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1 INTRODUCTION
1.1  Early historical development
This report attempts to answer the question of why horizontal axis wind turbines (HAWTs) are currently more common and are regarded as more economically competitive than vertical axis turbines (VAWTs).  Some historical review will assist in putting this question into perspective.

The very first records of wind turbines are from Persia around 644AD and from China around 1219 AD.  Both involved the rotation of blades around a vertically oriented axis.  Both used fabic to cover the blades and relied on the drag from the wind to provide force.  The Persian design required a shroud to direct the wind and was not, therefore, completely omnidirectional.  The Chinese design allowed the drag on the advancing blades to be less than that on the retreating blade, did not use any shroud, and was a truly omnidirectional wind turbine [Spera].  Such machines were very simple mechanically since the vertical axle could be used directly to move the stones used to mill flour.

The year 1200 AD is also the approximate date of the first records of horizontal axis wind turbines in England [Spera].  This represented a fundamental change in two ways: first, the horizontal axis had to be converted to a vertical one through a “cog and ring” gear in order to drive the milling stones.  In addition, some yawing system was needed to allow the rotor to face into the wind at all time.  Second, the blades, initially flat boards, were driven by lift rather than by drag from the wind.  This fundamental principle may not have been appreciated by the owners at the time, but it was the underlying reason that these early windmills, known as the Dutch or English design, became prevalent throughout Europe and many other places.  Despite their added complexity and initial cost, they were more efficient than devices that relied on drag.
1.2 The modern HAWT

The development of what we shall call the “modern” horizontal axis wind turbine is described in several texts [Burton et al, Hau, Spera].  The period covers the last 100 years, following the industrial revolution when the use of fossil fuel engines and the spread of electrification of many regions made the earlier windmills obsolete. It was a period in which products had to compete in a demanding market-driven environment.  Wind turbines, therefore, had to be designed to meet particular needs and to be cost effective.
Progressive improvements in aerodynamics, controls, material technology, structural analysis, electrical power generation, and power distribution have led to the modern large horizontal axis wind turbine being able to compete with any other source of electrical power.  Overall, a wind turbine will be judged by the ratio of the annual cost to the amount of energy it will produce per year.

Figures 1-1 and 1-2 show typical modern two-bladed and three-bladed HAWTs 
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Figure 1‑1. Typical modern 2-bladed HAWT
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Figure 1‑2. Typical modern 3-bladed HAWT

1.3 The modern VAWT

As discussed in more detail later, devices that use aerodynamic lift can be made to be more efficient in extracting energy from the wind than devices that use a drag principle.  The early VAWTs of Persia and China were doomed to be uncompetitive against the later English or Dutch design.  It is therefore not surprising that the renewed interest in vertical axis wind turbines coincided with the incorporation of lift generating airfoils into their design.  One person responsible for this step was a Frenchman named George Darrieus who applied for a patent for his design in 1929.
Nowadays the term Darrieus is sometimes restricted to the rotors with curved blades and others are referred to as “straight-bladed”.  However, George Darrieus’ patent covered all kinds of vertical axis rotors (it referred to flow perpendicular to the axis of rotation, or “cross-flow” turbines).  In this report we will refer to curved-bladed and straight-bladed VAWTs.  The technology of the curved VAWT has been thoroughly reviewed in a report funded by the UK government in 1994 [Renewable Energy Systems].  The figures below illustrate some of the curved and straight-bladed concepts that have been tested.
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Figure 1‑3. A commercial 2-blade curved VAWT.
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Figure 1‑4. A prototype straight bladed VAWT
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Figure 1‑5. A prototype straight bladed VAWT

The design shown in Figure 1-4 is a straight-bladed VAWT with blades that can be folded to lie close to the horizontal in the event of very high winds.  The 3-bladed straight VAWT shown in Figure 1-5 has a mechanism to change the pitch of the blades dependent on their azimuth angle.  This feature is intended to increase the aerodynamic efficiency.
2 HAWTs vs VAWTs

2.1 Aerodynamic efficiency

For all wind turbines, other than those used for more decorative purposes, the cost of energy (COE) is important.  That COE is a function of all of the costs involved in the manufacture, transportation, assembly, connection, and maintenance of that machine divided by the annual net energy produced (AEP).  Hence any change to the AEP directly affects the final cost of energy.  Therefore, the aerodynamic efficiency of the machine is very important for all commercial installations.
The common measure of the efficiency of a rotor is the power coefficient, Cp.  This is the fraction of the total kinetic energy passing through a certain swept area that is captured.  Thus 
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There are certain limits on this fraction of the kinetic energy that can be captured and they are dependent on the type of wind turbine.
2.1.1 Drag-based devices

A drag-based device, such as a Savonius rotor relies on the difference between the velocity of the air impinging on the blade and the velocity immediately downwind of the blade.  The power can be shown to be 
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where
v= speed of the part

CD=drag coefficient.

