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Abstract

:

Urban wind resource assessments (WRAs) contribute to the effective exploitation of wind energy and thus are of significant importance to the sustainable development of cities. To improve the simulation accuracy of urban wind flow with high spatial resolution, this study implemented a multi-scale numerical assessment of the wind power potential in a highly-urbanized region with realistic terrain conditions by integrating the Reynolds-averaged Navier-Stokes (RANS) equations into the Weather Research and Forecasting (WRF) model with Building Effect Parameterization (WRF-BEP). The sensitivity analyses are first conducted to obtain an appropriate combination of physical parameterization schemes in the WRF-BEP model. Then, the wind tunnel tests are performed to validate the computational accuracy of urban wind flow using the RANS equations. Based on a close examination of the urban wind flow resulting from the coupled WRF-BEP and RANS simulations, the integration of micro-wind turbines into the building skin is not recommended in the highly-urbanized region. Furthermore, five optimum roof installation locations with low turbulence intensities (smaller than 18%) and high wind power densities (approximately 220 W/m2, 260 W/m2, 270 W/m2, 300 W/m2 and 400 W/m2, respectively) are identified. Finally, the important effects of the terrain conditions, planetary boundary layer (PBL) parameterization schemes and turbulence models on WRAs are discussed. The results of WRAs in this multi-scale numerical case study presented a systemic approach to effectively determine the installation locations of micro-wind turbines that possess the greatest potential to harness wind energy in a realistic highly-urbanized area.
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1. Introduction


To effectively mitigate environmental pollution, the expanding use of new energy to shift away from fossil fuel consumption is urgently needed [1,2,3]. As a clean, non-polluting renewable energy source, wind energy makes remarkable contributions to electricity production [4,5]. While urban wind energy plays a very important role in the green and sustainable development of cities, it is yet to be fully exploited due to complex wind characteristics, e.g., rapid change of wind speed and significant turbulence intensity (TI) around the buildings. An accurate description of urban wind flow is essential in wind resource assessments (WRAs) [6,7], and the appropriate installation locations of micro-wind turbines in urban areas can be accordingly selected. The on-site measurements have been widely utilized to estimate urban wind resources. For example, Karthikeya et al. [8] estimated the wind resource for urban renewable energy applications in Singapore using remote sensing and mobile Light Detection and Ranging (LiDAR) as the wind measurement system. Byrne et al. [9] assessed the multi-scale influences on wind turbine energy performance at a peri-urban coastal location from the Irish Wind Atlas and on-site LiDAR measurements. Olaofe et al. [10] derived the wind power curves from time-series weather data (5-min) measured at the height of 10 m for 24 months in Darling, South Africa. Although the above-mentioned studies suggested good performance of on-site measurements in WRAs, they are very expensive and time-consuming. In addition, the field-measurement approach cannot be used at the urban planning and architectural design stage.



An alternative approach to effectively estimate the urban wind resource is based on numerical simulations using meso-scale numerical weather prediction (NWP) and/or micro-scale computational fluid dynamics (CFD) models. As one of the widely used NWP models for atmospheric studies, the Weather Research and Forecasting (WRF) solves the equations of atmospheric motion (i.e., compressible, non-hydrostatic Euler equations) and outputs meso-scale wind maps at various heights with kilometer-scale spatial resolution. Numerous research has been performed to evaluate wind resources utilizing the WRF model. For example, Isidoro et al. [11] estimated the wind energy resources over Lesotho by employing the WRF yearly simulation. Meij et al. [12] implemented a 12-year WRF simulation (2000–2011) to analyze the wind power density (WPD) and annual energy production over the state of Palestine. Dayal et al. [13] conducted a meso-scale WRA of Fiji using the WRF model and provided reliable information on the wind resource for individual islands of the state of Fiji. For WRAs in dense urban areas, the WRF simulation accuracy for the wind field over and within the urban canopy layer is largely affected by the presence of buildings and structures. To address this issue, the local land-use types are parameterized into the WRF model based on the slab, single-layer or multi-layer representations of the canopy [14,15]. However, the numerical schemes that incorporate meso-scale WRF with these urban canopy models (UCMs) frequently ignore important information inside the city due to insufficient granularity at the individual building level, and significant errors still exist in the simulations of the urban wind flow. On the other hand, the micro-scale CFD models make it easy and effective to accurately simulate local wind flow around buildings. A large number of micro-scale CFD simulations have been conducted to estimate urban wind power with various modeling complexities of building geometries and arrangements [16,17,18]. These micro-scale CFD studies usually utilize idealized or synthetic inlet flow boundary conditions and hence cannot output realistic wind flow features of actual urban areas.



