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Abstract
 As energy demand continues to rise along with the CO2 emissions due to human processes, every possible avenue of energy generation needs to be explored. This objective of this paper was to analyse the effect of changing wind direction on the flow structure around an array of fully attached pitched roofs with and without chimneys. By determining an optimum installation in terms of extraction device and location, the goal was to determine the feasibility of wide-spread roof-top turbine installations in order to contribute to growing energy demands. During which, the urban flow structure was found to a chaotic region of low wind speed and high turbulence intensity, that become exponentially more complicated the nearer to the canopy layer you measure. The best extraction device for such winds was shown to be the Darrieus VAWT with cut-in wind speeds as low as 1.25m/s and a Cp 0f 0.38. Of the two idealised wind direction of incident angles 0 and 90 from the ridgeline, wind  travelling at 0-degrees was shown to provide the best conditions for an energy generation system, despite still not being that great. Chimneys were approximated to improve the likelihood of project feasibility at 0-degrees by improving the flow speed and supplying extra structural support to reach greater heights. It was concluded that the wide-spread installation of roof-mounted turbines is not feasible due to a vast range of variables significantly effecting the wind energy resource of a buildings.
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Nomenclature


 = Kinetic Energy    (J)                                              VAWT = Vertical axis wind turbine     
 = Mass         (Kg)                                                          HAWT = Horizontal axis wind turbine
        ()                                             CFD = Computational fluid dynamics
     (kg/)                                              ABL = Atmospheric boundary layer
 = Undisturbed velocity        (m/s)                        UBL = Urban boundary layer 
 = time        (S)                                                                    ISL = Inertial Sublayer
 = Available power  (W)                                            RL = Roughness length
 = Rotor angular speed (m/s)                                     CL = Canopy layer
 = Induced velocity  (m/s)                                          = Wind strength           (m/s)
 = Cordial velocity  (m/s)                                           = magnitude of the pressure gradient            (Pa/m)
 = Azimuth angle   (°)                                                     = the Coriolis parameter
 = Tip speed ratio                                                           =  rate of Earth’s rotation      (
 = Normal velocity      (m/s)                                    = latitude (degrees)
W = Resultant wind velocity     (m/s)                           = Turbulent shear stress  
 = Incident angle of attack     (°)                                             (m/s)
 = Normal force            (N)                                           β = 0.55
 = Tangential force               (N)                                  PDE = Partial differential equation
 = blade profile chord         (m)                                    FVM = Finite volume method
 = Height                   (m)                                                 FDM = Finite difference method
 = Coefficient of normal force                                  FEM = Finite element method
 = Coefficient of tangential force                               BEM = Blade element method
 = Mechanical power                                 (W)                     = Volume       ()
    (N)             MWh = Mega-Watt hours 
            (rad/s)                   TWh = Tetra-Watt hours
R = Rotary radius             (m)                                            = Plan area density ratio
                                        = Frontal area density ratio
 = Coefficient of power                                                   = Roughness length         (m)
 = Coefficient of lift                                                            = Displacement height    (m)
 = Coefficient of lift                                                          = Plan area          ( )
 = Frontal area                                    ( )                        AT = Total area         ()
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[bookmark: _Toc39089683][bookmark: _Toc39444968]1. Introduction
 The challenges of reducing carbon emissions whilst meeting the global energy demand is exponentially more difficult due to globalization, economic and population growth and better quality of living. An increased awareness and conscience of detrimental human effects on the planet has lead to global efforts being made to reduce environmental degradation and promote sustainable development (Klaniecki, 2019). Resulting in international initiatives (Paris climate agreement (REF)), technical solutions and economic tools, bringing about what scholar and politicians are calling the ‘green energy revolution’. Where the global transition towards sustainability, through research and investment into renewable technologies has soared. Growth in renewable energy remained the fastest growing energy source at 14.5% increase [Figure 1], just below the 10-year average of 16%. Renewable energy is harvested through a range of technologies, the most successful types being hydro, solar and wind. In 2018 wind energy (142 TWh) contributed more towards the growth in renewable power generation than solar (131 TWh) and has accounted for 50% of renewable generation, excluding hydro (Dudley, 2019). However, despite current efforts it was found that primary energy consumption grew at a rate of 2.9%, almost double its 10-year average of 1.5%. At the same time carbon emissions from energy use grew by 2.0%, the fastest expansion in many years (Dudley, 2019). Clearly there is an obligation to explore new innovative projects with the aim of sustainable energy generation.
 Traditionally energy is generated on a large scale in rural areas, transported across distance and distributed using a centralised control grid, where the energy is finally consumed in urban areas. In certain parts of the world decentralised energy distribution is implemented in place of a central grid. This is typical in developing countries where grid extensions are not feasible and locally produced power is more readily available. Producing energy on site allows for little or no energy losses through transport and gives people ownership over their energy generation, which has been shown to contribute towards the positive behavioural changes for sustainability (Klaniecki, 2019). To reduce carbon emissions resulting from electrical power being delivered to the built environment, the UK government incentivised decentralised micro-generation schemes through initiatives such as the Smart Export Guarantee (SEG), formally known as the feed in tariff (FIT) (Energy Saving Trust, 2019). As a result, there has been a surge of micro-generation technology installations across the UK, primarily consisting of wind and solar technologies (The Switch, 2018) and it has been described in the Warwick wind trials as the “Catalyst for change in UK energy culture” (Encraft, 2009).
 The potential for installing small-scale HAWTs in the urban environment, as a power supply to sustainably support the transition to carbon neutral buildings is being realised (Kumar, 2018). However, incorporating wind generation into urban environments is difficult, due to seasonal variation of the wind and collisions with landscape and obstacles, where surface friction causes varying velocities (Bornstein, 1977) and subsequent turbulent flow and wind speed reduction, much more  complicated than rural and offshore wind flow. Efforts to predict this complex phenomenon have been made using Analytical models and CFD in the works of (Abohea, 2013; Millward-Hopkins, 2014). There has been little success of installed turbines thus far, with early 2000’s projects failing to reach economic viability, creating doubts and scepticism (James, 2010). As a result Solar PV dominates the micro-generation industry in a predominantly windy country, with around 800,000 British homes having solar PV panels installed as of 2016 (The Switch, 2017).
 The failure of such micro-generation systems can be categorised into two main reasons. The first reason being the inaccuracies of the wind prediction tools used to scope the wind energy resource overpredicted the performance of the turbine by misrepresenting the flow characteristics. The second reason for failure is that the turbine technology used was not designed with urban flow characteristics in mind. By neglecting the nature of urban wind, it is unlikely that the technology will perform as stated by the manufacturers guide. 
 Consequently, the potential of VAWT technology in urban applications has sparked a resurgence of interest in VAWTs across various universities, research departments and the wind energy community. Resulting  extensive research activities taking place in the prediction of VAWT performance (Tjiu, 2015) and the design of wind turbine configuration for urban conditions (Kumar, 2018; Raciti, 2011). Additionally improved methods for estimating wind resource across urban areas have been developed (Barlow, 2013; Best, 2008; Millward-Hopkins, 2014). Only a hand full of CFD investigations have taken place with even less being performed on pitched residential buildings (Sari, 2015; Ledo, 2011). 
  This paper aims to determine whether roof-mounted turbines are feasible within an array of pitched roofs and whether they can be installed on a large scale to contribute to the energy demand of human processes. The process will include determining the best turbine design for urban wind extraction. Following this, insight into urban meteorology will be obtained through reviewing the surrounding research, which will then be used to develop a reliable validated CFD model. The CFD model will them be used to investigate the effect of incident angle on the wind structure around an array of pitched roofs. The wind will be assessed in terms of velocity and turbulence measured at two different points with varying heights. The results generated will then be used alongside a fully developed analytical model to more accurately estimate the number of potential sites with sufficient wind resource in the Swansea city urban area .The timing plan structure to this procedure can be seen in appendix A.
 
[image: ][bookmark: _Toc39424990][bookmark: _Toc39443882][bookmark: _Toc39446661]Figure 1. Global share of electricity generation as a percentage by fuel type 1986 - 2018 (Dudley, 2019)


 







[bookmark: _Toc39089684][bookmark: _Toc39444969]2. Overview of Wind Energy
[bookmark: _Toc39089685][bookmark: _Toc39444970]2.1 The Source
[image: ] Uncommonly thought of this way, but wind energy is a form of solar energy. As the electromagnetic waves of the sun collide with the Earth’s surface, warm and cool spots are created as a result of un-even infrared heat distribution (national Geographic, 2020). From Boyle’s Law we know that a variation in temperature causes variation in pressure. Air rises above regions on high temperature and later condense above areas of low temperature, combined with the Coriolis effect due to Earths counter-clockwise rotation, the Earths wind system is created, shown in [Figure. 1].




[bookmark: _Toc39424991][bookmark: _Toc39443883][bookmark: _Toc39446662]Figure 2. The Coriolis effect with high (red) and low (blue) wind pressure (EarthHow, 2019)



[bookmark: _Toc39089686][bookmark: _Toc39444971]2.2 Principles of Energy Conversion
The performance of any turbine is typically rated in terms of efficiency. This is done by comparing mechanical power produced by the turbine with the power available in the wind, known as the  This energy conversion can be described as follows, as reported by the IDMEC/Associated Laboratory for Energy, Transports and Aeronautics (Batista, 2015):
The winds  and subsequent available  are given by the following equations:
[bookmark: _Toc39145518][bookmark: _Toc39172031][bookmark: _Toc39172154][bookmark: _Toc39172365][bookmark: _Toc39172438][bookmark: _Toc39305760][bookmark: _Toc39305994][bookmark: _Toc39361726]              Equation 1  (Batista, 2015)
[bookmark: _Toc39145519][bookmark: _Toc39172032][bookmark: _Toc39172155][bookmark: _Toc39172366][bookmark: _Toc39172439][bookmark: _Toc39305761][bookmark: _Toc39305995][bookmark: _Toc39361727]                       Equation 2 (Batista, 2015)
 ,  and .
The winds  collides with the turbine blade where the creates an  The contribution of both  and  results in a velocity parallel to the chordline of the blades, known as the  This can be written as:
[bookmark: _Toc39145520][bookmark: _Toc39172033][bookmark: _Toc39172156][bookmark: _Toc39172367][bookmark: _Toc39172440][bookmark: _Toc39305762][bookmark: _Toc39305996][bookmark: _Toc39361728]         Equation 3 (Batista, 2015)