From this we can show that the power coefficient is a maximum when v/U=1/3 and that this value of Cp is

Cpmax = 4/27 CD
CD is of the order of 1.0.  Hence the maximum power coefficient is approximately 0.15.  

Recent advances in Savonius technology have increased the maximum Cp to over 0.25.
2.1.2 Lifting surface devices

The power that can be extracted by a surface translating perpendicular to the wind direction can be very high if the ratio of lift to drag (Cl/Cd) is high.  In this case the maximum power coefficient is limited by considerations of the momentum exchange across the swept area.  It was first established by Betz in 1919 That this limit is

Cpmax = 16/27 = 0.593
Therefore, the maximum energy that a lifting surface based device can extract from a given projected area is approximately four times that of a drag-based device.  This explains why the Dutch / English windmills became favored over the earlier drag-based vertical axis wind mills.

2.1.3 Comparison of efficiencies

Figure 2-1 below shows the performance coefficients typical of several of the main types of wind turbines.  The Cp value is plotted against the tip speed ratio which is a non-dimensional term measuring the wind speed and is defined as
Tip speed ratio = (speed of the blade tip) / (ambient wind speed)
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Figure 2‑1. Comparison of aerodynamic efficiencies of common types of wind turbines, from [Hau]
The maximum Cp value does measure the maximum efficiency but most wind turbines do not operate at the optimum tip speed ratio all of the time but over a range of wind speeds and a range of tip speed ratios.  Therefore the width of the curves in Figure 2-1 are also important; a very broad curve indicates that the machine can be efficient over a wide range of wind speeds.  It should be noted that if the rotor rpm is constant then the tip speed ratio is inversely proportional to the wind speed.

Machines such as the Savonius and the “American” wind turbines have relatively low maximum Cp values and also are limited to low tip speed ratios.  This means that for a given wind speed, the rotors will turn relatively slowly.  This in turn implies that the torque in the drive shafts will be higher since torque is equal to power divided by rotational speed; this is advantageous for applications such as water pumping.
Figure 2-1 is a fairly accurate indication of maximum efficiencies.  The peak Cp values of current HAWTs are close to 0.50 whereas the maximum Cp values that have been recorded for most VAWTs are in the range of 0.35 to 0.40.  (However, Cp values of up to 0.46 were claimed for the Sandia 17-m prototype [Mayhew & Klimas]).  Thus the HAWT technology has at least a 20% advantage in power capture by this measure.  However, the peak Cp is not the only measure of overall economics.

2.1.4 Maximizing efficiency

All wind turbines can, in theory, be operated at the maximum efficiency if the rotor speed can be varied with the wind speed.  There are also features that can increase the value of the maximum efficiency.
The HAWT blade is usually twisted to recognize the different angles of attack at different locations on the blade and to thereby use all of the blade effectively.  In addition, the airfoil shape of the HAWT blade can be varied along the span and be tuned to the different flow conditions.  The HAWT blade is frequently tapered in chord for structural reasons and which is also advantageous aerodynamically.
The blades of a straight-bladed VAWT can also be tapered, although only for structural reasons.  The blades can be pitched cyclically to maximize the lift at each part of the revolution but the advantages of doing this are limited [Lazauskas & Kirbe].  The VAWT airfoil section is usually limited to symmetric shapes since it must act in both directions during each cycle.
The blade of the curved VAWT, like the HAWT, sees varying relative wind speeds due to the varying radius.  However, the curved VAWT blades cannot easily be tapered and twisted due to the normal methods of construction (extruded aluminum or pultruded fiberglass).  These limitations restrict the aerodynamic efficiency of the rotor.  Some attempts at reducing these limits were incorporated into the Sandia 34m prototype [Ashwill] which included step changes in chord and cross section.  However, those steps were also sources of parasitic drag.
External shrouds have been used to increase the flow of air through both HAWTs and VAWTs.  Although shrouds can be effective, the added costs have never justified the added energy capture.  It is more effective to use careful choice of locations and to use topography as a natural shroud.
2.1.5 Parasitic drag