Recently, the meso-scale NWP and micro-scale CFD coupled models have attracted significant attention from researchers [19,20]. While the research results suggested improved simulation accuracy of the urban wind flow by using a meso/micro multi-scale coupled modeling framework, there is a lack of systematic analysis and validation of its performance in WRAs for realistic urban areas with the consideration of complex terrain conditions in a city. In this case study, the Building Effect Parameterization (BEP, a multi-layer UCM) of the WRF model was coupled with the RANS equations for wind resource assessments in a highly-urbanized area with actual terrain conditions. Specifically, the meso-scale WRF-BEP model was first implemented for the Generic Times International Community in Changsha, China, to obtain the inlet flow boundary conditions of micro-scale CFD simulations. Since the planetary boundary layer (PBL) parameterization scheme significantly impacts the performance of the WRF-BEP model, various PBL schemes were selected to perform sensitivity analyses. Then, the micro-scale CFD simulations considering all modeling details of this urban area were conducted to acquire the wind flow around the buildings. To validate the accuracy of the CFD numerical algorithm, wind tunnel tests involving the target area were performed. Lastly, the appropriate installation locations of the micro-wind turbines were selected based on the obtained urban wind flow from the coupled WRF-BEP and RANS simulations.




2. Meso-Scale WRF-BEP Model and Sensitivity Analysis


It is generally acknowledged that the parameterization schemes of the WRF model possess a vital significance to the simulation performance. Subsequently, sensitivity analyses for parameterization schemes were conducted via WRF-BEP simulations to accurately investigate the urban wind flow characteristics. The wind speed and direction extracted from the WRF-BEP simulations were compared with the field-measurement data from the National Weather Science Data Center, China.



2.1. Model Setup


The meso-scale WRF-BEP model was selected to simulate the wind flow from 19 March 2022 00:00:00 to 23:59:59. As shown in Figure 1, the WRF-BEP model adopts three nested domains with a spatial coverage of 450 km × 544.5 km for D01 (100 × 121 grid points with a horizontal resolution of 4.5 km), 163.5 km × 204 km for D02 (109 × 136 grid points with a horizontal resolution of 1.5 km) and 90.5 km × 90.5 km for D03 (181 × 181 grid points with a horizontal resolution of 0.5 km). The adjacent domains utilize a two-way coupling strategy for information transmission, and the center of the outermost domain (the study urban region) is located at 28.16° N, 112.98° E. A total of 45 vertical levels are utilized in the WRF-BEP model, with the first level of 10 m from the ground.



Considering the PBL parameterization scheme significantly influences the numerical performance of the WRF-BEP model, three PBL schemes were configured in the model setups, namely Yonsei University (YSU), Mellor-Yamada-Janjic (MYJ) and Bougeault–Lacarrere (BouLac). Other physical parameterization schemes are displayed in Table 1. Specifically, the land surface (LS), microphysics (MPH), surface layer (SL), cumulus (CU) and radiation (RA) are set as the Noah multi-physics (MP), single-moment 6-class (WSM6), revised MM5, Grell 3D and RRTMG, respectively.




2.2. Sensitivity Study of WRF-BEP Simulation


2.2.1. Evaluation Metric


Three commonly used statistical metrics were selected to evaluate the accuracy of WRF-BEP simulations, namely the mean absolute error (MAE), mean absolute percentage error (MAPE) and root-mean-square error (RMSE). Their calculation formulas are given as follows:


  M A E =  1 N   ∑  i = 1  N   |   v i  −    v i   ^   |   



(1)






  M A P E =  1 N    ∑   i = 1  N   |     v i  −    v i   ^     v i     |   



(2)






  R M S E =    1 N   ∑  i = 1  N     (   v i  −    v i   ^   )   2     



(3)




where  N  is the total number of sampling points while    v i    and      v i   ^    are the WRF simulated and observed wind speeds, respectively.