Where  and.
The induced velocity also contributes to a velocity in a radial direction, known as the shown to be:
[bookmark: _Toc39145521][bookmark: _Toc39172034][bookmark: _Toc39172157][bookmark: _Toc39172368][bookmark: _Toc39172441][bookmark: _Toc39305763][bookmark: _Toc39305997][bookmark: _Toc39361729]                                Equation 4 (Batista, 2015)

The resultant flow velocity of the wind can be determined using:
[bookmark: _Toc39145522][bookmark: _Toc39172035][bookmark: _Toc39172158][bookmark: _Toc39172369][bookmark: _Toc39172442][bookmark: _Toc39305764][bookmark: _Toc39305998][bookmark: _Toc39361730]W =          Equation 5 (Batista, 2015)
The incident angle of the wind flow is referred to as the  wich is determined by the induced velocity and azimuth angle shown to be:
[bookmark: _Toc39145523][bookmark: _Toc39172036][bookmark: _Toc39172159][bookmark: _Toc39172370][bookmark: _Toc39172443][bookmark: _Toc39305765][bookmark: _Toc39305999][bookmark: _Toc39361731]  ( ° )                               Equation 6 (Batista, 2015)
The  and  acting on the blade can then be determined using the following relationships:
[bookmark: _Toc39145524][bookmark: _Toc39172037][bookmark: _Toc39172160][bookmark: _Toc39172371][bookmark: _Toc39172444][bookmark: _Toc39305766][bookmark: _Toc39306000][bookmark: _Toc39361732]   (N)            Equation 7 (Batista, 2015)

[bookmark: _Toc39145525][bookmark: _Toc39172038][bookmark: _Toc39172161][bookmark: _Toc39172372][bookmark: _Toc39172445][bookmark: _Toc39305767][bookmark: _Toc39306001][bookmark: _Toc39361733]   (N)            Equation 8 (Batista, 2015)
 , , 
[bookmark: _Toc39145526][bookmark: _Toc39172039][bookmark: _Toc39172162][bookmark: _Toc39172373][bookmark: _Toc39172446][bookmark: _Toc39305768][bookmark: _Toc39306002][bookmark: _Toc39361734][bookmark: _Hlk39172323]the           Equation 9 (Batista, 2015)
[bookmark: _Toc39145527][bookmark: _Toc39172040][bookmark: _Toc39172163][bookmark: _Toc39172374][bookmark: _Toc39172447][bookmark: _Toc39305769][bookmark: _Toc39306003][bookmark: _Toc39361735]the          Equation 10 (Batista, 2015)

Where finally the  of the wind turbine can therefore be determined and written as:
[bookmark: _Toc39145528][bookmark: _Toc39172041][bookmark: _Toc39172164][bookmark: _Toc39172375][bookmark: _Toc39172448][bookmark: _Toc39305770][bookmark: _Toc39306004][bookmark: _Toc39361736]        (W)                  Equation 11 (Batista, 2015)
Where,  , and .
Therefor the  for a vertical axis turbine is be written as:
[bookmark: _Toc39145529][bookmark: _Toc39172042][bookmark: _Toc39172165][bookmark: _Toc39172376][bookmark: _Toc39172449][bookmark: _Toc39305771][bookmark: _Toc39306005][bookmark: _Toc39361737]                       Equation 12 (Batista, 2015)






[bookmark: _Toc39089687][bookmark: _Toc39444972]2.3 Why Use Wind Energy?
 The intermittent nature of renewable energy sources makes it difficult to create a baseload energy supply that can be relied upon anytime of the day. This continues to be one of the major challenges of renewable energy supply, it is for this reason every country must take full advantage of the renewable energy that accumulates in their region of the planet.
 The United Kingdom (UK) is an island located on the north western coast of mainland Europe separated by the English Channel. It is surrounded by the Atlantic Ocean, with the North Sea to the east and Celtic Southwest. At the boundary where the northern hemisphere meets the southern hemisphere high velocity winds known as the Jet stream are created as a result of temperature difference and typically passes over the UK [Figure. 4] (Met Office, 2020). This phenomenon combined with the North Atlantic Oscillation supplies an enormous source of wind energy to the UK shown in [Figure. 3]. As a result, 15% of the UK’s electricity was generated from wind in 2017, with a range of on and off-shore wind farms. The UK has the world’s leading off-shore generation capacity, with the largest farm located 20 km off the coast of Kent with a capacity of 630 MW (The Switch, 2018). Wind technology is already a key part British renewable energy culture, so solidifying micro-wind generation seems like the natural next step of renewable energy progression.
[image: ][image: ]
[bookmark: _Toc39145508][bookmark: _Toc39424992][bookmark: _Toc39443884][bookmark: _Toc39446663]Figure 3. High intensity wind flowing from the Atlantic over the UK (WINDFINDER, 2020).

[bookmark: _Toc39145509][bookmark: _Toc39424993][bookmark: _Toc39443885][bookmark: _Toc39446664]Figure 4. Jet stream animation (Met Office, 2019).

[bookmark: _Toc39089688][bookmark: _Toc39444973]2.4 A Brief History 
 Wind energy systems have been used by mankind for centuries from grinding grains to now supplying electrical energy (Islam, 2008). When it comes to the original wind turbines, the perception is often that of the traditional European style grain grinding windmills. However, these HAWTs were introduced into Europe around the 12th century, the earliest turbine technology is actually the VAWT that has been dated back to 7th century Afghanistan highlands (Ackermann, 2002). The first historical details originate from Persia, Tibet and China around 1000 AD. This early VAWT technology was the drag based Savonious type (section x) that uses the drag coefficient of the wind to rotate several sails around a vertical shaft creating torque. It was not until the 1930’s France, Georges Darrieus invented the first lift-based VAWT as it was well established that creating a pressure difference across the shape of the blade was more efficient. A number of models were invented, one design implemented curved blades that are reminiscent of an eggbeater, otherwise known as full-Darrieus. Another design implemented straight blades otherwise known as the ‘H-rotor’ or ‘giromill’ depending on the number of blades (Islam, 2008). 
 These models consisted of a Darrieus turbine mounted directly onto the top of a rotating shaft that simultaneously acts as a support structure. The turbine can be cantilevered from the base or be held upright by guy cables. It was not until the 1950’s fellow Frenchman Jean-Baptiste Morel created the first power producing lift based VAWT ranging up to 7kW (Möllerströma, 2019). However, HAWT technology had been used to generate electricity as early as 1891 by Dane Poul LaCour and the technology was improved later by Danish engineers at F.L Smidth during World Wars I and II. The HAWT technology had the ability the scale up massively with a diameter as bis as 53m as early as 1942. it was for this reason the Darrieus type was neglected whilst the HAWTs continued improving to now where the largest installed Haliade-X offshore turbine has a capacity to generate 12MW of energy with a diameter of 220m (GE Renweable Energy, 2020). Since the 1970’s there have been numerous VAWT projects with a broad range of installation capacities from the 230kW Dominion Aluminium Fabricators (DAF) turbine on Magdelan Island to the largest ever 3.8MW EOLE VAWT installed on the south shore of the Saint Lawrence river, Quebec (Guarnieri, 2017). VAWTs experienced great interest in North America, Darrieus as they attempted to commercialise the technology. However, it did not have the same success as HAWTs, due to metal fatigue and lack of long-term governmental funders (Möllerströma, 2019). Work continues on improving VAWT technology for large-scale generation, since 2010 there has been a surge in investment into both onshore and offshore floating Darrieus turbines (Tjiu, 2015). 


[bookmark: _Toc39089689][bookmark: _Toc39444974]2.5 Wind Extraction Technologies
 All wind turbines generate electricity by harvesting the kinetic energy of the wind. This is done using blades to capture the kinetic energy and transferring it to mechanical torque by forcing a shaft to rotate. Gears are used to step up the low RPM to a level that is compatible with a generator, where mechanical torque is used to generate electrical energy using a rotating coil inside a magnet (REF). This configuration of apparatus is known as the drive chain and its location depends on the turbine design. There are two types of turbine designs, each determined by its axis of rotation. The horizontal axis wind turbine (HAWT) and vertical axis wind turbine (VAWT). Each design has its own advantages and pitfalls based on the environment in which it is expected to function. The technology selection is primarily dependant on this basis. A comparison of these configurations can be seen in [Figures 5 – 7] and further analysis if which type to use takes place in section 3.
[bookmark: _Toc39089690][bookmark: _Toc39444975]2.5.1 Horizontal Axis Wind Turbine (HAWT)
 HAWT’s have their turbine and drive chain configured parallel to the ground lying horizontal in the wind. This configuration is advantageous with regards to reduced stress loads and higher generation efficiency. This configuration determines that the drive chain be placed on top of a large tower inside a casing called a nacelle as seen in [Figure. 5]. There are downwind and upwind versions of this technology, both of which rely on a yaw and pitch control to face the turbine blades into the prevailing wind to extract the power of the winds lift coefficient.
[image: ][bookmark: _Toc39145510][bookmark: _Toc39424994][bookmark: _Toc39443886][bookmark: _Toc39446665]Figure 5. Horizontal axis wind turbine (Kumara, 2014)










[bookmark: _Toc39089691][bookmark: _Toc39444976]2.5.2 Vertical Axis Wind Turbine (VAWT)
 VAWTs on the other hand have a turbine vertical to the prevailing wind supported by the vertical rotary shaft. This allows for the drive chain to be located at ground level creating a lighter less expensive configuration. The vertical configuration allows for omnidirectional wind power extraction with a fraction of the noise pollution. However greater stresses are induced onto the VAWT are it rotates against the prevailing wind direction for 1/3 of the rotation. VAWTS are further categorised into three design types, depending whether they generate electricity from the drag or lift coefficients of the wind.
 Savonious Turbine:  Although Savonious based technology has been dated back to 7Th century BC (section 2.3), the Savonious turbine was officially invented by Finnish engineer S.J. Savonious in 1929 (Islam, 2008). It is configured with two (or more) half drums fixed to a central rotating shaft in opposite directions than capture the drag force of the wind. As the wind collides with one drum it forces the shaft to rotate, moving the opposing drum into the prevailing wind causing further rotation. It can be seen in [Figure. 6] the back of the drums is curved to reduce air resistance as it moves against the prevailing wind. Though the drag is reduced this design still results in a low [image: ]rated power efficiency compared to other turbine designs (Islam, 2008; Saha, 2008).