By parasitic drag we mean wind drag on the parts of the rotor than is not associated with any lifting surface and which detracts from the overall performance of the rotor.  Attachments of supporting members to the blade are notorious for sources of such drag, as the designers of old biplanes can confirm.  Any connections to the blade or discontinuities of the blade surface will be especially critical if they are far from the axis of rotation since drag increases with the square of the relative wind speed.
For this reason, the configuration of the straight-bladed VAWT is susceptible to parasitic drag since all connections are at the maximum radius.  Moreover, those configurations that include multiple connections, intended to help stabilize the blades or to furl the blades in high winds, will be more highly penalized.  Even the horizontal struts common on curved VAWTs can be a serious source of power loss as measurements on the Flowind EHD prototype confirmed [Berg].  Field results point to the performance advantage of minimizing all such losses in VAWTs [Ashwill, Mayhew & Klimas, Renewable Energy Systems].
2.2 Capacity factor
The capacity factor is defined as the average fraction of rated power that the turbine will produce at a specified site.  The power from a wind turbine at a typical site will vary and sometimes will be zero.  Therefore the capacity factor will always be less than one.  For modern wind turbines in a “good” wind regime, the capacity factor is typically between 0.25 and 0.35.
The capacity factor is a measure of the total energy that a turbine will produce in the field.  It can be increased by ensuring that the machines operate as much as is possible at the maximum efficiency and by limiting the maximum (rated) power of the machine.  Indeed, limiting the maximum power can lower the cost of many components that make up the total cost.
2.3 Annual energy capture

In Section 2.1.3 it was noted that the maximum aerodynamic efficiency of a curved-bladed VAWT was about 80% of that of a modern HAWT.  In order to see what this implies to the total energy capture, the performance curves from an Indal 6400 [Renewable Energy Systems] and from the Sandia 34-m Test Bed [Ashwill] were translated into the annual energy capture per unit of swept area and the same was done for a hypothetical HAWT from the WindPACT study [Malcolm & Hansen].  Figure 2-2 compares the rotor performance curves from the three machines on a normalized basis and Table 2-1 shows the annual energy capture results for a range of mean wind speeds (assuming a Rayleigh distribution).
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Figure 2‑2. Comparison of aerodynamic performance for some VAWTs and HAWTs
Table 2‑1. Comparison of annual energy captured from a VAWT and HAWT
	Mean wind speed

m/s
	WindPACT 1.5 HAWT

kWh/m2
	Indal 6400 VAWT

kWh/m2
	Ratio of

Indal 6400 VAWT / HAWT
	SNL34

VAWT 

kWh/m2
	Ratio of SNL34 VAWT / HAWT

	6.0
	950
	500
	0.526
	679
	0.710

	6.5
	1125
	664
	0.590
	865
	0.769

	7.0
	1296
	846
	0.653
	1059
	0.817

	7.5
	1461
	1038
	0.710
	1255
	0.859

	8.0
	1616
	1235
	0.764
	1447
	0.895

	8.5
	1761
	1432
	0.813
	1631
	0.926


The HAWT used in this comparison is one that has full blade pitch control and is able to cap the maximum power at a specified level.  This reduces the loads on all components and lowers costs.  The Indal 6400 VAWT, like most VAWTs, is stall controlled which explains the considerable differences in Figure 2-2.  It also explains why Table 2-1 shows the Indal-6400 to be very inferior to the HAWT in low mean wind speeds but to be closer at higher wind speeds.  The Sandia 34-m Test Bed was designed to reduce these deficiencies of the VAWT and Table2-1 confirms that this goal was partially achieved.  
If the HAWT used in this comparison were also a constant speed, stall-controlled one, then its efficiency in low winds would be somewhat less and the peak power would be higher.  The ratio of normalized energy productions would be increased in low mean wind speeds and reduced in high wind speeds.
2.4 Effect of scale

It is well recognized [Burton et al., Malcolm & Hansen] that the basic laws of physics do not favor large wind turbines.  This is true for both HAWTs and VAWTs.  It can be shown that for each major structural component (the blades, the tower, the gear box, etc.) the mass of that component will increase with the cube of the rotor diameter or other dimension of the swept area.  This often implies that the cost of the component will also increase with the cube of the diameter.  On the other hand, the energy captured from a rotor will increase only with the square of the diameter, leading to a possible increase in the cost of energy with the diameter to the power of 2/3.

This basic scaling law has not prevented the development of some very large wind turbines and it is fair to ask whether the basic law has been disproved or if there are sufficient other influences on the total cost of energy.  The explanation is a combination of technical design and indirect costs.

The cost of the wind turbine itself does not usually comprise more than a half of the total installation and operating costs of a modern wind farm.  The cost of the “indirect” second half can be reduced with scale, especially in multi-unit installations.  In addition, there have been many engineering design improvements in the blades, the drive train and the aerodynamic efficiency that have reduced the final cost of energy.  

Do these same trends apply to small, stand-alone, wind turbines?  One answer is that they do but it may not be so apparent.  The components of a small wind turbine are more likely to be over-designed compared to the corresponding components of a large wind turbine.  In the process of scaling up, the same components may be acceptable.