2.2.2. Results Analysis


The WRF-BEP simulation results were compared with the field-measurement (actual) wind speeds of the 10 m height from the National Weather Science Data Center, China, as depicted in Figure 2 (with a sampling interval of one hour). The evaluation metrics were accordingly calculated and are presented in Table 2. The wind speed time history in Figure 2 indicates that the simulated results of the WRF-BEP-M model best capture the trend of the observations. Additionally, the lowest values of RMSE, MAE and MAPE in Table 2 associated with the WRF-BEP-M scheme suggest it possessed the highest wind speed simulation accuracy. Therefore, the WRF-BEP-M scheme was used in all urban wind flow simulations of the current case study.






3. Micro-Scale CFD Simulation and Validation


3.1. Computational Domain and Boundary Condition


A three-dimensional (3D) computational domain embedded with all actual building structures in the study area was established for the micro-scale CFD simulations, as shown in Figure 3. The polyhedral-hexahedral core grids are generated using Ansys Fluent Meshing, and the total cells of the computational domain is about 7.6 million. To better capture the flow field characteristics around the buildings, five mesh layers were utilized near the structural surface, with the grid size ranging from 0.7 m to 2 m. The largest grid size (far away from the buildings) was set to be 50 m, and the far-field boundary conditions are depicted in Table 3. Specifically, the variables of the inlet boundary condition, including the inlet wind velocity magnitude ( v ), turbulent kinetic energy ( k ) and specific dissipation rate ( ω ), are set based on the formulas below [21,22]:


  v  ( z )  =    u *   κ  l n  (    z +  z 0     z 0     )   



(4)






  k  ( z )  =  u * 2     [   C  u 1   l n  (    z +  z 0     z 0     )  +  C  u 2    ]   2   



(5)






  ω  ( z )  =    u *    κ  (  z +  z 0   )       [   C  u 1   l n  (    z +  z 0     z 0     )  +  C  u 2    ]   2   



(6)




where  z  denotes the height above the ground;    u *    is the friction velocity; κ is the von Karman constant;    z 0    is the roughness length;    C  u 1     and    C  u 2     represent turbulence boundary parameters.




3.2. Validation of Numerical Algorithm


To validate the simulation accuracy of the micro-scale CFD numerical algorithm, wind tunnel tests were conducted to obtain the wind speed and TI at selected locations. The experiment was performed in the wind tunnel at Changsha University of Science and Technology. The building models of all actual structures in the study urban region possessed a scale of 1:250, as shown in Figure 4a. A total of 144 monitoring points were selected to obtain the wind speed by the Irwin sensor and electronic pressure scanning module (PSI DTC Initium with an accuracy of 0.06% and sampling frequency of 350 Hz), and 64 of them were arranged in the core area as displayed in Figure 4b. It is noted that the circles in Figure 4b share the same center of the wind tunnel turntable.



3.2.1. Grid Independence Study


In this grid independence study, the inlet velocity was set as 8 m/s, and the static pressure of the outlet was zero. The velocity-pressure coupling was accomplished based on the SIMPLEC algorithm, and the second-order discretization was applied to the momentum and turbulence transport equations. The shear stress transfer (SST) k-ω model is utilized to solve the closure problem of turbulence, and the governing equations are provided below [23,24]:


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂  x j     (  ρ k  u j   )  =  ∂  ∂  x j     (   Γ k    ∂ k   ∂  x j     )  +   G ¯  k  −  Y k   



(7)






   ∂  ∂ t    (  ρ ω  )  +  ∂  ∂  x j     (  ρ ω  u j   )  =  ∂  ∂  x j     (   Γ ω    ∂ ω   ∂  x j     )  +  G ω  −  Y ω   



