case W1T1. Therefore, the MKE budgets of
W1T1 closely resemble that of W1 in Fig. 10. The low tree canopy
has little effect on the alteration of urban flow fields as presented in
Figs. 7 and 8, however, the turbulence intensity near the urban
canopy top is indeed modified (see Fig. 6 (c)). Fig. 11 depicts the
contours of turbulence productions TP to highlight themodification
by the low tree canopy within the street canyon. The high magni-
tude of TP near the shear layer produced by the buildings (Fig. 11
(a)) is significantly reduced by the low tree canopy W1T1 (Fig. 11
(b)) due to its reduction of the shear strength for z/H < 1 (see
Fig. 5 (a)). It also indicates that less MKE is transformed to TKE,
resulting in smaller turbulence intensity in Fig. 6 (c) than that in
W1.

The contributions of buildings and trees to the MKE budget also
differ, which subsequently affect the wake development and
Fig. 9. The MKE budgets of OT showing the standard MKE gain and loss in the OT case.
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recovery differently. The research of Yang et al. [20] concluded that
the far wake recovery rate is independent of the upwind turbulence
structure of the turbine. It has been also proved in Blackman et al.
[51] that the TKE budget is influenced by the buildings in the
building rear parts and close to the roofs andwalls (Dx � 1:25H and
Dz<1:3H); and the far wake region within the interested integral
domain U is insignificantly impacted. Consequently, the tall tree
canopy plays a major role in the far wake region to accelerate the
wake recovery rates, through transporting MKE to TKE and
increasing turbulence production as the TP term shows (e.g. case
W1T2). Meanwhile, the low tree canopy (e.g. case W1T1) mainly
modifies the strong turbulence production near the shear layer
over the street canyonwith lower TP term and turbulence intensity.
The implications of these physical processes for the stability and
performance of the RWT will be further analyzed in Sec. 3.5.

Similarly, the MKE budgets for the higher rooftop turbines W2
and W3 are provided in Fig. A3 of Appendix. The MKE budgets in
the turbine wake for W3T2 are less influenced by the buildings and
trees due to hub heights being taller than the tree canopy height.
The TC, DF and DP terms in W2T2 are slightly affected, demon-
strating that the strong shear layer generated by buildings and trees
is limited to z/H < 2.
3.4. The wake topology of rooftop wind turbines

The MKE budgets and the spatial distributions in the wake re-
gion have been discussed in Sec. 3.3. This section further analyzes
the turbine wake propagation impacted by the buildings and trees.
Thus, the topology, width and length of the turbine wakes are
quantified to answer the second research question in the Intro-
duction. Fig. 12 depicts a qualitative view of the wake topology,
which is defined by the iso-surface of streamwise velocity uiso ¼
0:8uhub. The wake topology of OT shows disjoint iso-surface behind
each turbine aligned in a row without interference. The wake to-
pology of W1 is strongly affected by the buildings and the turbine
wakes merge with mean flows over the urban canopy, forming a
connected iso-surface. Increasing height of the tree canopy (from
W1T1 to W1T3) makes the turbine wakes less distinct in the ver-
tical direction. Moreover, these cases with trees lead to a faster
turbine wake recovery than case OT, since the increased turbulence
and shear strength (discussed in Fig. 5) contribute to the recovery
rate [17]. It is also agreement with the findings in Ref. [52] that the
higher incoming turbulence can enhance the mixing process,
which result in faster wake recovery. As expected, characteristics of
the wakes in W3 converge to case OT, because influence of the
building canopy at the hub height z/H ¼ 2 is insignificant. Next, the
width and length of the turbine wakes will be quantified.