However, in single installations of small wind turbines, the machine cost is a greater fraction of the final installed cost than for large machines in wind farms.  For example, the cost of a 10kW Bergey will be approximately 60% of the total cost [Bolinger & Wiser], compared to the estimate of 42% for a 1.5MW machine in a 50 MW windfarm [Malcolm & Hansen].  This suggests that if small wind turbines were designed with zero margins (an “exact” design), then the economics of scaling up would be disadvantageous.

2.5 Cost breakdown

Tables 2-2 and 2-3 give typical breakdowns of the costs of machines and the balance of station in a possible wind farm.

Table 2‑2. Typical cost breakdown for a 750 kW HAWT installation

	Item
	Fraction of total installed cost

	Rotor
	15.6%

	Blades
	9.8%

	Hub
	3.3%

	Pitch mechanism and bearings
	2.5%

	Drive train, nacelle
	39.0%

	Low speed shaft
	1.3%

	Bearings
	0.6%

	Gearbox
	9.9%

	Mechanical brake, HS coupling etc
	0.2%

	Generator
	7.4%

	Variable speed electronics
	7.7%

	Yaw drive & bearing
	0.8%

	Main frame
	3.3%

	Electrical connections
	4.6%

	Hydraulic system
	0.5%

	Nacelle cover
	2.7%

	Control, safety system
	1.5%

	Tower
	10.6%

	Balance of station
	33.3%

	Foundations
	5.3%

	Transportation
	4.1%

	Roads, civil works
	6.9%

	Assembly & installation
	3.7%

	Electrical interface/connections
	10.9%

	Permits, engineering
	2.4%

	Initial capital cost 
	100.0%


Table 2‑3. Cost of a typical 250 kW VAWT before installation
	Item
	Fractional cost

	Rotor
	40%

	
Blades
	15%

	
Other
	25%

	Drive train
	32%

	Anchors
	10%

	Guy cables
	5%

	Controller
	5%

	Base structure
	8%


2.6 Rotor mass

One measure of cost is the total mass of the wind turbine, although the more sophisticated materials may cost more per unit weight.  However, for a typical modern 1.5 MW wind turbine, the 70-m rotor (blades and hub) typically weigh about 27,000 kg [Malcolm & Hansen].  This translates to about 7.0 kg per square meter of swept area.
We would expect the mass per unit area to change with size due to the different scaling effects of mass and swept area (see Section 2.3).  A plot of kg/m2 versus swept area for some commercial small and larger HAWTs and VAWTs is shown in Figure 2-3.  Also included in that figure are lines that follow the theoretical “square-cube” law.
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Figure 2‑3. Effect of scale on the mass/swept area ratio of HAWTs and VAWTs

The mass of the HAWT rotors includes only the blades plus the hub, whereas the mass of the VAWT rotors includes blades, struts, central tube, and guy cables (where applicable).  The comparison is, therefore, not valid unless some length of tower is included with the mass of the corresponding HAWTs.  If an adjustment is made for this inequality then the order of magnitude difference between the HAWTs and VAWTs is reduced by a factor of approximately two but still leaves a factor of about four.
The blades of a VAWT are usually simpler than those of a HAWT.  For example, the VAWT may use extruded aluminum in place of a fiber glass layup in a mold.  However, the total length of blade and the number of connections should also be considered.  This information is summarized in Table 2-4.

Table 2‑4. Summary of swept area per unit length of blade, etc.
	Type of rotor
	Swept area per unit of blade length
	Number of root connections
	Number of splice connections
	Number of horizontal arms or struts

	
	
	
	
	

	3-bladed HAWT
	0.52D
	3
	0
	0

	3-bladed curved VAWT

(H/D = 1.5)
	0.18D
	6
	0-6
	0-6

	3-bladed straight VAWT
	0.50D
	6
	0
	3-6


For 2-bladed rotors the proportions are the same as for the 3-bladed rotors.  The table shows that the blades of the straight VAWT are nearly as effective as those of the HAWT; however, the straight VAWT must include at least three horizontal arms.  In addition, the blades of a straight VAWT must carry both centrifugal forces as well as periodic aerodynamic forces which results in blades which are as heavy and as expensive as those of a HAWT.
2.7 Dynamics problems

