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Abstract. The use of wind power is one of the most promising ways to 

obtain renewable energy. In this article, based on a literature review, an 

analysis of the development of alternative solutions in the field of wind 

energy is carried out. The classification of wind turbines (WT) according 

to the orientation of the wind-sensing rotor is given. A comparison is made 

of the operation of horizontal-axis and vertical-axis wind turbines in 

different operating conditions. Alternative and unconventional technical 

solutions in the WT designs and elimination of shortcomings using modern 

knowledge in the field of application of composite materials and methods 

of mathematical modeling are presented. It is shown that increasing energy 

efficiency and release of energy is a key factor in ensuring the profitability 

of the WT using in various climatic and geographical conditions. The main 

trends in the WT development, both high-power wind farms and small 

local WT are determined, including directions for the development of 

integrated transport networks and energy storage. The tool for the 

successful introduction of new <green technologies= to the market in 
modern conditions is marketing-oriented management, which can be 

implemented through cooperation in the activities of technology start-ups 

and the state on the principles of mutually beneficial partnerships.  

1 Introduction 

Wind power is one of the most promising renewable energy resources. The most acceptable 

classification of wind turbines (WT) is based on the orientation of the wind-receiving rotor 

relative to the wind: horizontal-axis WT (HAWT) and vertical-axis WT (VAWT). HAWT 

are widely used in many countries on a large scale. But HAWT can effectively use the wind 

energy can wind power in areas where wind is weak and has a large variability in speed. 

VAWT advantages: a good work in weak and variable wind, low noise, high safety. This 

review is an attempt to consider the solutions achieved over the past ten years in the field of 

promoting the VAWT into the real power. 
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2 Literature review and methods 

This section reviews the most relevant publications in the field of alternative solutions to 

the use of wind power. 

In [1] after the series of experimental studies indicated the need for increasing the 

number of blades for VAWT. The results of the study also showed the effectiveness of 

application a variable profile of the cover blade for WT. The analysis of release energy and 

efficient energy use was considered in [2]. Proceeding from the level of technical solutions, 

it is argued that the efficiency for HAWT can be 44-55%, while for vertical-axis (VAWT) 

50-53%. However, it has been found that the achievement of this level is difficult, since the 

densely filled structures towns and urban centers have a low wind flow quality, including 

high turbulence, considerable fluctuations of the wind speed and higher frequency change 

its direction. The study [3] when considering the quality requirements of the wind flow is 

determined that VAWT have special advantages for use in marginal-marine and open ocean 

areas, which especially include the versatility of VAWT in the perception of the wind flow 

and low overturning moment the entire installation with better accessibility to service the 

transmission and generator. It is emphasized that the technical solutions of VAWT designed 

for active control of the blade pitch, are mechanically simpler for VAWT than for 

traditional HAWT. The use of VAWT in offshore deployment provides a real opportunity 

to reduce the cost for deepwater areas, due to lower requirements for supports and 

foundations.  

On the other hand, the key advantage of VAWT - invariance direction of wind flow – 

allows simple accommodation of low-power WT in settlements on the roofs of buildings of 

any purpose [4]. It is emphasized that low-power VAWT are capable of wide application, 

even when enough successful conditions of its location, and will be very useful when 

supplying power for lighting of buildings, streets bridges in communities, especially in 

developing countries. It is essential that even small-sized VAWT are able to perceive the 

vertical wind component, which at low speeds carries up to 30% of all wind energy [5] in 

turbulent zones, and the Darrieus rotor is the most effective in this case. 

Decisions in the field of design and installation of VAWT were discussed in [6], where 

the need to abandon ensuring the stability of WT through the use of wire guys and 

application of tubular towers-supports for rotating rotors was emphasized. It has been 

established that VAWT of a tubular-tower structure will be significantly effective for use in 

rural areas, wind farms, and especially for <green houses=. Expansion of the possibilities of 
VAWT using n these areas is associated with technical solutions in the field of materials 

used and methods of their installation at the site of use. The advantages of VAWT are 

shown in [7], where it is demonstrated that the working blade of a wind turbine with a 

length of 60 m has a weight of about 9000 kg, while for HAWT the weight of a blade of the 

same length is approximately 15500 kg when they are made of the same materials, 

reinforced fiberglass. It is especially emphasized that the blades of VAWT have lower 

production costs in their manufacture, since they can have a uniform profile along the 

length, be transported, therefore, in parts and assembled at a lower height during the 

installation of WT excluding the use of specialized transportation and assembly 

mechanisms. It is indicated that VAWT in general have fewer moving parts and do not 

need a multiplier gearbox, which guarantees their reliability in operation. The same 

advantages are shown in [8], which indicates the need for the development of methods for 

VAWT modeling and calculating, since these methods for them significantly lag behind in 

their development from modeling methods for HAWT. At the same time, experimental 

methods are still the most accurate. 