The standard turbine wake, defined by the velocity deficit, can
be described as a Gaussian distribution considering mass and
momentum conservation [52e54]. The standard turbine wake is
expressed in Eq. (17):
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where DU is the velocity deficit; Uin is the inflow velocity, here we
use the spatially averaged (yz-plane) velocity at x/H ¼ 4 as the
inflow velocity with particular focus on the velocity deficits caused
by RWT and trees; x is the streamwise distance referring to wake
length; z is the vertical distance; y is the spanwise distance

denoting to wake width; zh is the hub height; ε ¼ 0:2
ffiffiffi
b

p
, andb ¼



Fig. 10. The MKE budget components of (a) mean convection MC, (b) turbulent transport TC, (c) turbulence production TP, (d) pressure correlation term PT, (e) diffusion DF, and (f)
dissipation DP for the lowest turbine W1 with different trees W1T1 and W1T2, where the gray dotted line refers to the location of rooftop turbine and purple dotted line represents
the boundary of building and street canyon.

Fig. 11. The contours of TP term for the cases of (a) W1 and (b) W1T1 to show the modified budgets by low tree within the street canyon, where the blue (negative component)
represents the loss of MKE.
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p ; k* ¼ vs=vx is the growth rate, s is the standard deviation

of the Gaussian-like velocity deficit profiles at each x. According to
the standard deviation and tolerance intervals, about 68% of values
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draw in ±s, 95% of values are within ±2s, and 99.7% are falling in ±
3s [55].

As shown in Fig. 13, the velocity deficits of RWT are asymmetric
and semi-Gaussian under the influence of buildings and tree



Fig. 12. The various wake topologies of the turbine wake in the urban area indicated by iso-surface of streamwise velocity. W1 shows typical wake topologies affected by building
canopies; W1T1, W1T2 and W1T3 show the typical turbine wakes influenced by the building and tree canopies, W3 shows the less effected turbine wakes, and OT is the wake only
generated by turbines.
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canopies (hereinafter, rw is thewakewidth, and r is the radius of the
turbine disc). The tree canopies can enlarge the velocity deficits
below the down tip as the streamwise distance increases (as shown
in Fig. 13 (b)). However, when focusing on the shaded region
around the turbine disc, it is Gaussian-like and the similar quasi-
liner assumption in Refs. [16,52] can be applied to calculate the
growth rate k* for obtaining the standard wake of the RWT. The
normalized standard deviation of the velocity deficit profile of W1
along the streamwise direction is shown in Appendix (Fig. A4),
where k* ¼ 0:06 over the urban canopy is obtained. Compared to
results in Refs. [16,52] (case2 to case 5), it is found that the growth
rate k* increases with increasing turbulence intensity. The turbu-
lence intensity in Fig. 4 (b) shows that Iu ¼ 0.255e0.213 at the hub
height z/H ¼ 1.5e2, which is higher than that in Refs. [16,52],
resulting in larger value of k* in the current research.

The normalized velocity deficits in spanwise direction for all the
cases (except forW1T3, where the tree canopy is at the same height
with the turbine hub z/H ¼ 1.5 so that the non-existent semi-
Gaussian like velocity deficit is not shown) compared with the
standard wake at downward area Dx ¼ 1:0D (near wake region) are
presented in Fig. 14. The velocity deficits around the turbine disc for
all the cases are similar, indicating the turbine wake in spanwise
direction and near wake region is slightly affected by tree canopies.
The buildings by exerting strong shear forces in vertical direction
(see Fig. 5) to promote the recovery of velocity in areas exceeding
the up tip and down tip, resulting in the larger wake width. The
same criterion of ±2:58s in Ref. [55] where 99% of the values falling
in this region is adopted to obtained the wake boundary. Compared
with the standard wake width of OT (rw =r2½ � 1:6; 1:6�), the tur-
bine wake width for the lowest RWT is increased to rw =r2
½�2:4;2:4� (about 50%) due to the presence of buildings and tree
canopies (Fig. 14 (a)). The identical wake width of RWT with higher
hub height (z/H > 1.75 in Fig. 14 (b)) is less affected by the presence
of tree canopies, which is consistent with theMKE budgets analysis.