(8)




where  u  is the CFD simulated wind velocity;    x i    and    x j    denote the spatial coordinates;  t  is the time;  ρ  symbolizes the air density;  Γ ,    Γ k    and    Γ ω    represent the effective diffusion coefficients of  u ,  k  and  ω , respectively;     G ¯  k    and    G ω    indicate the generations of  k  and  ω , respectively;    Y k    and    Y ω    remain the dissipations of  k  and  ω , respectively. The wind velocity (U) measured at 144 monitoring points in the wind tunnel was used to calculate the target indicator (U/ u ) for the grid-independent test. Specifically, the cell numbers of the three tested grid sets are 3.8 million, 7.6 million and 11 million (corresponding to coarse, medium and fine meshes), respectively. The simulation results with various grid numbers are compared in Figure 5. It can be concluded from Figure 5 that the target indicators obtained from the medium mesh are close to those from the fine mesh. On the other hand, the difference in the target indicators between the coarse and medium meshes remains large. Therefore, the medium mesh (7.6 million) was selected for all the CFD simulations of the current case study. It should be noted that the residual curves in all simulations converged below the value of 10−4.




3.2.2. Validation Using Wind Tunnel Test


The micro-scale CFD simulations with the SST k-ω turbulence model were validated by comparing the numerically obtained wind speeds and TIs at monitoring points 4, 5 and 6 with those measured in the wind tunnel using the cobra probe (Turbulent Flow Instrumentation Australia with an accuracy of ±0.5 m/s and sampling frequency of 500 Hz). Figure 6 shows the comparison results of the wind speed ratio (U/u) and TI at various heights above the ground. The results in Figure 6 present a high agreement between the CFD simulations and wind tunnel measurements with a minimum deviation of 0.2%, maximum deviation of 8.1% and mean deviation of 4.9%, suggesting the micro-scale CFD numerical algorithm used in this case study was reliable with good simulation accuracy. It is noted that the U/u and TI profiles below 0.6 m are not depicted in Figure 6 due to the poor measurements of experimental data near the floor surface.






4. Wind Resource Assessments with Coupled WRF-BEP-RANS Simulation


4.1. Wind Resource Assessment Metric


The WPD and TI are two widely used metrics for effective WRAs. As an indicator for evaluating the available wind power for a certain period, the WPD is calculated as [18]:


  W P D =  1 2  ρ  u 3   



(9)







The classification of WPD and relevant descriptions are depicted in Table 4 [18]. For the TI in the micro-scale CFD simulations, a convenient calculation is expressed as [18]:


  I =       2 k  3     u   



(10)







To ensure the wind turbine safety and power output, the TI of 18% is set as the maximum acceptable limit for selecting the potential installation locations of micro-wind turbines in the case study [18,25]. Obviously, the best installation location would target maximum WPD and minimum TI.




4.2. Wind Resource Assessment Procedure


The procedure of the proposed multi-scale wind resource assessments was composed of three main steps. A detailed description of each step is presented as follows.



Step 1: data collection. The local meteorological data and the building and terrain data were prepared for accurate evaluations of the urban wind resource. Specifically, the statistical wind data (including both speed and direction) for a long period (e.g., 10 years) was acquired to determine the dominant wind speed and direction of a specific site. According to the obtained building and terrain data, the numerical model can be established for coupled multi-scale simulations of urban wind flow.



Step 2: numerical wind resource estimation. The inlet conditions of the RANS simulations were first extracted from the WRF-BEP model on the basis of the dominant wind speed and direction from Step 1. Then, the numerical wind energy assessments were conducted based on the obtained values of WPD and TI. Specifically, the studied area possesses no potential for wind energy development if the WPD value is lower than 100 W/m2 or the TI value is higher than 18%. For locations with TI lower than 18%, the wind energy potential is further determined according to Table 4.



Step 3: installation arrangements of micro-wind turbines. Appropriate installation locations and the lowest installation heights for micro-wind turbines in the urban areas were determined based on the principles from Step 2.