The placement of VAWT in marginal and open sea areas allows the creation of large 

wind farms. The study of these was carried out in [9], and the scalability of the simulation 
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results for increasing the number of WT is shown. It has been established that the 

placement of individual VAWT by clusters (the cluster has a triangular shape) has a high 

efficiency, and even when using rotors of a wind turbine of the Savonius type, the 

efficiency of a cluster of nine VAWT will be 26%, which is higher than that of nine 

separately standing VAWT. Scaling the model showed that the efficiency of a cluster wind 

farm of twenty seven VAWT will already be 37%, which is also significantly higher than 

that of twenty seven isolated WT. The developed cluster wind farm of twenty seven VAWT 

with the Savonius rotor provides a specific power from the territory of 4.5 W/m2, which is 

three times higher than that of twenty seven separate VAWT. 

The need for the use of aerodynamically highly efficient wind flow energy converters 

requires the use of appropriate solutions, in particular, the use of VAWT Darrieus system, 

the disadvantage of which is the low torque at low wind speeds, which makes it impossible 

to start them independently. In [10], an optimized Darrieus rotor is demonstrated, capable 

of self-starting at low wind speeds due to the use of blades with a variable angle of attack. 

A different solution for the use of low-intensity wind was proposed by combining the 

vertical-axial and horizontal-axial systems in one WT with using one support [11]. This 

solution will reduce the area occupied by one WT with the same power. 

Another solution to the use of low-intensity winds is based on the use of the Gorlov 

rotor, which has blades covering the rotor axis along a screw generatrix. In [12], it is noted 

that the Gorlov rotor can be upright while maintaining its advantages and therefore is the 

main candidate for use in portable VAWT. The experiments have shown that the design of 

VAWT with the Gorlov rotor, developed by the authors [12], works stably at low wind 

speeds, which makes this WT promising for use in cities and towns. 

The simplest solution for starting of VAWT rotors from low-intensity winds was 

proposed and considered in [13], where it was proposed to combine Darrieus and Savonius 

solutions in a hybrid rotor. Such hybrid rotors have demonstrated significant efficiency and 

the ability to sustainably self-start from low winds. Another version of the hybrid solution 

was discussed in [14], where a combination of HAWT and VAWT on a single tower-

support was proposed, and the support itself served as the axis of VAWT rotor. Research 

has shown that such a system can develop power significantly higher than the individual 

power of each component under the same conditions. It was found that the combination in 

one similar system of HAWT for 12 kW and VAWT for 10 kW allows to develop along the 

entire power system to 33.5 kW. 

Tests of VAWT in urban conditions were carried out [15] in order to ensure the design 

and modeling of a small-scale VAWT, which can be used in urban environments. It is noted 

that WT development for urban areas is critically necessary to ensure the use of the 

penetration of technology for generating electricity from wind in cities and suburban areas. 

The experiments and tests carried out have shown that the designs proposed by the authors, 

when applied in WT or the described conditions, will provide consumers with a payback in 

3.5 years the opportunity to receive a net income from electricity generation within 20 years 

of VAWT using. 

The advantages of VAWT technologies achieved over the past period of development 

are considered in [16], where the authors point to the most important achievement of such 

systems – a lower specific noise level per rotor circumferential speed. It is emphasized that 

VAWT are most suitable for use in a populated - rural and urban – environment. The 

experiments showed that when using the Gorlov wind turbine with a high blade chord, an 

efficiency of 0.479 is achieved at a peripheral relative speed of 3.5, which makes VAWT 

with such a rotor very quiet. 

The efficiency of VAWT using at low speed winds is so great that such VAWT was 

even developed for use on Mars. This decision is based on the use of current knowledge in 

the field of composite materials and the best methods for modeling fatigue loads. Recent 
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advantages provide the creation of solutions in the field of marine use of VAWT and it is 

shown that the specific power of marine WT has the potential to increase by an order of 

magnitude compared to that of HAWT in the same areas of use [17]. 

The solution to the problem of transport produced by renewable energy sources is 

associated with the development of distribution systems. The inclusion of energy storage 

components in distribution power systems creates a new type of facilities for distributing 

and using electrical energy – integrated energy distribution systems (IEDS). They differ in 

a fundamentally different level of difficulty. Such systems can be considered as a key 

prospect for the development of electrical energy distribution systems due to the possibility 

of using renewable energy sources. It is noted that they combine the dual characteristics of 

engineering and social systems. The variety of scenarios for the energy relation of such 

systems and the complex interaction within them create the problem of effectively 

resolving the conflict between the balance of energy supply and demand and the 

requirements of a low-carbon economy [40]. The researchers note that most of the studies 

performed on the accumulation of energy within the framework of its generation or 

transport are focused on estimating the costs of technology and do not take into account the 

potential benefits from combining the means of energy generation and transport into a 

unified network [43]. 

Studies show that it is advisable to organize the management of combined networks of 

energy production and distribution on a two-level principle: at the level of source control, 

the optimal location and production volumes from various distributed energy sources are 

determined, and then these parameters are transferred to the control scheme of energy 

distribution and auxiliary services of the network [41]. 

Recently, it has become possible to connect local microgrids to large distribution 

networks by forming intelligent networks that include energy sources and storage facilities 

[42], while there has been an increase in various methods for optimizing energy storage 

systems. However, it has been established that by now the practical application of energy 

storage is more common for the facilities of its consumption and local distribution than for 

the facilities of its transport from sources to the consumer [42]. 