Wind turbines have sometimes been referred to as fatigue testing machines and this reputation may be well deserved.  The number of fatigue load cycles that a typical component of a wind turbine may experience in its lifetime can exceed 1 x 109 (assuming a one per revolution loading, an operating speed of 100 rpm, and a lifetime of 30 years).  This number of cycles has forced wind turbine designers to extrapolate the known fatigue strength data for most materials.
The ability to predict the dynamic response of the complete structure is important and has occupied many engineers over the past decades.  It was initially believed that the HAWT did not experience significant fatigue loads apart from gravity reversals in the edgewise blade loads.  However, it was found that the effects of turbulence and wind shear had a profound and governing influence on the loading of many components (the blades, hub, shaft, mainframe, and tower).  It is now realized that the nature and intensity of the site turbulence is an important design parameter.
On the other hand, it was realized very early that the aerodynamic loading on a VAWT is basically periodic which leads to fatigue loads in most components.  However, both experience and theory [Paraschivoiu, Renewable Energy Systems] have shown that the fatigue loads in VAWTs, whether curved or straight bladed, are not strongly sensitive to turbulence.  The result is that both HAWTs and VAWTs experience fatigue loads, although from different sources, and their dynamics must be considered.  The loads on a HAWT tend to be spread across a wider frequency range while the loads on a VAWT are concentrated at the rotor speed harmonics.
In both types of wind turbines it may be necessary to tune the machine so that certain natural frequencies do not coincide with certain multiples of the rotor speed, especially in a VAWT.  This means that a wind turbine that is operated at variable speeds may have to avoid certain speed ranges.  This may be easier on a larger wind turbine with sophisticated controls than on a small wind turbine.
The blades of a curved-blade VAWT do not suffer dynamically from variations in the forces normal to the blade since these loads are carried mainly by arch action in the blades.  However, the same blades are sensitive to tangentially applied loads and both the Flowind and the Indal machines were governed by these loads [Renewable Energy Systems].  The blades of most straight-bladed VAWTs are cantilevered over some of their length and suffer reversal of these bending loads once per revolution.  It is these loads that are likely to govern the design of the blades.
The edgewise loads on the blades of curved VAWTs, and the difficulty of increasing the chord and load-carrying ability of the blades near the roots, has led to the need for horizontal struts to carry these loads.  As well as adding cost, these devices add to the parasitic drag and decrease the performance of the rotor.  Other machines, such as the straight-bladed Turby rotor have multiple struts connecting to the blade which will also detract from the aerodynamic performance.

2.8 Drive train design
Both HAWTs and VAWTs have been used for direct applications such as pumping water.  However, most wind turbines are used to generate electricity which is either fed into a grid at a fixed frequency or is used to charge batteries.  Smaller machines are more likely to be used to charge batteries because that is how many remote installations have operated; they have commonly run at a range of operating speeds.  However, as the interfacing of different systems become more affordable, small wind turbines may be controlled by more sophisticated electronics and be run at controlled speeds.
Small machines may have operating speeds of several hundred rpm which means that it is economic to directly drive a generator.  On the other hand, large wind turbines, operating at between 15 and 60 rpm, normally use a speed increaser before driving a generator.  This applies to both HAWTs and VAWTs.  More recently the lower cost of power electronics have made it possible to avoid the speed increaser in whole or in part for large wind turbines.  
Whatever scheme is adopted for the drive train, it has been argued that the most convenient configuration is one in which it is mounted on the ground rather than enclosed in a nacelle on top of a tower.  A ground-based system should be more cost-effective to install and to maintain and should accommodate more innovative designs.  Indeed some innovative drive systems have been incorporated into VAWTs.  The Indal 6400 used a large bull gear to drive two pinions and generators; it combined this with hydrodynamic bearings and the bull gear also served as brake pad.  Adecon experimented with a single stage belt drive speed increaser and Hydro Quebec’s 4-MW Eole incorporated a large diameter direct electrical drive.  The corresponding production costs are difficult to determine since none of the innovative VAWT drives were commercialized.

Straight-bladed VAWTs have sometimes placed the drive train at ground level or in the tower just below the rotor bearing.  The justification for the latter is the expense of a low-speed drive shaft extending all the way down a tower.

The large diameter generators required for direct drive are undoubtedly more suited to installation on the ground than in a nacelle on top of a tower.  What has to be answered is whether this arrangement can give an economic advantage to the VAWT which is sufficient to make it competitive with the HAWT alternatives.  Table2-1 shows that the drive train to be the most expensive part of both HAWTs and VAWTs (about 1/3 of the total machine cost which in turn represents about one half of the total cost of energy).  Suppose that the drive train cost of a VAWT could be supplied at 75% of the cost of the equivalent HAWT; then that would translate into a 4% decrease in the cost of energy.  However, if the VAWT captures only 75% of the annual energy of the HAWT (see Table 2-1), then the cost of energy gap has been closed by only about 16%.
2.9 Installation

Nearly all HAWTs and VAWTs require some crane for installation and for large HAWTs the cost and availability of a suitable crane can be a limiting factor.  Some smaller VAWTs and cantilevered VAWTs have used a “tip-up” scheme of final erection, using a gin pole or similar technique.
For all other systems a mobile crane is normally used and is a major contributor to the cost and planning of the installation.
2.10 Maintenance

A comparison of the maintenance costs of a HAWT and a corresponding VAWT is not easy since most operators do not release such information.  The only VAWTs that were commercialized on a meaningful scale were the Flowind F17 and F19 wind turbines.  But there is little reason to believe that the Flowind operating and maintenance (O&M) costs were substantially lower than for corresponding HAWT developments.
For major repairs to components within a HAWT it is often necessary to use a crane similar to the one used for initial installation and this increase the maintenance costs considerably.  For repairs to the drive train of a VAWT, a crane will not be required as noted previously.  However, a crane may still be required for inspection of and repair of the blades and upper bearings of a VAWT.