5. Case Study


5.1. Local Meteorological Data and Numerical Setting


To obtain reliable results for wind resource assessments, 11 years of statistical wind data (including both speed and direction) from 2010 to 2021 at Changsha meteorological station was used. The yearly-period wind rose consisting of 16 sectors is presented in Figure 7. As suggested by Figure 7, the dominant wind direction of the study region is from the north-north-west (NNW) to the south-south-east (SSE) with an average speed of 2.51 m/s. The WRAs in the current case study were focused on such a wind condition.



A 3D numerical model for the WRAs of the study area with a diameter of 1.2 km was accordingly established (including detailed terrain conditions and realistic architectural structures), as shown in Figure 8a. Specifically, the complex terrain obtained from the Blender software was merged with buildings through the Ansys ICEM software. Then, the “dirty” model was imported into Ansys Fluent Meshing with the Fault-Tolerant Meshing Workflow to generate the polyhedral-hexahedral core grids, as displayed in Figure 8b. While the velocity-inlet boundary condition of the micro-scale CFD simulations was extracted from the meso-scale WRF-BEP model with the MYJ PBL scheme, other boundary conditions along with the grid setting and numerical algorithm were consistent with those validated in Section 3.




5.2. Wind Power Potential


Among all viable mounting schemes for wind turbines on or around high-rise buildings in a highly-urbanized area [3,17], the micro-wind turbine integration into building skin and installation on the building roof was selected for further analysis of the wind power potential in the target area.



5.2.1. Wind Turbines Integrated into Building Skin


For the assessment of the wind power potential of wind turbines integrated into the building skin, it was important to characterize the flow features (in terms of WPD and TI) along the building height. Figure 9 depicts the simulated WPD and TI contours at z = 50 m, 100 m, 120 m and 140 m in the x-y plane for the study area, where z represents the height from the ground. Considering that most of the buildings are in an area with low WPDs (less than 100 W/m2) and high TIs (higher than 18%), it can be concluded that the integration of micro-wind turbines into the building skin is not recommended in this highly-urbanized region. The major reason may result from the shadow effects of front high-rise buildings. Specifically, a significant portion of the rear buildings were located in the wake flow region of the front buildings with low WPDs and high TIs.




5.2.2. Wind Turbines Installed on Building Roof


For the assessment of the wind power potential of wind turbines installed on the building roof, it was important to characterize the flow features (in terms of WPD and TI) over the building top. Figure 10 depicts the simulated WPD and TI contours at x = −256 m, −336 m, −357 m and −426 m in the y-z plane, where the xyz coordinate origin is located at the center of the study area. It is noted that these locations are intentionally selected to include a good number of high-rise buildings, and these target buildings for WRAs are marked as B1–B12 in Figure 10. According to Figure 10a,b, the buildings B1–B4 generally possess an excellent developing capacity for wind energy, with WPDs around their roofs ranging from 200 W/m2 to 300 W/m2 and the corresponding TIs at a reasonable height above the roofs smaller than 18%. Compared to buildings B3 and B4, buildings B1 and B2 required relatively lower heights above the roof to limit the TI to the maximum allowable value for micro-wind turbine installation. Figure 10c,d suggest that buildings B5 and B6 also had outstanding wind power potential, with WPDs around their roofs exceeding 200 W/m2 and the corresponding TIs at a reasonable height above the roofs smaller than 18%. Compared to building B6, building B5 required a relatively lower height above the roof to limit the TI to the maximum allowable value for micro-wind turbine installation. Similar observations from Figure 10e–h suggest that buildings B7–B12 can also be utilized for rooftop wind energy harvesting due to their high WPDs and low TIs at a reasonable height above the roofs. Among them, buildings B7 and B11 require a relatively lower height above the roof to limit the TI to the maximum allowable value for micro-wind turbine installation.