The turbine wake length is evaluated by the normalized velocity
deficit at the turbine hub along the streamwise direction as pre-
sented in Fig. 15. The MKE budgets (Fig. 10) elucidate that the
magnitudes of turbulence production term TP and pressure term PT
in the turbine wake region are increased by the tree canopy.
Fig. 13. Vertical distribution of the normalized velocity deficits within the tu
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Therefore, compared to the results in case OT in Fig. 15 (a), the
recovery of turbine wakes is accelerated by buildings and trees. For
example, the velocity deficit of W1T3 recovers at x/H¼ 5.5, but that
of OT is x/H ¼ 7. The taller tree canopy, smaller tree crown size and
closer location to the leeward, the faster recovery rate of the turbine
wake. Comparing the results in Figs. 14 and 15, the tree canopy
mainly impacts the turbine wake in streamwise direction. As ex-
pected, the wake length of the RWT with higher hub height (z/
H > 1.75 in Fig. 15 (b)) is less affected.
3.5. Output power of the rooftop wind turbines

The impacts on the power generation of RWT are evaluated in
this section. Here, we use two kinds of parameters, output power
and normalized power fluctuation, to evaluate the performance of
RWT affected by the building and tree canopies. The theoretical
time-dependent power output, PðtÞ, of the RWT is calculated based
on disc-averaged velocity, which is defined as [56,57]:
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where n is the number of turbines, Pi(t) is power of the ith turbine,

Cp0 is the local power coefficient, Cp0 ¼ Cp

ð1�aÞ3 ¼ 4a
1�a, r is the density

of air, CVdD is the spatially average velocity of the turbine disc at each
second, D is the diameter of the turbine disc. Obviously, the output
power depends on the velocity and flow area, which is determined
by the fixed geometry of the area swept by the blades. In addition,
to evaluate the stability of the RWT, we defined the normalized
power fluctuation d:

d¼1
n

X
i¼n

di ¼
1
n

X
i¼n

 
sðPiðtÞÞ
PiðtÞ

!
(20)

where di is the ratio between the standard deviation of the power
and the mean power of the ith turbine, andsdenotes standard
deviation.
rbine wake for all the cases at downward area of rooftop wind turbine.



Fig. 14. Spanwise distribution of the normalized velocity deficits in turbine wake for all the cases compared with the standard BP wake model at downward area of turbine
with.Dx ¼ 1:0D

Fig. 15. The normalized velocity deficit at turbine hub versus normalized downwind distance in the wake of turbines: (a) the cases for the lowest turbine W1 with different tree
canopies, and (b) the cases for the higher turbines, W2 and W3, with the same tree canopy.

Fig. 16. The averaged output powers and normalized power fluctuations of the RWT
for all the cases, where the dotted lines indicate the baseline based on W1.
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The time-averaged values of P(t) and d of the RWT are presented
in Fig. 16. The averaged power in W1 is 2.26 KW, which agrees well
with the power obtained experimentally and numerically for small
rooftop turbines [12,58,59]. The tall tree (W1T2, W1T3) has a
distinct negative effect on the performance of turbines, resulting in
decreased power outputs and increased power fluctuations. This is
related to the fact that the tall trees extract mean momentum (see
Fig. 8) and transform more MKE to TKE with increased turbulence
production (see Fig. 10). Instead, the low tree canopy (W1T1) is
beneficial for improving the performance of the RWT, which can
improve the power output by 4.9% and decrease d by 2.8% with
respect to the case W1. Although the low tree canopy has little
effect on the mean momentum (see Figs. 7 (c) and Fig. 8 (c)), it
modulates the turbulence production (see Fig. 11) near the strong
shear-layer at the roof level and decreases TKE and turbulence in-
tensity (see Fig. 6 (c)) within the street canyon.