Could savings in O&M costs alone make the VAWT competitive with the HAWT?  The answer is no, although it can close part of the gap.  Suppose that the VAWT generates 0.75 of the annual energy of the corresponding HAWT and that maintenance comprises 25% of the total cost of energy from the wind turbine.  Then the maintenance cost for the VAWT will have to be reduced to zero to close the final cost of energy gap.  However, we might expect the O&M costs for a VAWT to be at least 75% of the costs for a HAWT which will translate into a maximum 6% decrease in the overall cost of energy.
2.11 Support system

The only choices for the support of a HAWT are how high the nacelle will be and whether the tower will be self-supporting or will use guy cables.  The loads on the major bearings (the shaft bearing and the yaw bearing) are unaffected by this choice of support system.  These comments also apply to most straight-bladed VAWTs.
The design of and the loads in the bearings of a curved-bladed VAWT are affected by the choice of support system.  For example, the rotor may be self-supporting (cantilevered) or the top of the rotor may be supported by guy cables or by a rigid frame.  The self-supported rotor must include bearings that can resist the overall thrust on the rotor with a lever arm of half the rotor height.  This may lead to large diameter bearings, which are expensive, or to a pair of radial bearings on a sufficiently large diameter shaft.
If guy cables are used to support the top of a curved-bladed VAWT, then some bearing is required at that location to carry both radial and thrust loads.   The thrust, in turn, is transmitted to the lower bearings.  Such a system musts also accommodate the movements that the guy cables allow and this results in the need for some flexible couplings in the lower drive train.

A curved-bladed VAWT may also be supported by a rigid frame (as developed by Adecon) in which case the upper bearing carries radial loads only.  However, the drive train will still have to accommodate some rotor movements.  In addition, the material required for an external frame is considerable.  For the Adecon series of machines, the external support frame weighed at least as much as the rotor itself.
2.12 Braking

All wind turbines require some mechanism to ensure that the system remains in a safe condition in case of high winds or in case of some control failure.  This may take the form of automatic furling out of the wind, aerodynamic braking by pitching of the blades or other devices, or a mechanical brake on either the low speed or high speed shaft, or electrical braking through the generator.
All of these options are open to most HAWT designs, although some are not economic on small systems.  Furling is used on many small HAWTs although it is difficult to predict and may itself cause some high loads.  Larger HAWTs have used ailerons or tip brakes but nowadays more are using full span variable pitch which is often used in conjunction with power control.  Mechanical brakes are expensive unless used on the high speed shaft, but such a system is less safe because all braking torque must pass through the gearbox.  Electrical braking is a potentially benign method but not one that has been widely implemented due to the expensive power electronics required, the need for it to operate when the grid connection is lost, and the need to pass the torque through the entire drive train.
On the other hand a VAWT may not enjoy all of these options.  In theory the blades of a straight-bladed VAWT can be pitched, as indeed they are in the cycloturbine.  However, the pitch mechanism must reside out at maximum radius where it will create drag and will be awkward for maintenance.  All commercial and prototype VAWTs have utilized some mechanical brake.  Where these were installed on the low speed shaft, some modification was necessary to accommodate the tilting motion of the rotor unless the drive first passed through a coupling..
One method of aerodynamic braking that was investigated for curved VAWTs was one that involved the pumping of air out of a series of holes in the skin of the blades [Klimas & Sladky].  By choosing suitable locations of these holes it was possible to spoil the lift and to limit the aerodynamic torque and power.  However, such a method cannot bring the rotor speed as low as some of the devices incorporated into HAWTs.

2.13 Technology advances

Table 2-5 is a list of some technology improvements and the implementation of best practices from related products and industry sectors that have helped to reduce the cost of wind energy over the last ten years.
Table 2‑5. Some technology improvements in the wind industry

	feature
	comments

	Advanced airfoils
	Driven by the wind industry to meet its special needs.  A key accomplishment for the industry.

	Full span pitch control
	Adapted from the helicopter industry.

	Tower feedback in controls
	Part of a system approach to controls.  Software and hardware costs for sophisticated controls are now more affordable.