Although it is widely recognized that the installation of micro-wind turbines on building roofs should generally avoid the separation bubble (associated with low WPDs and high TIs due to the complex flow characteristics), a close examination of the simulated WPDs and TIs along the x and y axes can facilitate accurate determination of the installation locations on each building roof. For example, Figure 10c–f present WPDs and TIs around the roof of building B7 (highlighted by the black dashed frame) at two different locations (with x = −336 m and −357 m, respectively). As shown in the figures, similar WPDs are observed for these two locations, while a lower height above the roof is required to limit the TI to the maximum allowable value for the location of x = −357 m compared with that for the location of x = −336 m. The major reason is that the front building B5 presented less aerodynamic interference effects on building B7 at the location of x = −357 m than at the location of x = −336 m. Hence, the location of x = −357 m on the roof of building B7 was more suitable for micro-wind turbine installation.



In addition to a close examination of the simulated WPDs and TIs along the x and y axes, their profiles along the height above the roof (Z) could also be utilized to refine the installation locations of micro-wind turbines. For buildings B1, B2, B5, B7 and B11 with a great roof wind power potential based on the above-mentioned discussion, the simulated WPD and TI profiles along Z for various roof locations are presented in Figure 11. For the selected four roof locations of building B1, Figure 11a suggests that the lowest wind turbine installation height for locations B1-1, B1-2 and B1-3 was approximately 8 m above the roof (with TIs smaller than 18%), and their WPDs were around 260 W/m2, 270 W/m2, 220 W/m2, respectively. On the other hand, the lowest wind turbine installation height for location B1–4 was approximately 13 m (with TIs smaller than 18%), and its WPD was slightly higher than 200 W/m2. For the selected locations of buildings B2, B5 and B7, Figure 11b–d indicate that the lowest turbine installation height for locations B5-1, B5-2, B5-3 and B5-4 was beyond 15 m (with the corresponding WPD around 200 W/m2) while this value for all other locations increased to around 20 m (with the corresponding WPD in the range between 150 W/m2 and 300 W/m2). For the selected five locations of building B11, Figure 11e shows the lowest turbine installation heights for locations B11-2 and B11-3 were around 5 m and 7 m, respectively (with the corresponding WPDS around 300 W/m2 and 400 W/m2, respectively). On the other hand, the lowest turbine installation heights for locations B11-1, B11-4 and B11-5 ranged from 10 m to 15 m (with a similar WPD value of about 300 W/m2). Accordingly, B1-1, B1-2, B1-3, B11-2 and B11-3 were the optimal roof wind turbine installation locations in this case study.





5.3. Discussion


For the five optimal wind turbine installation locations B1-1, B1-2, B1-3, B11-2 and B11-3 at building roofs, further numerical investigation was conducted to examine the influence of the terrain conditions, PBL parameterization schemes and turbulence models on WRAs based on the coupled meso-scale WRF-BEP and micro-scale CFD simulations.



5.3.1. Terrain Condition


The simulated WPD and TI profiles with and without the considerations of terrain conditions are depicted in Figure 12. From Figure 12, it is obvious that both WPD and TI were underestimated for all five locations in the case that the terrain conditions are not considered in the multi-scale numerical simulations. For example, the WPD and TI values of B1-1 (at 8-m height from the roof) were 260 W/m2 and 17%, respectively, in the simulation with the terrain. However, they were reduced to 150 W/m2 and 3% in the simulation without the terrain. This observation suggests that the significant influence of the terrain conditions on the multi-scale numerical assessment of urban wind resource cannot be ignored.




5.3.2. PBL Parameterization Scheme


The simulated WPD profiles based on three different PBL parameterization schemes in the WRF-BEP model are shown in Figure 13a. Compared to the simulated WPDs of WRF-BEP-M-CFD, those resulting from both WRF-BEP-B-CFD and WRF-BEP-Y-CFD decreased for all five optimal installation locations. Furthermore, the simulated WPDs using these PBL parameterization schemes for the five optimal locations at the lowest installation heights are depicted in Figure 13b. As shown in the figure, it can be clearly found that both WRF-BEP-B-CFD and WRF-BEP-Y-CFD cases significantly underestimated the simulated WPDs compared to those from WRF-BEP-M-CFD. For example, the simulated WPD of WRF-BEP-M-CFD for location B1-1 was 260 W/m2 and was 80 W/m2 and 120 W/m2 higher than those of WRF-BEP-B-CFD and WRF-BEP-Y-CFD, respectively. This observation suggests that the WPDs are very sensitive to the used PBL parameterization schemes. It is noted that the TI results are not discussed here because the WRF-BEP-Y scheme cannot provide the turbulent kinetic energy.