To further validate the potential benefits of the low tree canopy,
we conducted the other three cases with different tree morphol-
ogies W1T1-L, W1T1-S andW1T1-W. Here, W1T1-L means that the
location of maximum leaf area density of T1 is low as zm/h ¼ 0.5,
W1T1-S refers to that the leaf area density of T1 is sparse as
am ¼ 0.5, and W1T1-W denotes that the crown size of T1 is wide as
Rt/H ¼ 0.5. As shown in the Fig. A5 and Fig. A6 of Appendix, the
wider and denser tree canopies improve the performance of RWT,
inwhich the power is increased by 16.6% and the normalized power
fluctuation is reduced by 5.2% in W1T1-W compared to W1. Based
on these results, it can be posited that tall tree canopy negatively
impacts the mean power output and power fluctuation of RWT; in
contrast, the low tree canopy with dense foliage and wide crown
size can reduce the power fluctuations, which is a desirable effect.
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4. Conclusions

The joint aerodynamic impact of buildings and street trees on
the wake propagation and performance of rooftop wind turbines
are investigated using an open-source large-eddy simulation
model. Several cases of different tree morphologies and turbine
hub heights in urban street canyon with moderate aspect ratio (H/
w ¼ 0.5) are conducted. The spatial distribution of flow field, MKE
budgets and the wake topology of RWT are discussed. The key
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findings in addressing two research questions raised in Section 1
are summarized below:

1) Tree canopy taller than the mean building height modifies the
existing strong shear layer above the building canopy by
inducing a significant increase in the momentum flux and tur-
bulence production, producing the most drastic change to the
streamwise velocity field and negative effects on the perfor-
mance of the rooftop turbines within a limited distance from the
hub-height for z=H<2.

2) Tree canopies lower than the buildings seldom alter the mean
flow and canyon circulation patterns, but they significantly
reduce the turbulence production and lower the turbulence
intensity, causing positive effects on the performance of the
rooftop turbines by having a lower power fluctuation and higher
mean power output. This benefit is more distinct for the trees
with denser foliage, wider crown size and higher location of
maximum leaf area density.

3) The asymmetric wake topology of the low turbines shows
downward tendencies due to the drag of building and tree
canopies, accompanied with an enlarged wake width rw =r2
½�2:4;2:4�.

4) The recovery rate of the turbine wake in the streamwise direc-
tion is significantly improved by the strong pressure gradients of
the tree canopies through magnifying the turbulence produc-
tionTP and pressure term PT in the far wake region, resulting in a
shortened wake length.

Overall, this study is limited by the idealized treemorphology as
Fig. A1. The verification of the vertical domain size Lz (a) the mean velocity
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well as the assumption of an ‘infinite’ rooftop wind turbine arrays.
Nevertheless, the results reveal nontrivial impacts of street trees on
urban environmental flows and subsequent influences on the tur-
bine performance. Our first attempt of quantifying the impacts of
complex urban environmental flows can inform assessment of
wind energy resources in the built environment depending on
seasonality, especially conditions of leaves-on versus no-leaves. It is
expected that future research based on field and laboratory mea-
surements will provide additional insights into the practical sig-
nificance of vegetation on the design and performance rooftop
wind turbines.
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, (b) the mean Reynolds stress and (c) the streamwise velocity gradient



Fig. A2. The turbulence intensity in the middle xz-plane for all the cases except W1, W1T1 and W1T2
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Fig. A3. The MKE budget components of (a) mean convection MC, (b) turbulent transport TC, (c) turbulence production TP, (d) pressure correlation term PT, (e) diffusion DF, and (f)
dissipation DP for the two higher turbines, W2 and W3, with the same tree canopy, where the gray dotted line refers to the location of rooftop turbine
Fig. A4. The normalized standard deviation of the Gaussian-like velocity deficit profile
of W1
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Fig. A5. The averaged output powers and power fluctuation of the RWT for W1T1-L
(the location of maximum leaf area density of T1 is low as zm/h ¼ 0.5), W1T1-S (the
leaf area density of T1 is small as am ¼ 0.5), and W1T1-W (the crown size of T1 is wide
as Rt/H ¼ 0.5)



Fig. A6. The normalized time-average velocity contours (top), moment flux (middle) and turbulence intensity (bottom) in the middle xz-plane for W1T1-L, W1T1-S, and W1T1-W
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