[bookmark: _Toc39145511][bookmark: _Toc39424995][bookmark: _Toc39443887][bookmark: _Toc39446666]Figure 6. Sketch of the early Savonious type VAWT design (Islam, 2008)


 Darrieus Turbine: The Darrieus turbine is configured using either straight or curved blades mounted to a vertical rotating shaft perpendicular to the ground. The turbine uses two (or more) aerofoil -shaped blades that create pressure differences between the top and bottom of the blades creating aerodynamic lift that forces the blades to rotate, in turn rotating the shaft. The curved blade design allows for a reduction in bending stress while costing more to manufacture and maintain than the simple straight bladed design. A sketch of each configuration can be seen in [Figure. 7].

[image: ][bookmark: _Toc39145512][bookmark: _Toc39424996][bookmark: _Toc39443888][bookmark: _Toc39446667]Figure 7. configuration of a) Savonious, b) Darrieus (curved blade), c) Darrieus (straight blade) and d) helical Darrieus VAWTs (Castellani, 2019).














[bookmark: _Toc39089692][bookmark: _Toc39444977]3.  Turbine Design for Urban Applications
[bookmark: _Toc39089693][bookmark: _Toc39444978]3.1 HAWT vs VAWT
 As previously mentioned in section (X) HAWT technology has reached a much higher efficiency that VAWT technology. However, its performance in urban applications has been shown to significantly decline, this is due to its dependents on undisturbed laminar flow, contradictory to the turbulent flow that exists in the built environment described in section 4. Pitch control and a yaw mechanism is configured into HAWTs to account for changing wind directions, although for a small-scale project, adding weight and complexity that comes at an expense is undesirable and can make the difference between project feasibility or failure.
 (Barlow, 2013) concluded that HAWTs outperformed VAWTs in his paper on estimating the wind resource in urban areas. Although evaluation was not accurate, as the turbines were scattered across the city at different sites where the wind resource is known to greatly vary, which could be why his statement is incoherent with the works of (Tjiu, 2015; Raciti, 2011) where VAWTs were chosen as the successful technology. Turbulent wind low wind speeds (4-7m/s) were actually shown to improve the performance of VAWTs at all tip speed ratios in an experimental and numerical study on the effect of turbulence (Wekesa, 2016), despite the fact actual field measurements would have solidified the increase Wekesa found, his experimental set-up and numerical evaluations provide reliable source for the figures published in his work. Additionally, comparative study undertaken by the Swedish Centre for Renewable Energy study identified key differences between HAWT and VAWT (Erikson, 2008). It was shown that the drive chain being located on top of the tower increased maintenance costs and tower to blade interference causing considerable noise and vibrations pollution. The effect of this can be seen in the works of (James, 2010) where over 50% of volunteers refused to continue taking part in the trials due to disruptive noise/vibration created by HAWTs. The aerodynamic behaviour of VAWTS is also not limited to the maximum transmission efficiency of 57% known as Betz limit as shown in the work of (REF). In conclusion, the VAWT technology is better suited for small-scale urban instalments, also agreed throughout the published works of (Batista, 2015; Kumar, 2018; Millward-Hopkins, 2014; Toja-Silva, 2013; Tjiu, 2015) and more. For this reason, the HAWT will no longer be considered in this paper.
[bookmark: _Toc39089694][bookmark: _Toc39444979]3.2 Lift vs Drag
 The Savonious technology is agreed to be the cheapest VAWT with the lowest cut-in speed across a range of studies. With a cut-in speed as low as 1-1.5m/s and low-cost simple design giving it an advantage over other VAWT designs in the small-scale urban environment. Multiple cases for Savonious type have been made in the works of (Wekesa, 2016; Toja-Silva, 2013; Kumar, 2018). The Savonious technology cheap and simple design makes it’s a viable option for bringing clean energy to communities that have no electrical power in the developing world. (Ostos, 2019) explored this opportunity and produced a modified novel blade without adding complexity to the geometry, designed for poor communities. Where an optimised 2 bladed design, the 2QCBD/45 model, recorded a 17.81% improvement to the original configuration. Ivan used a validated numerical model to analyse and develop the efficiency of the Savonious producing reliable results. However actual experimental data of this newly configured turbine design would have solidified his work by gaining knowledge of its performance under real conditions. Another study into optimum design configuration of Savonious rotor conducted by (Saha, 2008) reached an optimum power coefficient on 0.31. It consisted of 2 blades with a twisted geometry in agreement with (Ostos, 2019) suggesting such a configurations is currently the best for drag-based wind technology.
 A field test comparing the lift-based Qr5 Darrieus-type VAWT with a drag-based WS-12 Savonious turbine (2 bladed twist configuration) was conducted by Marco Raciti (Raciti, 2011). By placing each turbine type on a building at a low wind speed site, out of interference range of each other and recorded the results. Raciti found the Savonious-type to outperform the Darrieus for wind speeds up to 8m/s. Though, its success didn’t last long. The Darrieus was found to produce more electricity annually, outperforming its drag-based counterpart and harvesting more power from higher velocity winds of 8-19m/s. This supportsthe conclusion submitted by (Islam, 2008) that Drag-based designs are poor for electricity generation and more suited for pumping water. This is likely because they have a maximum TSR of around 1 and are therefore limited to the resultant velocity of the wind. Whereas the Darrieus can reach a maximum TSR of around 5, due to the aerofoil technology used to create lift. Further analysis of the cost-effective benefits of cheaper Savonious could have been illustrated by calculating an estimated payback period with regards to capital cost of each system, as this data is crucial for determining the best technology for a small-scale project. Despite no consideration of payback, the performance advantages of the lift-based design were shown to contribute more than the self-starting capabilities of the drag-based design in terms of generation capacity, which is crucial for micro-generation systems. Therefore, this technology is chosen moving forward with the project.
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[bookmark: _Toc39424997][bookmark: _Toc39443889][bookmark: _Toc39446668]Figure 8. Annual energy consumption for bot VAWTS as a function of wind speed (V) (Raciti, 2011)


[bookmark: _Toc39089695][bookmark: _Toc39444980]3.3 Improvements to Self-Starting Capabilities of Darrieus Turbines
 The straight blades Darrieus is the most studied of all VAWTs, it is preferred to its curved bale counterpart for its simple and cheap to manufacture geometry, ability to withstand greater aerodynamic loads (Tjiu, 2015). VAWTs in urban applications are subject to complex turbulent, unsteady flow at low speeds, which causes blade-wake interaction and dynamic stall stall (Mohamed, 2012). As a result, the major pitfall of the technology is the lack of sufficient start-up torque to aid self-starting at low tip speed ratios (TSR) which can be described as[Equation 13], as illustrated throughout the work performed by (Dominy, 2007; Batista, 2015; Palash, 2015; Tjiu, 2015). Which limits its applications in the urban environment where wind speeds have shown to be much slower, as in section 4.2. Consequently, numerous studied have been conducted into improving the self-starting capabilities, where the most defining parameters were found to be the number of blades, pitch amplitude and the aerofoil shape. Studying the performance of VAWT turbines is either done experimentally, analytical prediction models or through CFD simulations. Aerodynamic analytical models are popular throughout the literature surrounding the performance of VAWTS with the Double-Multiple Streamtube (DMS) model, proven to be the most effective (Islam, 2008). Other models include Single Streamtube (SS), Multiple Streamtube (MS) Vortex and Cascade. Comprehensive principles and descriptions of all prediction models are published in (Batista, 2015) and (Islam, 2008).
[bookmark: _Toc39361738][bookmark: _Hlk39255830]                           Equation 13 (Batista, 2015)
Where, ,  = angular frequency and R = rotary radius
[bookmark: _Toc39444981]3.3.1 Turbine Solidity
 Investigation into the effect of blade number on overall performance was undertaken by (Subramanian, 2017) using the (DMS) analytical model validated by experimental and CFD studies. Single, double and three bladed rotors were analysed in terms of Cp and starting capabilities. Subramanian found that 3 blades turbines will self-start irrespective of its starting position unlike double and single bladed, which resonates throughout all literature (Mohamed, 2012)(more ref). 
[bookmark: _Toc39444982]3.3.2 Pitch Amplitude
However, as shown by (Raciti, 2011) in section 3.2 and published in the works of (REF) self-starting does not occur until around . Following this, (Palash, 2015) made a case for introducing a variable pitch amplitude, by studying the effect changing the pitch has on the lift experienced by the blade. Palash lowered the starting TSR from >1 to <0.5 and found that high amplitudes around 35degrees works best to achieve this. He generated a maximum Cp of 0.38. By increasing the range of operational wind speed and direction also providing mitigations for extreme storm conditions variable pitch mechanisms positively contribute to the applicability of the Darrieus. However, for micro-generation systems cost is a huge contributing factor, by including the complexity of variable pitch mechanisms that would surely need some form of control system is likely to be unfeasible for residential applications.
 
[bookmark: _Toc39444983]3.3.3 Aerofoil Design
 The aerofoil is responsible for the lift and drag coefficients through creating the designed pressure difference along the blade profile. The industry standard for VAWTs are the symmetrical NACA00XX design variations (0018, 0020, 4420, etc). Investigation into whether the NACA profiles provide the optimum performance was undertaken by (Mohamed, 2012), where 20 aerofoils, symmetrical and non-symmetrical, were analysed at TSR ranging from 2-10 using a CFD numerical turbulence model, validated using the results gathered in the published experimental and CFD investigation conducted by (Castelli, 2011). Castelli found symmetrical aerofoil increased the operational range and thinner trailing edge  profiles improve the efficiency in terms  of Cp, where the optimal aerofoil S-1046 increased the Cp by 37%  reaching a value = 0.406. Despite boasting an impressive efficiency increase (Mohamed, 2012) mention little on the self-starting at low TSR. Unlike (Subramanian, 2017) who identified that thicker aerofoils provide better self-starting capabilities in the study previously mentioned in 3.3.2. Moreover, Subramanian reported an efficiency loss at higher TSR with thicker blades. Both the works of Mohamed and Subrumanian provide comprehensive insight into the effect of various aerofoils but neither one presents a solution to the self-starting problem. 
Most successful of all aerofoil design investigations, (Batista, 2015) designed and developed a new blade profile with field tests and reduced the self-starting capabilities to 1.2m/s [Figure]. This new patented aerofoil named EN0005 integrates a thick leading edge with a thin trailing-edge in a cup form, where the leading-edge nose is lower in relation to the line chord slightly. This was done to increase the drag whilst in a stopped starting position and reduce the drag to a negligible magnitude once the [image: ]blade starts to rotate. A diagram of which can be seen in [Figure 9].[bookmark: _Toc39424998][bookmark: _Toc39443890][bookmark: _Toc39446669]Figure 9. EN0005 aerofoil profile designed by (Batista, 2015)