5.3.3. Turbulence Modeling


Three widely used turbulence models for urban wind simulations are discussed here to investigate their effects on WRAs, namely the realizable k-ε (RKE) [26], re-normalization group (RNG) k-ε [27] and SST k-ω [28] models. The simulated profiles of WPD and TI are presented in Figure 14. From Figure 14, it can be concluded that the SST and RKE models generally generated similar WPD and TI values, and they were significantly larger than those from the RNG model. For example, the simulated WPDs (and TIs) based on the SST, RKE and RNG models at 8-m height above the B1-3 roof were around 420 W/m2 (with TI of 49%), 380 W/m2 (with TI of 47%) and 310 W/m2 (with TI of 27%), respectively. Hence, it is important to systematically validate the used turbulence model under realistic meso-scale urban flow conditions (as the inlet velocity conditions of micro-scale CFD simulations).






6. Concluding Remarks


This case study presented a multi-scale numerical methodology coupling the WRF-BEP model and RANS equations to conduct WRAs in a highly-urbanized area (with realistic terrain conditions), namely the Generic Times International Community in Changsha, China. The wind simulations from the meso-scale NWP and micro-scale CFD models were validated by the on-site monitoring data and wind tunnel test data, respectively. A close examination of the coupled WRF-BEP and RANS simulation results was performed to identify the optimal locations (with high WPDs and low TIs) for the installation of micro-wind turbines on buildings. The significant impacts of terrain conditions, PBL parameterization schemes and turbulence models on WRAs were highlighted. The main conclusions are summarized as follows.



	
Both WPD and TI were underestimated in the case that the terrain conditions were not considered, and the significant influence of the terrain conditions on the multi-scale numerical assessment of urban wind resource cannot be ignored.



	
Compared to the simulated urban flow from PBL parameterization schemes of YSU and BouLac, the results from the MYJ scheme presented the minimum difference with the field-measured wind speeds from the National Weather Science Data Center, China. Specifically, the obtained values of RMSE, MAE and MAPE were 0.98, 0.83 and 24.18%, respectively. The WRF-BEP-RANS simulations with both the YSU and BouLac schemes underestimated the WPDs compared to those of the MYJ scheme.



	
The mean wind and TI profiles in RANS simulations with the SST k-ω turbulence model showed fairly good agreement with wind tunnel measurements. Compared to the SST turbulence model simulations, the RKE turbulence model generated similar WPDs and Tis, while the RNG turbulence model significantly underestimated these results.



	
Considering the intense negative aerodynamic interference among buildings of the highly-urbanized area in this case study, the integration of micro-wind turbines into building skin was not recommended. For the building roof, five optimal installation locations were identified by systematically examining the simulated WPDs and TIs.






Although the proposed multi-scale simulation methodology coupling the WRF-BEP model and RANS equations presented great promise for urban WRAs, research efforts are needed to significantly reduce the high computational demand (e.g., about one week for each WRF-BEP simulation and two days for each CFD simulation of current case study on the computer of Intel Xeon Gold 6226R CPU @ 2.9 GHz and 2.89 GHz) and perform uncertainty quantifications in the numerical assessments of the urban wind resource.
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Nomenclature










	BEP
	building effect parameterization
	    C  u 1        ,    C  u 2     
	turbulence boundary parameters



	BouLac
	Bougeault-Lacarrere
	     G ¯  k       ,    G ω    
	generation of   k    ,   ω  