	Carbon fiber
	Has enabled turbine blade manufacturers to deliver high reliability and to control costs as turbines have grown in size.

	Direct electrical drive
	Adapted initially from the hydro electric industry (large low speed multi-pole generators) and advanced electric rail technology (linear inductive) with significant wind industry innovation and commercialization to meet large and small turbine requirements.

	Power electronics
	Adapted from the variable speed drive product sector with some wind industry innovation.  The power electronics sector is a vital industry sector and the wind industry continues to benefit from technology improvements and cost reductions.

	Variable speed
	Wind industry driven.  Reliable operation of turbines at variable speed with full-span pitch control to limit power output is a major accomplishment for the industry.

	Spherical cast hubs
	Adopted for all large HAWT rotors.

	Numerical simulation techniques
	Significant wind industry advances and adaptations of commercial software for other rotating structures.

	Large scale manufacture
	Large HAWTs are a multi-billion $ industry and must use modern manufacturing techniques.

	Fiber glass RTM methods
	Advances driven by wind power needs.

	Steel welding quality control
	Adoption of high quality steel fabricating industry “best practices”.  Important for fatigue strength.

	Large diameter pitch bearings
	Adaptation of commercial bearings driven by specific wind turbine needs.


2.14 Offshore design

The areas of the globe where the winds blow most consistently are over lakes and oceans.  Therefore, it is logical that the wind energy industry has actively pursued these locations despite the added technical problems to be overcome.  At present there are major developments underway or planned in the North Sea, the Baltic Sea, and off the coast of New England, among others.  The development in these locations has led to particular types of design: it is more economic to install fewer large machines than multiple smaller machines due to the cost of the foundations and electrical connections.  In such an environment, are there any reasons why HAWTs or VAWTs would be more favored than on land?

We have already noted that both HAWTs and VAWTs are subject to the same laws of scaling.  There is, therefore, no reason to believe that scaling up one would lead to different results from scaling up the other.  However, there is one aspect that does detract from the scaling up of HAWTs which is the edgewise blade loads due to gravity.  These loads tend to increase faster than the other loads and can govern the design of very large HAWT blades.  The blades of VAWTs are not affected by gravity in the same manner.
One other feature than can affect the balance between HAWTs and VAWTs in offshore installations is the lower vertical wind shear which, in turn, makes tall towers less necessary.  Therefore, systems that are not suited to being elevated are not at such a disadvantage.  This applies especially to curved-bladed VAWTs.  However, offshore installations are not suited to the use of guy cables for support which would penalize those curved-bladed VAWTs.  Several authors, such as [Lungstrom], have proposed offshore VAWT developments one of which is illustrated in Figure2-4
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Figure 2‑4. Possible offshore VAWT configuration

2.15 Certification

All large commercial HAWTs are certified by one of the available certifying agencies.  The agencies (such as Germanischer Lloyd, or Underwriters Laboratory) use their own guidelines which are based on the internationally accepted IEC 61400-1 code [IEC].  This certification is required by the developers and by the financing sources to ensure acceptable risk levels.  Certification is not so common for small wind turbines, no doubt because there is less money involved.  However, IEC is creating a design code that is specifically intended for small wind turbines and this will identify the minimum number of load cases that must be considered in the design.  It may also specify certain minimum requirements for the safety system.
Sustainable Energy Technology was the first to achieve a design certificate for a VAWT – the SET 250.  Thus, this barrier (if it was conceived of as a barrier) has fallen for VAWTs.  This should provide encouragement that design certification and probably full certification for a VAWT design should be no more difficult than for a HAWT, at any scale.

Manufacturers are not obliged to conform to the IEC codes but market competition may make it impossible to sell machines that are not certified by some agency.  This may apply to the small wind turbines just as it has happened for large wind turbines.  Thus, for example, it may not be acceptable to use a braking system that acts only on the high speed shaft of drive train.  In addition, it may be necessary to prove that the system shuts down or remains safe if the electrical load is lost.
These concerns should be considered when a business is deciding what product to develop.

3 SUMMARY

Table 3-1 summarizes some of the differences between HAWTs and the two types of VAWTs.
Table 3‑1. Summary of features of typical HAWTs and curved- and straight-bladed VAWTs
	Feature
	HAWTs
	Curved bladed VAWTs
	Straight bladed VAWT
	Comments

	Aero efficiency
	Cp up to 0.50

Possible with efficient airfoils and a twist schedule
	Cp up to 0.38
Airfoils limited by symmetry requirement.  Tapering of chord not feasible
	Cp up to 0.35
Straight VAWT suffer parasitic losses from connections


	Efficiency becomes of increasing importance for larger machines.