(Batista, 2015) went on to undertake a comparison of the NACA0018 and 0012 aerofoil profiles using the DMS model, where the EN0005 outperformed the two reaching a higher Cp of 0.38 [Figure 10].
[image: ] 
[bookmark: _Toc39424999][bookmark: _Toc39443891][bookmark: _Toc39446670]Figure 10. Results comparing the Cp of the EN0005, NACA0012 and NACA0018 profiles at TSR ranging from 1-12 (Batista, 2015)

[image: ] A prototype of the newly designed Darrieus was created, shown in [Figure 11] with the geometry details reported in [Table 1] Field tests were performed in a low wind speed residential area in Cabanas de Viriato, Viseu, Portugal in which the rotor speed was measured in relation to wind speed whilst monitoring the noise pollution. The results reported a Cp of 0.416 with wind speeds as low as 1.25m/s shown in [Table2 ], the turbine shown to emit no significant noise pollution reported in [Table 3] and the rotation speed measured in revolutions per second (RPS) is reported in [Figure 12][bookmark: _Toc39446671]Figure 11. EN0005 Darrieus prototype. (Batista, 2015)


[bookmark: _Toc39425014]Table 1. Geometric details of the prototype turbine (Batista, 2015)
	Component
	Size (cm)

	Blade body height
	36.0

	Rotor height
	48.0

	Rotor radius
	17.3

	Blade profile chord
	5.3



[bookmark: _Toc39425015]Table 2. Table 3. Noise emission recorded at hub heights 0-3m at wind speeds of 2.5 and 5m/s  (Batista, 2015)
	Hub Height (m)
	Noise (dB) at Wind speed (2.5m/s)
	Noise (dB) at Wind Speed (5m/s)

	Stopped at 0
	42.5
	44.2

	0
	42.5
	44.2

	1
	42.5
	44.2

	2
	42.5
	44.2

	3
	42.5
	44.2



[bookmark: _Toc39425016]Table 4. The force, torque and power coefficient values at wind speeds 1.25 - 3m/s  (Batista, 2015)
	Wind Speed (m/s)
	Force (N)
	Torque (Nm
	Power Coefficient

	1.25
	0.2
	0.035
	0.416

	2
	0.4
	0.069
	0.321

	2.25
	0.5
	0.087
	0.314

	3
	0.9
	0.156
	0.313



The challenge of improving the self-starting capabilities to adhere to the low speed conditions found in urban applications was achieved by (Batista, 2015) with an innovative design supported by strong evidence. However, question as to why the variables mentioned through [Tables 1-3] seize to be evaluated beyond wind speeds of 5m/s, this could be due to undesirable results or could relate to the suggested 5m/s suggested by (Energy Saving Trust, 2009), it is difficult to determine the reason but more field measurements are essential before the wide spread use of the technology. Whatever the reasons, this turbine works extremely well at low wind speeds without any complicated and expensive additional features or increasing the size to a value too great for roof-top installation. Therefore, roof-top micro-wind generation systems should consider the EN0005 turbine to maximise the performance capabilities at urban sites where wind speed is low. 
[image: ][bookmark: _Toc39425000][bookmark: _Toc39443892][bookmark: _Toc39446672]Figure 12. The rotor speed measured in RPS recorded at wind speeds 0 - 16m/s  (Batista, 2015).





























[bookmark: _Toc39089696][bookmark: _Toc39444984]4. Urban Meteorology
 One of the major challenges micro-wind generation faces in the urban environment is predicting the yield of the wind energy resource, to determine economic and environmental feasibility of a project. The unpredictable nature of the turbulent wind distribution, as a result of rough and heterogeneous landscapes, makes it difficult to model and estimate the wind resource. Each individual site for wind generation has a unique building geometry and surrounding terrain packed in areas with intermittent densities and roughness layers, on top of an already intermittent supply of wind based on local climate. This section aims to describe the urban meteorology and review the techniques and predictive models used to quantify the wind energy resource in the built environment.
[bookmark: _Toc39089697][bookmark: _Toc39444985]4.1 The Structure of The Urban Boundary Layer
 The anatomy of wind meteorology is a system of differing boundary layers as a result of the effect of location, local topography and urbanisation on the wind flow. These can be divided into the main layers such as the Atmospheric Boundary Layer (ABL), Urban Boundary Layer (UBL) and the Inertial Sublayer (ISL), which divides further into a Roughness (RL) and Canopy Layer (UCL)as shown in [Figure 13]. Descriptions of each are as follows:
[image: ][bookmark: _Toc39145513][bookmark: _Toc39425001][bookmark: _Toc39443893][bookmark: _Toc39446673]Figure 13. Diagram illustrating the various boundary layers than occur as the surface roughness changes from rural to urban landscape (Millward-Hopkins, 2014)











[bookmark: _Toc39089698][bookmark: _Toc39444986]4.1.1 Atmospheric Boundary Layer (ABL)
At mid-latitude and above in the free atmosphere, known as the planetary boundary layer (PBL), there is very little air resistance therefore the wind can be approximated using the geostrophic wind, for which the rotation of the Earth and pressure gradients are in balance and wind flows parallel to the isobars (Best, 2008). The strength of the wind (G) can be written as:
[bookmark: _Toc39305772][bookmark: _Toc39306006][bookmark: _Toc39361739]                                                Equation 14 (Best, 2008)
Where  = magnitude of the pressure gradient (Pa/m),  = density and = the Coriolis parameter and is given by:
[bookmark: _Toc39305773][bookmark: _Toc39306007][bookmark: _Toc39361740]                                                           Equation 15 (Best, 2008)
Where = rate of Earth’s rotation and = latitude in degrees.
[bookmark: _Toc39089699][bookmark: _Toc39444987]4.1.2 Urban Boundary Layer (UBL)
 The previous relationship is not representative of the wind strength near the surface of the Earth, where winds are strongly influenced by local interactions with objects and topography. As a result, a reduced mean wind speed at the boundary layer compared with the geostrophic wind, creating an imbalance between the Coriolis forces and the pressure gradient (Best, 2008). It was reported that 15m urban wind was 20% slower than 10m rural wind 30m urban wind speed was within 5% of rural winds and 45m urban wind speeds were approximately 20% faster than the recorded rural wind speed In the Birmingham meteorology field tests (Best, 2008). As the wind flow collides with a change of surface roughness from rural to urban, a new boundary layer begins to form under ABL, as the flow adapts to the new surface, shown in [Figure. 13]. This developing layer above the urban surface is known as the urban boundary layer (UBL), which grows throughout the ABL to a depth of around 500 – 1000m agreed within the works of both (Millward-Hopkins, 2014; Barlow, 2013). 
[bookmark: _Toc39089700][bookmark: _Toc39444988]4.1.3 Inertial Sublayer (ISL)
 The uppermost layer in the region of interest extends to a height of around 100-200m, known as the inertial sublayer (ISL). The flow is characterised by a constant magnitude of shear stress and horizontally homogeneous flow, discussed further in section 5.1. Below the ISL is the roughness layer (RL) where high spatial variation of wind speeds occurs, due to the influence of wakes produced by the urban canopy layer (UCL) (Best, 2008). The RL generally occurs between 2-5 times the height of the average local building in the canopy layer (Millward-Hopkins, 2014). The Urban Canopy Layer (UCL) is the lowest layer containing a complex system of recirculating vortices and channelled flows, where wind speed is difficult to predict using theoretical analytical models alone, as discussed in section 6.2. It is in this complex region of the urban boundary layer roof mounted turbines are proposed to be installed.
 
[bookmark: _Toc39089702][bookmark: _Toc39444989]4.2 Theoretical Mean Wind Profiles in the Inertial Sublayer
[bookmark: _Toc39089703][bookmark: _Toc39444990]4.2.1 The Inertial Sublayer
The wind profile in the inertial sublayer (IS) is approximated to have a constant magnitude of . The wind shear (height-gradient) can be related to the density of air, shear stress and the height by the following [Eq. x]:
[bookmark: _Toc39145530][bookmark: _Toc39172043][bookmark: _Toc39172166][bookmark: _Toc39172377][bookmark: _Toc39172450][bookmark: _Toc39305774][bookmark: _Toc39306008][bookmark: _Toc39361741][bookmark: _Hlk39138067]                                                                                          Equation 16. (Best, 2008)
Where  , ,  and . 
 As the turbulent stress is approximated to be constant, so too is the friction velocity therefore the wind profile follows the logarithmic expression written below:
[bookmark: _Toc39145531][bookmark: _Toc39172044][bookmark: _Toc39172167][bookmark: _Toc39172378][bookmark: _Toc39172451][bookmark: _Toc39305775][bookmark: _Toc39306009][bookmark: _Toc39361742]                                         Equation 17 (Best, 2008)
In [Eq. x] the , and the aerodynamic parameters of  and  can be seen respectively. This relationship is only true in conditions of neutral atmospheric stability, as the roughness length can be seen to change the value of the wind velocity at all height. However, wind energy methodologies limit their analysis to such conditions as it is in neutral conditions where medium to high speeds typically occur (Millward-Hopkins, 2014). 
 Despite this Hopkins shows in his work that by considering Prandtls’s ‘mixing length’ hypothesis that turbulent fluctuations in   and  directions are proportional to the , converting a scaling to the frictional velocity , the equation can be rearranged to give:
[bookmark: _Toc39145532][bookmark: _Toc39172045][bookmark: _Toc39172168][bookmark: _Toc39172379][bookmark: _Toc39172452][bookmark: _Toc39305776][bookmark: _Toc39306010][bookmark: _Toc39361743]                                                                    Equation 18 (Millward-Hopkins, 2014)
[bookmark: _Toc39444991]4.2.2 The Roughness Layer
The logarithmic expression used for the inertial sublayer does not apply to the roughness layer. It is said that the wind speed (u) throughout this region of the ISL down to the mean building height through scaling down the log profile (Millward-Hopkins, 2014) [Figure 14]. This can be seen in the Met office approach, where (u) at the blending height and turbine hub height are given by scaling the logarithmic profile to [Equation. 18] and [Equation. 19] respectively, as derived and comprehensively described  in the work of (Grimmond, 1998).