	CFD
	computational fluid dynamics
	  k  
	turbulent kinetic energy



	CU
	cumulus
	  t  
	time



	LiDAR
	light detection and ranging
	  u  
	CFD simulated wind speed



	LS
	land surface
	    u *    
	friction velocity



	MAE
	mean absolute error
	U
	measured wind velocity



	MAPE
	mean absolute percentage error
	  v  
	WRF simulated wind speed



	MP
	Noah multi-physics
	    x i       ,    x j    
	spatial coordinates



	MPH
	microphysics
	    Y k       ,    Y ω    
	dissipation of   k    ,   ω  



	MYJ
	Mellor-Yamada-Janjic
	z
	height from the ground



	NWP
	numerical weather prediction
	    z 0    
	roughness length



	PBL
	planetary boundary layer
	Z
	height above the building roof



	RANS
	Reynolds-averaged Navier–Stokes
	  ρ  
	air density



	RMSE
	root-mean-square error
	  ω  
	specific dissipation rate



	RNG
	re-normalization group k-ε model
	  κ  
	von Karman constant



	SL
	surface layer
	    Γ k       ,    Γ ω    
	diffusion coefficient of   k    ,   ω  



	SST
	shear stress transfer
	
	



	TI
	turbulence intensity
	
	



	UCM
	urban canopy model
	
	



	WPD
	wind power density
	
	



	WRA
	wind resource assessment
	
	



	WRF
	weather research and forecasting
	
	



	WSM6
	single-moment 6-class
	
	



	WT
	wind tunnel
	
	



	YSU
	Yonsei University
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Figure 1. Model domains of the case study. 






Figure 1. Model domains of the case study.



[image: Atmosphere 13 01753 g001]







[image: Atmosphere 13 01753 g002 550] 





Figure 2. Wind speed time history of simulations and observations. 
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Figure 3. Computational domain with mesh configuration. 
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Figure 4. Wind tunnel tests: (a) building models in the study area; (b) locations of selected monitoring points. 
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Figure 5. Grid independence study. 
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Figure 6. Comparisons of experiment and simulation results: (a) wind speed at point 4; (b) wind speed at point 5; (c) wind speed at point 6; (d) TI at point 4; (e) TI at point 5; (f) TI at point 6. 
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Figure 7. Wind rose chart at Changsha meteorological station. 
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Figure 8. Numerical model of study area: (a) computation domain; (b) mesh configuration. 
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Figure 9. Contours of WPD and TI at various heights in the x-y plane. 
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Figure 10. Contours of WPD and TI at various locations in the y-z plane. 
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Figure 11. Simulated WPD and TI profiles at various roof locations. 
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Figure 12. WRAs with and without terrain conditions: (a) WPD profiles; (b) TI profiles. 
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Figure 13. WPDs of five optimal installation locations based on three PBL parameterization schemes: (a) profiles along Z; (b) values at the lowest installation heights. 
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Figure 14. WRAs with three turbulence models: (a) WPD profiles; (b) TI profiles. 
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Table 1. Physical Scheme Combinations Used for WRF-BEP Simulations.
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	NO.
	PBL
	LS
	MPH
	SL
	CU
	RA (Short/Longwave)





	WRF-BEP-Y
	YSU
	Noah MP
	WSM6
	Revised MM5
	Grell 3D
	RRTMG



	WRF-BEP-M
	MYJ
	Noah MP
	WSM6
	Revised MM5
	Grell 3D
	RRTMG



	WRF-BEP-B
	BouLac
	Noah MP
	WSM6
	Revised MM5
	Grell 3D
	RRTMG
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Table 2. Results of Evaluation Metrics for Three PBL Schemes (24 samples).
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	NO.
	RMSE
	MAE
	MAPE (%)





	WRF-BEP-Y
	2.37
	1.86
	47.76



	WRF-BEP-M
	0.98
	0.83
	24.18



	WRF-BEP-B
	1.74
	1.48
	37.89
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Table 3. CFD Boundary Conditions.
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	Location
	Type





	Inlet
	Velocity inlet



	Side and top
	Symmetry



	Bottom
	No-slipping wall



	Outlet
	Pressure outlet
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Table 4. WPD Classification.






Table 4. WPD Classification.





	Wind Power Class
	Ranges of WPD (W/m2)
	Wind Energy Potential





	Class I
	Less than 100
	Unsuitable for wind power development



	Class II
	From 100 to 150
	Moderate potential



	Class III
	From 150 to 200
	Great potential



	Class IV
	More than 200
	Excellent developing capacity
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