	Braking/ control
	Small machines can furl; larger machines can pitch full blade.  Mechanical brake can be nominal
	No reliable aero braking available for curved VAWTs.  Expensive mechanical brakes necessary.
	Straight bladed can, in  theory, pitch blades but this has not been done
	The type of braking will affect safety and  the obtaining of certification.

	Tip speed
	Tip speed can as high as 100 m/s
	Generally lower than for HAWTs.  More blade is at maximum tip speed
	Generally lower than for HAWTs.  All of blade is at maximum tip speed
	Theory indicates that higher tip speeds can lead to higher efficiencies.

	Hub height
	Commonly elevated by towers with or without guy cables.  Able to benefit from wind shear.
	Most VAWTs are on short towers but cantilevered VAWTs could be placed on tall towers
	Most VAWTs are on short towers but cantilevered VAWTs could be placed on tall towers
	Sites without significant vertical wind shear are a minority although they do exist.

	Support
	Cantilever tube or guyed tube or truss is common
	Smaller VAWTs may be cantilevered but larger machines have all been guyed or with rigid external frame
	Cantilevered or guyed tube or truss have all been used
	In some locations, small machines must be elevated above surrounding trees, buildings, etc.

	Yawing
	Some yawing mechanism required
	No yawing mechanism required.
	No yawing mechanism required
	Yawing is a mixed blessing: it requires a mechanism but allows HAWT rotor to be furled out of wind

	Furling
	Smaller HAWTs often use a furling mechanism to control peak loads.
	Furling is not an option
	Furling is not an option
	Furling comes with its own loads

	Drive train
	Normally in the nacelle.
	Normally at ground level which is an advantage for maintenance
	Sometimes at ground level but in larger machines has been at hub height
	Ground based system will lower maintenance for VAWTs, particularly the cost of periodic overhauls of gearboxes and generators.  Periodic overhaul or replacement are required for these major power train components for both VAWTs and HAWTs.

	Direct drive
	Common in small machines and power electronics is making it more common in larger machines
	The MW Eole turbine used a direct drive plus power electronics.  Ground-based drive is suited to larger generator rotors.
	Most commercial small VAWTs use direct drive
	Seen as suited especially to VAWTs but they have been successfully used in many large HAWTs.

	Assembly
	crane needed unless tilt-up design
	Crane needed for most lifts of the rotor.  Smaller crane with rigid frame.
	Crane required for most machines
	Several HAWTs have had self-erecting features.

	Fatigue
	Most fatigue is due to turbulence.
	Nearly all fatigue is due to the basic aerodynamics of the VAWT. Multiple blades will reduce some fatigue loads.
	Nearly all fatigue is due to the basic aerodynamics of the VAWT. Multiple blades will reduce some fatigue loads.
	Fatigue is a common driver for components of both HAWTs and VAWTs

	Gravity
	HAWT blades are subject to gravity-induced fatigue but this is only critical on very large machines
	Gravity does not affect any fatigue loads
	Gravity does not affect any fatigue loads
	

	Offshore
	Large HAWTs now common offshore
	Low wind shear favors VAWTs but guyed support very awkward.
	Subject to the same rules as HAWTs
	

	Swept area per unit blade length (3 bladed)
	0.52 D
	0.18 D (for H/D=1.5)

0.20 D (for H/D=2.5)
	0.50 D (for all H/D)
	The total solidity may be the same due to the lower chord of the VAWT blade

	Number of root connections to blade
	3
no connections causing parasitic drag
	6

	Minimum = 3 
all connections are at the max  radius and incur considerable drag
	

	Number of intermediate blade connections
	none
	6 (usually)
connections to struts adds some parasitic drag
	Variable
Again, all connections will be the  source of some parasitic drag
	


4 CONCLUSIONS
The following recommendations are made concerning the viability of developing small VAWTs or HAWTs.
· The maximum aerodynamic efficiency of any VAWT will be lower than available HAWT designs.  This difference is likely to be between 15 and 25%.

· Due to the lower efficiency, the VAWT will capture less energy for the same swept area.

· For a given swept area, the mass of the rotor and support structure of a VAWT will be greater than that of an equivalent HAWT.  This mass difference is likely to translate into a cost difference.

· The savings that a VAWT may enjoy due to lower drive train and maintenance costs are unlikely to balance the lower energy capture and higher initial rotor costs.

· The same diseconomies of scale apply, in theory, to both HAWT and VAWT configurations.

· Both HAWTs and VAWTs suffer from fatigue loads.  The basic aerodynamic principles of the VAWT lead to fatigue loads at the harmonic frequencies, but the VAWT is not as sensitive as is the HAWT to the effects of turbulence.  However, the VAWT is more likely to suffer resonant conditions especially if operated at variable speeds.
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