                                       Equation 19 (Grimmond, 1998)
[image: ][bookmark: _Toc39145514][bookmark: _Toc39425002][bookmark: _Toc39443894][bookmark: _Toc39446674]Figure 14. Illustration of the Met Office logarithmic scaling (Millward-Hopkins, 2014)

                                       Equation 20 (Grimmond, 1998)







[bookmark: _Toc39089706][bookmark: _Toc39444992]6. Estimating the Urban Wind Resource
[bookmark: _Toc39089707][bookmark: _Toc39444993]6.1 Measurement Technique 
 Anemometer measurement systems most accurately predict wind resource through collecting data over long period of time., typically 1-3 years for wind farm siting (Barlow, 2013). Despite being the most accurate technique for wind resource determination, it is impractical for small-scale installations as it comes with high cost of time and money. Additionally, Met Office data collection stations are dispersed across the UK in various settings, so for the few stations actually recording data in urban areas, the results do not represent the wind resource in WT installation locations and cannot be used alone to predict the power yield (Best, 2008). 

[bookmark: _Toc39444994]6.2 Analytical Prediction Technique
 For the application of micro-wind generation projects cheap and accurate analytical models that can predict the wind resource without meteorological stations are desirable. However, estimating the roughness length and displacement height governed by the logarithmic profile is challenging due to the chaotic nature of the wind surrounding complex rough surfaces that exist in the urban environment. To account for building roughness area and density area, morphometric models were created and discussed in 6.2.2. Prior to this section a description of the canopy layer flow pattern along the flow regimes is necessary to gain insight into the physical nature of the wind.
[bookmark: _Toc39444995]6.2.1 Canopy Layer Flow Patterns
 The chaotic flow pattern that exists withing the canopy layer can be categorised into three main flow regimes as described by (Oke, 1988) following the wind-tunnel study of mean pressure forces acting on low rise buildings performed by (M. Hussain, 1980). Namely, isolated roughness flow, wake interference flow and skimming flow [Figure 15]. The flow regimes may be quantified by the   of the buildings, measured as a ratio of ground area to building plan area They are also determined by the  said to be the ratio of total frontal area of the roughness elements facing the wind to the total plan area (Best, 2008). Description of each regime is as follows as described by both Dr Milward Hopkins and the Met Office technical team (Millward-Hopkins, 2014; Best, 2008):
[image: ][bookmark: _Toc39145515][bookmark: _Toc39425003][bookmark: _Toc39443895][bookmark: _Toc39446675]Figure 15. Schematic diagram show the flow regimes for different element densities: isolated, wake interference and skimming flow (Millward-Hopkins, 2014).

 
[image: ]                                    a)                                        b)                                 c)[bookmark: _Toc39425004][bookmark: _Toc39443896][bookmark: _Toc39446676]Figure 16. Curves illustrating the effect of  on the  and  aerodynamic parameters. Where a) = isolated regime, b) = wake regime and c) = skimming regime. (Millward-Hopkins, 2011).











 At areas of low building densities with low magnitudes of  and  negligible wake interference occurs with downstream buildings. This where the isolated roughness flow regime is said to occur at low plan area densities around  .  As the surface becomes significantly dense with a ratio ,  and  increase in a linearly fashion until  reaches a peak as seen in [Figure 16]. Resulting in the interference of building wakes characterised in the wake interference regime. With a further increase of surface density , the main flow of the prevailing wind skims over the top of the surface elements. A reduction of drag and subsequent   occurs as a result of the mutual sheltering of the obstacles that occurs under the skimming flow regime. The displacement height continues to gradually increase with density, as the density reaches its theoretical limit of , a new surface layer is formed with a displacement height = mean building height 

[bookmark: _Toc39089708][bookmark: _Toc39444996]6.2.2 Morphometric Models
 Morphometric models have been designed to try and capture the influence of the three canopy layer flow regimes in terms of the   parameters, both of which are defined in [Equations 21-22] with regards to [Figure 17]:
 
[bookmark: _Toc39145535][bookmark: _Toc39172048][bookmark: _Toc39172171][bookmark: _Toc39172382][bookmark: _Toc39172455][bookmark: _Toc39305779][bookmark: _Toc39306013][bookmark: _Toc39361746]Equation 21                                (Best, 2008)                                            
[bookmark: _Toc39145536][bookmark: _Toc39172049][bookmark: _Toc39172172][bookmark: _Toc39172383][bookmark: _Toc39172456][bookmark: _Toc39305780][bookmark: _Toc39306014][bookmark: _Toc39361747]Equation 22                             (Best, 2008)
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[bookmark: _Toc39145516][bookmark: _Toc39425005][bookmark: _Toc39443897][bookmark: _Toc39446677]Figure 17. Diagram illustrating the geometrical parameters (Millward-Hopkins, 2014)


 The four most commonly used models created are the Macdonals (Macdonald, 1998), Bottema (Bottema, 1996), Kastner-Klein & Rotach (Kastne-Klein, 2004) and Raupach (Raupach, 1994). Typically the surface drag can be balanced with the shear stress in the ISL and an equation for Zo can be given in terms of  and  by quantifying the sheltering that occurs with an increase in building density, done as follows in the work of (Macdonald, 1998)
 
Equation 23 (Macdonald, 1998)

Where , this is the parameter for tuning the curve on the d/h graph,  as recommended by  and β = 0.55, this is the correction factor for modifying the CD to a more appropriate value for an array of obstacles. Raupach provides an alternative formula that can be applied to urban canopies, which can be found in (Vegetation REF). 
 An observation made by (Oke, 1988) found a high level of uncertainty in these models when they were applied to real urban complexes, the findings of WWT (Encraft, 2009) support this. The uncertainty may be result of no consideration into the height variability, wind direction or spatial distancing of the buildings and the expression used to estimateeffecting the sensitive estimate of , recognised in both the work of (Barlow, 2013) and the thesis of (Millward-Hopkins, 2011). As a result, Hopkins furthers the work of both  (Macdonald, 1998; Bottema, 1996) and presents a validated improved morphometric model for predicting with in the ISL. A comparison of all the models was conducted using scatter plots of predicted speed vs measured in the work of Hopkins. The model with the highest reduction of mean percentage error was found to be the MH model with a reduction of 18% when compared with the CT tool (see section 6.2.3) (Millward-Hopkins, 2014). Such models have not yet been deployed into an easy access software yet and it is not within the scope of this paper to recreate and apply such a model as an investigation tool, especially when  CFD is a more effective tool for wind resource investigation in the UCL, as discussed in the next section.


[bookmark: _Toc39089709][bookmark: _Toc39444997]6.2.3 Analytical Models
 Analytical models and geostatistical interpolation techniques that follow a ‘wind atlas methodology’ such as NWP and WAsP (REF) have found success in predicting wind speed and direction at heights above the boundary layer. Such models are applicable for weather forecasting, wind climatology over complex terrain and offshore applications (Best, 2008). They do not however have the accurately predict the flow near the buildings. The WAsP model can be used to determine regional wind climate by considering the surrounding surface roughness, local topography and the sheltering of nearby obstructions at the potential turbine site (Millward-Hopkins, 2014).
 Similar to the WAsP technique, the wind flow near the urban canopy can be predicted using the Numerical Objective Boundary Layer (NOABL) database. Produced by a mass consistent flow model and a morphometric model previously discussed in section 6.2.2, it could predict wind speed at 10, 25 and 40m above ground level, by interpolating wind speed data from 56 weather stations assuming a uniform surface (Burch, 1992).  Lack of geometric variation details in the model limited its prediction capabilities, leading to an overprediction of wind energy yield and a potential reason for the failure of early systems. This can be seen in the Warwick Wind Trials led by (Encraft, 2009), where annual wind speeds recorded by the 25 micro-wind sites across the UK were reported to be 40% lower than NOABL predictions. This work done by Encraft and the Energy Saving Trust (EST) is vital for urban wind technology development, as it highlights the overprediction of wind resource as a result of inaccurate modelling.
 Consequently, advancements to the NOABL prediction tool were made, tailored to micro-wind installation, namely the NOABL-MCS and CT model. By applying a correction factor to the NOABL predicted wind speed based on hub height and level of urbanisation, the NOABLE-MCS model was able to improve its prediction accuracy by nearly 40% (Mithraratne, 2009).  Additionally, the Carbon Trust (CT) collaborated with the Met Office to create a model based using the National Climate Information Centre (NCIC) data, which included 220 measurement sites over 30 years. Compared with the 56 sites over 10 years NOABL database, the CT model includes a comprehensive range of data in its model (Best, 2008). 
 Furthering the work of Encraft, P.A.B James (James, 2010) along with the Energy Saving Trust created the first  large scale micro-wind field trial across the UK, with the help of 180 household volunteers. James validated these advanced numerical models against the data recorded using anemometers during these trials and found the CT model to most accurately predicts wind speed in the UCL, where the average measured wind speed was shown to be 3.09m/s, the CT tool predicted 3.17m/s and NOABL-MCS predicted 4.06m/s (James, 2010). This crucial piece of work clearly shown the wind resource in the UK to be less than previously predicted and displays a more accurate tool to integrate into the design and site selection of micro-wind generation systems. 







[bookmark: _Toc39089710][bookmark: _Toc39444998]6.3 Computational Fluid Dynamics (CFD)
 Despite improvements to the analytical models, predicting the energy source and wind flow in the urban canopy layer (UCL) can be site specific and difficult to predict accurately. A more sophisticated tool that uses CFD is required to accurately represent such chaotic and unpredictable flow for analysis. CFD is an prediction tools that uses numerical models to solve the physical governing Partial Differential Equations (PDEs) of fluid flow and motion, known as the Navier-Stokes Equations (Date, 2005) written in section 6.3.1. Numerical models were developed as early as 1851 although the first real applications was not until the development of computers in the 1950’s (Erwin, 2014). The four used today are Blade Element Method (BEM), Finite Volume Method (FVM), Finite Difference Method (FDM) and Finite Element Analysis (FEM). The models associated with CFD are primarily FEM and FVM, both of which follow the same procedure of approximation, where complex PDEs are discretised to approximate values using computers, represented by an array of nodes that make up the elements and mesh of the simulation. Through this technique, the flow field around a specified geometry and arrangement of buildings can be approximated, as achieved by (Yang, 2016; Abohea, 2013; Sari, 2015; White, 2014; Ovgor, 2012; Ledo, 2011; Tabrizi, 2014; Coceal, 2007; Millward-Hopkins, 2011). 
 Multiple techniques of CFD analysis have been implemented for the analysis of wind around various roof types for roof mounted turbines, including Large Eddy Simulation (LES) (Millward-Hopkins, 2011), Direct Numerical Simulation (DNS) (Coceal, 2007) or Reynolds-Averaged Navier-Stokes (RANS) technique using a range of turbulence models (Sari, 2015; Yang, 2016; White, 2014; Ledo, 2011; Abohea, 2013). The technique selection is governed by the required flow detail and the available computing resource. The most successful and popular techniques throughout the surrounding literature are LES and RANS. For transient analysis the LES the wind is represented with the highest accuracy as performed by (Millward-Hopkins, 2011), although this accuracy is at a great cost computational time. For steady state analysis, the RANS equations have been shown to simulate with sufficiently high accuracy throughout the work undertaken by (Abohea, 2013; Tabrizi, 2014; Ledo, 2011) and reported to be used in more than 50% of studies in a review conducted by (Toja-Silva, 2018). There are a range of turbulence models using RANS at the expense of the model user, one of the most prominent and well established for roof-top analysis is the K-Ɛ model and SST K- model used for individual roofs and an array respectively (Abohea, 2013; White, 2014) (Ovgor, 2012; Ledo, 2011; Tabrizi, 2014).
The literature surrounding the evaluating the wind around buildings for roof-mounted turbines is scarce, likely because the subject is fairly recent (Toja-Silva, 2018). Of 19 papers mentioned in the overview performed by (Yang, 2016), only three of them evaluated various roof types (Abohea, 2013; Ledo, 2011; Sari, 2015). In which Abohea investigated the effect of roof shape and building height on the energy yield. Flat, domed, pitched, pyramidal, vaulted and wedged roofs were considered with 30 different measurements locations spaced evenly from the windward edge. Of all the roofs considered, the domed and barrel- vaulted roofs provided higher energy yields for all wind directions, reaching streamwise velocities of 1.14m/s compared with 1.09 for pitched roofs, where the fre stream velocity was 1m/s. Moreover, Abohea found all roof types to accelerate the wind velocity as it travelled over the roof. Turbulence intensity was highest at the top surface of the roof and decreased with height.  (Abohea, 2013) performed a comprehensive evaluation using a CFD model validated by experimental data. However, only individual buildings were considered which is not representative of most urban areas. Only the studies of Ledo and Sari undertook analysis on various roof types within an array of buildings. Of the two, ledo uses a validated CFD model whereas Sari does not and lacks required level of detail to provide a valuable insight.
 More applicable results can be seen in the work performed by (Ledo, 2011) where an array of houses with flat, pitched and pyramidal roofs are analysed at incident angles 90, 45 and 0-degrees. Ledo concluded that flat roofs are more favourable that pitched and pyramidal in terms of both velocity acceleration and turbulence intensity, also concluded by (Abohea, 2013). An increase of turbulence and region of slow recirculating winds were found for pitched roofs. In his study, Ledo investigated the wind resource 2m above the eve centre and edge of pitched roofs. He found turbulence intensity the be sensitive to wind direction, with turbulence intensities as high at 60% for wind flowing perpendicular to the ridge orientation. Mounting the turbine closer to the centre of the roof was not considered in the study for reasons unclarified in the paper. Additionally, By neglecting the centre of the roof Ledo positioned his suggested turbine location 2m above the eve placing the turbine 10m above the ground which places it 60cm above the ridge of the average UK house with 6m height and 45 degree roof pitch. This would explain how he arrived at such high values of turbulence as he placed his turbine point at low heights where intensity is known to be highest (Abohea, 2013; White, 2014). Perhaps investigating the location of installation closer to the centre and at greater hights would provide more feasible results.
[bookmark: _Toc30609343][bookmark: _Toc30960812][bookmark: _Toc30996292][bookmark: _Toc39444999]6.3.1 Governing CFD Equations 
 The governing differential equations for aerodynamic analysis performed using CFD are known as the Navier-Stokes equations (NSE). For incompressible fluids, the NSE can be seen through [Equations. 24-29], as written in the published book by (Date, 2005) “Introduction to Computational Fluid Dynamics”. Further explanation along with the derivations can be found in chapter 2 of the 3rd edition of “Computational Fluid Dynamics”, J.F.W Anderson  (Anderson, 2009) if this is topic area is of interest.

Continuity equation – non-conservation form: 
[bookmark: _Toc39145538][bookmark: _Toc39172051][bookmark: _Toc39172174][bookmark: _Toc39172385][bookmark: _Toc39172458][bookmark: _Toc39361749][bookmark: _Toc39305782][bookmark: _Toc39306016][bookmark: _Toc30966416]                                                         Equation 24 (Date, 2005)                    
Conservation form:            
[bookmark: _Toc39145539][bookmark: _Toc39172052][bookmark: _Toc39172175][bookmark: _Toc39172386][bookmark: _Toc39172459][bookmark: _Toc39361750][bookmark: _Toc39305783][bookmark: _Toc39306017][bookmark: _Toc30966417]                           + ∇.(                            Equation 25 (Date, 2005)               

Momentum equations - Conservation form:
[bookmark: _Toc39145540][bookmark: _Toc39172053][bookmark: _Toc39172176][bookmark: _Toc39172387][bookmark: _Toc39172460][bookmark: _Toc39305784][bookmark: _Toc39306018][bookmark: _Toc39361751][bookmark: _Toc30966418]                   Equation 26    (Date, 2005)             
[bookmark: _Toc39361752][bookmark: _Toc39306019][bookmark: _Toc30966419]                 Equation 27 (Date, 2005)      
[bookmark: _Toc39361753][bookmark: _Toc39306020][bookmark: _Toc30966420]              Equation 28  (Date, 2005)         
       
Energy equation - Conservation form:
   Equation 29 (Date, 2005)                                                                                                 
[bookmark: _Toc39445000]7. Economic Viability

[image: ]The economic viability of micro-wind generation systems is done on a basis of load factor. Known as the capacity factor (CF), the actual output of a turbine is measured and compared with its maximum rated output to generate a percentage. In the work of (Energy Saving Trust, 2009) the load factor is factor for small—scale turbines is shown to be 10% and 17% for rood mounted and free standing respectively. Which is pale in comparison to the 30-40% measured to occur for large commercial turbines. Another way in evaluating the economic viability of a turbine to generate its annual energy production. This is done by providing an indication of a turbines annual yield at an average wind speed of 5m/s.[bookmark: _Toc39145961][bookmark: _Toc39425017]Table 5. Potential installed capacity for micro-wind turbines in the UK (Energy Saving Trust, 2009)

 Using the capacity factor It is suggested by the Energy Saving Trust (EST) that a potential site must receive a wind prediction of 4-5m/s to be considered worthwhile (Barlow, 2013; Energy Saving Trust, 2009). Where the potential number of installed small-scale domestic turbines in the UK is predicted to be 455,650 [Table 5] (Energy Saving Trust, 2009). However this method was shown by (Encraft, 2009) and (James, 2010) to overpredict the annual energy generation as some sites never reach the average wind speed of 5m/s. As a result, even less that the figures stated in [Table 5].
However, this criterion of 4-5m/s is based on the capacity factor of HAWT technology being used and was determined during a time of higher cut in wind speeds, using less-efficient turbine design. This raises an open question as to whether a site with a predicted wind speed <3-5m/s could still be worth developing on with better wind turbine technology. Another way in evaluating the economic viability of a turbine to generate its annual energy production. This is done by providing an indication of a turbines annual yield at an average wind speed of 5m/s. 


[bookmark: _Toc39089711][bookmark: _Toc39445001]7. Work Carried Out 
 The method consists of using CFD to perform analysis of the wind flow over fully attached pitched roofs with and without chimneys. Following this, installation points will be selected at two points, firstly point (A) midway between the chimneys just out of the ridge centreline and point (B) the centre of the chimney, in line with the ridge is selected. This will be done to describe the difference in flow regimes and determine the optimum turbine configuration. For this study, the front and 3rd row of buildings will be considered and the structural integrity of the chimneys is considered to be sound. Heights of 1, 2 and 3m above the ridge and chimney will respectively be compared and the locations will be evaluated in terms of turbulence intensity and wind speed at incident angles 0° and 90° from the orientation of the ridge line. Moreover, criteria determined from  the results will the applied to the RenSmart wind resource software to determine a more accurately estimate the distribution on worthwile sites in Swansea. The objective of this investigation is to describe the effect chimneys on the flow structure surrounding an array of terrace houses, determine the effect of wind direction on the optimum turbine configuration in terms of location and hub height. Using the results, this paper aims to make suggestion for project feasibility with regards a large-scale installation scheme for roof-top residential turbines.
 The reason CFD has been chosen is because the area where turbine installation would take place is in the UCL, where it has proven too complicated to predict using analytical models alone (Millward-Hopkins, 2014; Best, 2008). As a result, CFD was chosen as the primary tool for investigation as it cost significantly less time and money than physically installing turbines and recording data without sacrificing significant accuracy (Yang, 2016). Additionally, multiple studies can be undertaken using the same CFD model. The NOABL tool was chosen over the CT tool as the difference in accuracy is negligible. Additionally, this study aims to identify the resource in Swansea city, Wales and the CT tool requires a Scottish postcode (Energy Saving trust, 2020). SOLIDWORKS is used to create the idealised model geometry.
 

[bookmark: _Toc39089713][bookmark: _Toc39445002]7.1 Computational Set-Up
[bookmark: _Toc39089716][bookmark: _Toc39445003]7.1.1 Geometrical Models
For the creation of the structure models, satellite images of the building lay-out was investigated using Google Earth. As can be seen in [Figure 19] the urban canopy is made up of various building types in varying sizes along with trees, cars and roads. Modelling this urban area in complete detail would be very computationally intensive and difficult to complete. 
 Some characteristics can be summarised from the Earth images to create a simplified SOLIDWORKS model representing key features. Across all of the Swansea urban setting, houses alternate between sharing houses and sharing roads resulting in a variable building spacing. To create a fair test an idealised distance equal to that of houses sharing a road is undertaken. All houses are fully attached so there is no space between adjacent houses, an idealised square arrangement of 6 houses across 4 rows is considered, and a simplified structure neglecting cars, trees, sheds and perpendicular extensions is created, as shown in [Figure 18]. The distance from ridge to ridge was measured using the Google Earth measuring tool, where 23m was measured between houses that share roads. The building parameters were measures as Height = 6m to gutter, Width = 4m corner to corner and depth = 10m gutter to gutter. The Google Earth measuring tool is sufficient for determining these parameters as the tolerance of these measurements is very high seeing as they have no effect on the results of this study. Combined with the roof pitch of 45 degrees, the ridge height reaches a height of 9.7m. The chimneys height reaches 2ft above the ridge peak with an area of 1 The chimneys of terrace houses are situated in line with the common wall of the adjacent building, as a result the distance between each chimney is 4m (1W) and the chimneys at each end of the model are neglected to avoid modelling half of a chimney [Figure 20].
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[bookmark: _Toc39425006][bookmark: _Toc39443898][bookmark: _Toc39446678]Figure 18. Side by side model of terrace house arrays with and without chimneys.
[bookmark: _Toc39425007][bookmark: _Toc39443899][bookmark: _Toc39446679]Figure 19. Satellite image showing the mixture of canopy objects namely trees, commercial buildings and residential buildings using Google Earth.
[bookmark: _Toc39425008][bookmark: _Toc39443900][bookmark: _Toc39446680]Figure 20. SOLIDWORKS model of fully attached terrace house array, with chimneys.

[bookmark: _Toc39089717][bookmark: _Toc39445004]7.1.2. Computational Mesh/Boundary Conditions
 The Controls meshing strategy of varying mesh density is used consisting of an unstructured tetrahedral mesh, similarly undertaken in (Tabrizi, 2014; Ledo, 2011; Yang, 2016; White, 2014) The mesh type is patch independent with Octree meshing method. The global element size is 0.15m to reduce the computational cost of the simulation, whereas the mesh near the building surfaces is refined using smaller elements of size 0.015m to capture the finer detail occurring at the building surface. which would otherwise be sacrificed using larger global elements. The final mesh statistics were 1,658,472 elements. The domain is rectangular shape with a hight of 6H, flow direction distance of 20H with 8H from the inlet and equal lateral distance of 2H as suggested by (Abohea, 2013), where H = Maximum building height, in this case 10m. The boundary condition at the front face are set to inlet condition described in 7.1.2. The top and side walls are set as symmetry, the outflow is a pressure-gradient set to 0 pascal, finally the walls of the buildings and bottom domain face are set to a non-slip wall with standard wall functions, with a roughness height of 0.4m  is applied to the bottom boundary which corresponds to midway between the suggested standard urban area roughness (Ovgor, 2012; Abohea, 2013). The SST K- turbulence model is selected with the COUPLED solver scheme in FLUENT, where the scaled residuals are in the order of  as reported by (Abohea, 2013).
[bookmark: _Toc39089715][bookmark: _Toc39445005]7.1.3 Idealised Wind Parameters
 The inlet wind parameters are idealised for the CFD analysis. The turbulence at the inlet is set to 10% as suggested for urban areas by (REF), the inlet velocity is set to the minimum required wind speed of 4agreed by (Energy Saving Trust, 2009; Barlow, 2013; James, 2010) and the incident angle (α) of the wind will occurs at 90° and 0°.

[bookmark: _Toc39089718][bookmark: _Toc39445006]7.2 Validation of the CFD Model
 Validation of the CFD model was achieved by comparing the results found by (Brown, 2001) during an experimental comparison of centreline velocity measurement obtained around 2D and 3D building arrays. For this study, the 3D array and results alone are of interest. The set-up consisted of 7x11 cubes with 0.15 x 0.15 x 0.15m dimensions with a space of 1H between each building block with the front block located 5H from the inlet. This configuration is shown to be typical of wake interference and skimming flows to occur (see section 6.2.1). The boundary conditions and domain parameters set by (Brown, 2001) were recreated in ANSYS and a simulation was performed. Two point from the results of Browns measurements were compared with the same two point in the CFD simulation, namely a) and b), where it was found that maximum uncertainty of 3.7% for the mean streamwise velocity and a slightly larger uncertainty of 9.2% for the turbulent kinetic energy when compared with the measurement results. This level of uncertainty is allowable, as it is expected of all CFD simulations to slightly overpredict results (Toja-Silva, 2018).




[bookmark: _Toc39089719][bookmark: _Toc39445007]8. Results & Discussion.
[bookmark: _Toc39089712][bookmark: _Toc39445008]8.1 COVID-19 Effect
 Originally this section would have consisted of numerous graphs and illustrations as evidence to support the results of the simulation. Such results would have then been discussed and validated with the literature reviewed through sections 2-6. However, this is not possible due to unforeseen circumstances. Following the instruction set by the UK government, the university and all its facilities were forced to close in response to the global COVID-19 pandemic. As a result, all CFD software is inaccessible from March 21st onwards. This means that all the results saved prior to lockdown are unattainable as is any further analysis using the software. As a result, evaluating the magnitude of turbulence and velocity at various heights above an array of pitched roofs, can no longer take place leading to the following consequences:
·  This impacts the results surrounding the generated from the wind direction analysis, where the now approximated value of 3m could have been proven by an accurate estimation using CFD. Following this, scope for further work to perform structural analysing on a chimney to evaluate its integrity and feasibility as a turbine installation site would have been supported by valid data instead of approximations based on assumption. 
· The annual energy production of a VAWT placed in this array can no longer be approximated using the velocity measured at the chosen optimum turbine site. Subsequently, the economic and environmental payback of the optimum turbine configuration can no longer be compared with solav PV.
 In its place this paper will attempt to determine the results are expected to show and compareing the results of similar work that has been undertaken and draw a valid conclusion where possible. However, due to the scare nature of literature surrounding this particular situation it is difficult to completely cover the scope of the project, leaving uncertainties in some of the conclusions drawn.
[bookmark: _Toc39089720][bookmark: _Toc39445009]8.2 The Flow Structure
Using [Equation 21] the  is calculated to be 0.4 for 90-degrees, which is associated with the skimming flow regime reported agreed by (Millward-Hopkins, 2014; Best, 2008) where a low velocity recirculating flow regime occurs in the wake of the building. For 0-degrees a  = 0.04 is calculated which is typical of isolated for a regime where little to no wake interface occurs. The results of (Ledo, 2011) support this, a visualization of a similar set-up using the same roof pitch can be seen in [Figure 20], in which a) shows little to no wake interactions and b) shows high wake interference.  

[image: ]
[bookmark: _Toc39425009][bookmark: _Toc39443901][bookmark: _Toc39446681]Figure 21. Visualisation of the flow regime at a) 0 and b) 90 degrees for roofs with a 45-degree pitch (Ledo, 2011)
 By including chimneys into the same equation and applying it to the chimney array, a  = 0.44 is calculated for 90-degreee incident winds and a  = 0.07 occurs at 0-degrees. It is clear than including chimneys has little effect on the entire flow regime of the system. This is expected as the flow regime is calculated by determine the plan area density and total area ratio and the area of the chimneys is small In comparison with the total area.
[bookmark: _Toc39089724][bookmark: _Toc39445010]8.3 Optimum Turbine Configuration
[bookmark: _Toc39089725][bookmark: _Toc39445011]8.3.1 Turbulence 
 The optimum turbine is determined with regards for two point on the roof of the 3rd row building namely, (A) = midway between two the middle chimneys, just offset from the ridgeline and (B) through the centre of the chimney coincident with the ridgeline, both at heights of 1, 2 and 3m above the ridge. For an incident angle of 90° and high levels of turbulence is expected to occur due to high wake interference as a result of the skimming flow regime. As discussed in the previous section, the presence of chimneys makes little difference for this direction therefore despite lack of consideration into scaling the distance between houses likely leading to a higher magnitude of turbulence, the results of (Ledo, 2011) can be assumed to occur. Where turbulence levels of 40% is measured at ridge height level, far exceeding the manufactured limit of 16-18% set by (IEC-International Electrotechnical Commission, 1999). However, as previously mentioned in section 6.3, Ledo does not consider the centre of the roof where turbulence intensity are reported to be lower (Abohea, 2013). For 0° it is difficult to determine as Ledo only measures turbulence intensity below between H= ridge peak and just described the turbulence above the ridge to be “reduced” and there are no results plotted in a graph for this direction. It is fair to determine that the chimneys have slightly more influence on the flow structure near the ridge. Assuming the chimney to be a miniature rectangular flat roof, it is expected that the wake region of these structures will increase the turbulence intensity for height the chimney peak. Neither Abohea of Ledo report the magnitude of turbulence intensity at 1, 2 or 3m above the ridge level, they do go on to show that the intensity decreases with height though. As a result, it is fair to say that the highest turbine hub height is likely to experience the lowest turbulence intensity, 3m above ridge height should therefore be considered for the optimum installation in terms of turbulence intensity. Of the two positions considered, the chimney is most likely to accommodate this feature as the structure could provide additional structural support to the turbine tower, allowing greater heights to be achieved.
[image: ][bookmark: _Toc39443902][bookmark: _Toc39446682]Figure 22. Graph illustrating the relationship between turbulence intensity % and height above the eve edge at 90° for flat, pitched and pyramidal roofs (Ledo, 2011).












[bookmark: _Toc39089726][bookmark: _Toc39445012]8.3.2 Velocity
[image: ] The streamwise velocity is reported to accelerate over all roof types for isolated, stated in the investigation undertaken by (Abohea, 2013). Furthering this work Ledo found this to be true for incident winds of 0-degrees but not for 90-degrees, where a 9% increase of velocity was measured 1.2m/s was measured at the ridge height from the eve and a decrease of 66% at the same point was measured for 90-degrees. Should CFD been accessible during this investigation, it would be expected that the results with a chimney mostly agrees with the results of (Ledo, 2011) with some differences.  Firstly, for the wind direction of 0-degrees the streamwise velocity at height = ridge height would be expected to decrease due to the wake interference of the chimneys. Additionally, the velocity at 90-degrees would be expected to be lower than free stream velocity, but not as much as Ledo found, where it is likely to be overpredicted due the proximity of buildings modelled in his array. Moreover, the streamwise velocity at H=chimney peak would be expected to be greater than the streamwise velocity at H=ridge peak for the incident angle of 0-degrees. Similar to section 8.3.1, if chimneys are considered to be rectangular flat roofs where higher acceleration of the wind is measured (Abohea, 2013; Ledo, 2011), then it can be assumed that the wind speed profile will increase for winds flowing over the chimney. Abohea and Ledo also reported an increase in wind speed with increased height from the ground which resonates with similar work carried out to evaluate the wind profile over buildings roofs (White, 2014; Yang, 2016; Toja-Silva, 2018; Millward-Hopkins, 2014) and agrees with published literature surrounding urban meteorology where a hub height of 20m above ground is suggested (Best, 2008). This would mean a height of 1m above the rood which is unreasonable and prohibited, in the works of (Mithraratne, 2009) however, a hub height  50%  of the surrounding object heights is recommended. In terms of velocity, only heights > chimney peak would be worthwile and turbines that align with the centre ridgeline likely to have access to wind faster wind speeds. There is difficulty is accurately determining an optimum turbine location without evaluating and measuring suggested location, however based on assumptions supported by logic, the optimum turbine location for velocity is determined to be 3m above the ridge, closely agreeing to the criteria set by Mithrane, and through the centre of the chimney.[bookmark: _Toc39443903][bookmark: _Toc39446683]Figure 23. Graph illustrating the relationship between height and streamwise velocity (m/s) at 0° (left) and 90° (right) for pitched, flat and pyramidal roofs (Ledo, 2011).

[bookmark: _Toc39445013]8.4 Wind Resource Assessment in Swansea
 RenSmart wind map software is used to estimate the wind seed reaching the roofs to determine site feasibility. The wind speed prediction map uses the NOABL database along with a wind shear model to estimate the wind resource at 10m above ground height (RenSmart, 2019), which is the typical residential building height and roughly the height of the idealised model. The map displays the speed in 1km resolution grid that is easy to use and understand, making identifying desirable potential sites for seamless.
 Validation of this map is required as it is well established that these models over predict the wind resource (James, 2010), as previously discussed in section 6.2.3. To do this wind data collected from a Met Office meteorological station is compared with the predicted wind speed in the region where the station in operational. The Mumbles head meteorological station is located 51.565, -3.981 with an altitude 32.0 m above mean sea level. By subtracting a height of 18m above sea level where Swansea is reported to be situated (WorldAtlas , 2019), the meteorological station is shown to measure 14m above ground level, which is within reasonable distance to the 10m above ground estimation by RenSmart. The station reports an average annual wind speed of  from 2011-present with the average 5-year prevailing wind direction measured to be West, South-West (WSW) 27.5% of the time. 2nd are the East, North-Easterly (ENE) winds occurring 15.38% of the time and the highest gale winds measured in the South-West direction (Met Office, 2019), as shown in [Figure 24]. The most re-occurring prevailing wind directions acting in direct opposite directions is likely due to the fact the station is located at the sea front, where local climate is affected by the tidal cycle (REF). This is advantageous because although the direction is changing, the incident angle remains the same.
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[bookmark: _Toc39425010][bookmark: _Toc39443904][bookmark: _Toc39446684]Figure 24. Wind Rose diagram of the average prevailing wind direction over a 5 year average, measured by the (Met Office, 2019)


[image: ] Taking a look at the comparison of the RenSmart wind map and google map [Figure 25], the station is seen to be located on the fringe of 2 grids with wind speeds of  and . to make a fair assumption the average of the 2 are taken to give a wind speed of . This just slightly overpredicts the wind speed by 3.51% (0.2). This difference should have little effect on the outcome of the analysis and is therefore reliable enough to source the figure for the inlet velocity of the CFD model.[bookmark: _Toc39145517][bookmark: _Toc39425011][bookmark: _Toc39443905][bookmark: _Toc39446685]Figure 25. Comparison of the a) RenSmart wind speed at 10m above ground map and b) satellite image of Mumbles Head wind data station using WindFinder software.

 The wind resource across Swansea City centre can be seen in [Figure 26]. Of the 28 grid squares that make up the entire area, all of them fall within the 4-5wind speed requirements set by (Energy Saving Trust, 2009) discussed in section 6.3. However, to account for possible overpredictions, only grids  are considered. As a result, 68% of the grids are considered to be worthwhile sites for micrio-wind systems, ranking Swansea city a good urban wind harvesting location as . (MAYBE compare London dr drew)
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[bookmark: _Toc39425012][bookmark: _Toc39443906][bookmark: _Toc39446686]Figure 26. Predicted wind speed at 10m above ground across Swansea city centre using RenSmart



 The results of the CFD study in 8.2 show that the incident angle of the wind significantly effects the project feasibility, by changing the flow regime and subsequent turbulence intensity and wind speed. It was found that an indecent angle of 0 provides much more stable wind worthwhile of micro-generation systems. Using this knowledge and the data from the wind rose chart, an estimation of project feasibility for individual houses within % of the grid that meet the criteria can be calculated comparing the orientation of the houses with the prevailing wind direction. The houses that are oriented in a way that produces an incident angle of 0-degrees (+/-20)will be considered good sites whereas houses 90 (+/-20) degrees will be considered not worthwhile. It is worth noting that had results been generated at 3m above the roof through the chimney centre, perhaps incidents angle 45-90 would have also been feasible. As shown in the wind rose chart [Figure] it can be said that the wind flows along the same path in two opposing directions namely WSW and ENE for 45% of the time. This can then be superimposed onto a map segment facing true north to assess the buildings that meet the criteria. 

 This was applied to a 4grid containing the segments of Townhill and Mayhill region in Swansea where each 1km grid meets the required wind speed criteria, shown in [Figure 27]. The results were compared in [Table 6] where the 5.5 m/s region can be seen to contain 76% of houses that meet the orientation criteria. Additionally, for the region of 6.3m/s where a micro-wind system seems more applicable, roughly 20% meet the criteria necessary for a successful generation system. Which illustrates just how much one of the parameters mentioned in section 1 effects the likelihood of worthwhile site location.

	[bookmark: _Toc39425018]Grid Region
	% of potential sites

	5.5
	76

	5.4
	53

	6.3
	20

	6
	72


Table 6. figures showing the % of potential sites in various regions
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[bookmark: _Toc39425013][bookmark: _Toc39443907][bookmark: _Toc39446687]Figure 27. Comparison of the RenSmart predicted wind speed grid and the superimposed grid and wind direction satellite version

[bookmark: _Toc39089732][bookmark: _Toc39445016]9. Conclusions.
 This paper aimed to determine the best extraction technology for urban conditions and investigate the wind resource around pitched residential buildings, through research and conducting a CFD analysis into the effect of incident wind direction on turbulent intensity and velocity, measured at two points with various heights. The overall scope was to determine whether roof-mounted turbines would be feasible in urban environments, compete with solar PV and whether they should be installed on a large scale to contribute towards the energy demand of human processes. 
 The Darrieus turbine was the best turbine for extracting wind in urban conditions, especially since the imporvemnts to the design have been made (Batista, 2015; Subramanian, 2017). Following the CFD analysis approximation reported in the literature (Ledo, 2011), the conditions created as a result of incident winds of 90° pitched roofs include high turbulence intensity of around 40% that not only reduce the performance of the turbines, but the operational life cycle also (IEC-International Electrotechnical Commission, 1999). Additionally, the wind speed is dramatically reduced creating streamwise velocities as low as 0.4m/s. More favourable conditions occur at 0° where turbulence intensity is significantly reduced, and the velocity is increased by 9%. Chimneys approximately increase the wind speeds at heights >chimney peak for 0° winds directions but make to changes to 90°. Lack of comprehensive results reported by Ledo on turbulence intensity above H=peak for 0° makes it  extremely difficult to draw a valid conclusion on the optimum hub height and location. Therefore, where a vague description of turbulence decreasing with greater heights was given and assuming the chimneys act like flat roofs and accelerate the wind (Abohea, 2013), an assumption of the optimum height and location was determined to be 3m through the centre of the chimney. Even if analysis could have taken place and the above was proven to create a project with a valuable payback, it is still unlikely micro-turbines would be feasible to deploy on a large-scale because of the case by case nature of the process. For example, of all the houses situated in dense urban areas, only houses with chimneys could be considered. Moreover, of the houses that contain chimneys only those not being used and structurally sound can be considered. As a result of moving over to clean energy most new builds do not contain chimneys, therefore the number is dwindling more so. Additionally, tall objects surrounding the buildings, local climate and integrity of the roof in question would reduce the number worthwhile sites. Not to mention these variables don’t include other roof geometries.
 It is a direct result of these parameters that, in spite of experiencing more wind energy that sun energy in the UK, the nature of wind energy harvesting is so particular in urban environments resulting in limited niche situations proving to be worthwhile sites. An example of this can be seen in the results of the wind resource estimation of Swansea, where ignoring all the variables previously mentioned and just considering incident wind direction, the number of potential sites within a region predicted to be worthwhile for installation, received an approximated reduction of 80% in some areas [Table 6]. Additionally, quantifying the potential yield of a site is a drawn-out process that requires some initial knowledge of urban flow structures. This rules out the likelihood of individuals with little or no interest in the subject investigating their potential generating capacity. Hopefully, this will change as the initiative builds momentum and more people will gain interest as further work is undertaken. However, at this moment in time this paper concludes that large-scale installation of roof-mounted turbines on pitched residential roofs is unfeasible as the conditions that occur would not create an economically viable project in agreement with (Ledo, 2011; Millward-Hopkins, 2014; James, 2010). This is true even with the improved Darrieus design created by (Batista, 2015). That is not too say that it is a completely flawed technique of producing energy as various niche locations are likely to provide micro-generation systems with good economic viability following a comprehensive assessment of the site. Additionally, more success is found using flat and domed roofs and pitched isolated roofs 

[bookmark: _Toc39089733][bookmark: _Toc39445017]10. Limitations & Further Work.
[bookmark: _Toc39089735][bookmark: _Toc39445018]10.2 Further Work
(Abohea, 2013) reported domed roofs to provide the highest wind acceleration and lowest turbulence intensity in a standalone system, therefore investigation into the performance of such a roof configured as an array could be beneficial for suggesting a potential design change to standard roof designs, to accommodate for the change to a more sustainable existence.
Additionally, the social implications of urban wind turbines were not considered in this paper, an evaluation of the public perception and potential techniques for improving this would prove beneficial for the progression of the micro-wind generation industry.
Actual evaluation of the turbulence intensity at 1, 2 and 3m above the ridge peak for pitched roofs is suggested to validate further validate the assumptions made in this paper and determine the optimum turbine configuration. Following this, a techno-environment-economic evaluation can be performed and compared with solar PV
Further work is required to determine the capacity factor of newly developed Darrieus designs to evaluate whether new innovations has improved the performance of small-scale turbines.


[bookmark: _Toc39089734][bookmark: _Toc39445019]10.3 Limitations
 The results reported in this paper are approximations based on assumptions derived from similar published work. 
 The urban model proposed to be used for CFD is a simplified idealised model that does represent the urban canopy with full detail, therefore any results that would have been obtained would have likely been overpredictions.
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