Strictly in terms of technology costs, hydraulic storage has the lowest cost with short 

battery life. As the requirement for longer battery discharge duration increases, hydrogen 

eventually becomes the cheapest technology due to the much lower capital cost of energy 

storage. It has been established that the most economical storage systems have an unloading 

time of no more than 1 day; if it is necessary to discharge the accumulator for more than 2 

days, the only cost-effective technology is hydrogen due to the higher energy intensity/cost 

ratio [43]. 

To evaluate the synergy between energy storage and transport, solutions were sought by 

comparing the performance and cost-benefit ratios of three storage technologies (hydraulic 

storage, compressed air storage, and hydrogen storage). 

When combining energy transport and storage facilities, the economic efficiency of 

energy storage processes depends on many aspects, such as the dynamics of the share of 

renewable energy sources in the system, the amount of capital costs for creating an 

integrated network (Table 1), the ability of management tools to provide additional services 

of the interconnected network to its consumers, including support new parameters of 

network competitiveness, reliability and fault tolerance [43]. 
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Table 1. Partial cost structure of 1 MW-h in the system of transport and storage of wind 

energy with a period of storage-return of 1 day (calculated according to [43] and [44]) 

Storage methods in the system 
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hydrogen storage 0,05% 13,59% 2,80% 

hydraulic storage 0,10% 28,71% 54,01% 

storage by compressed air 0,11% 30,01% 56,02% 

 

It is emphasized that the benefits of deploying storage facilities in local networks of 

transport and energy distribution cannot be adequately modeled. The optimal project in 

terms of power system or national importance will not necessarily be the same as that of a 

region or municipality, as the expectations of local users, investors and network 

management may differ significantly. In general, large-scale deployment of storage 

facilities is relevant only with a high penetration of renewable sources into the overall 

system of energy generation and transport; at the same time, the increased costs of 

deploying energy storage facilities are more than offset by reduced costs for renewable 

energy power plants and the transport energy network [44]. 

3 Results and Discussion 

Let's review alternative solutions in the field of wind power using in the Russian 

Federation. Domestic researchers generally recognize similar areas of application for 

VAWT [18, 19]. Special attention is paid to the using of VAWT in the conditions of 

territories with a low wind energy potential [20] and emphasizes the need for an all-round 

increase in release energy from VAWT. Increasing of release energy is a key factor in 

ensuring the profitability of VAWT using, especially in areas with low wind load [21]. 

The main area of VAWT application is proposed to use them in power supply systems 

for remote agricultural consumers. The use of diffuser and wind-guiding devices in VAWT 

structures is considered by the method of increasing release energy [22]. Another direction 

for increasing the release energy is the introduction of intelligent control systems for 

VAWT complexes [23], considerable attention is paid to the use of Smart Grid 

technologies, optimization of consumption energy efficiency and dispatching of local 

power systems with using the renewable energy sources. 

A very important area of domestic research takes the search for alternative and 

innovative technical solutions in the construction of VAWT. Based on the design features 

of VAWT rotor, it’s proposed to use the electromagnetic bearings for support of VAWT 

rotor [24], that provide the absence of friction and mechanical wear in the rotor supports, 

eliminate the need for lubrication and give VAWT, in the whole a greater degree of 

independence from the environment conditions and service. It was revealed that the 

application of an electromagnetic suspension in Savonius wind turbine is practically 

unacceptable due to the large relative own energy consumption of VAWT (own energy 

consumption on the suspension will be at least 20% of the generated electrical energy). The 

energy consumption of an electromagnetic suspension in the Darrieus wind turbine can be 

comparable with the losses of rotor kinetic energy for friction in mechanical bearings, 

which opens up the full possibility of using EMF in WT of this type. An important 
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achievement is the use of the modular approach methodology in the design and 

manufacture of VAWT with the preceding mathematical modeling of VAWT components 

that are independent clusters or modules, which was proposed in [25]. Studies conducted in 

South Ural State University have demonstrated high rates of power generation by 

experimental vertical-axis constructions of a number of capacities of 0.1-30 kW, performed 

according to this methodology. In addition, within the framework of a modular approach, it 

is proposed to use aerodynamic control of the blades; creation of a supporting structure as a 

ring or a hexagon, with the exception of all possible extensions to reduce the resistance and 

replacement the horizontal traverse with aerodynamic regulators and fairings with traverses 

of an oval (aerodynamic) shape in section. Another set of proposed solutions in the field of 

increasing release energy includes the power control by blade turning, aerodynamic control 

of the rotor speed, drag on the rotor by the ballast resistance and combined intelligent 

control of the control system complex [26]. 

The problem of producing an aerodynamically improved products for VAWT forces us 

to look for ways to use the technologically simple solutions of the rotor designs for VAWT 

with an increase in their release energy through the use of additional components in the WT 

structure. This component is most often considered as an aerodynamic diffuser. In [27], to 

increase the release energy in WT with Savonius wind turbine, the most effective direction 

is the addition of a wind tunnel-diffuser to the structure. An omnidirectional diffuser is 

considered in [28], where a tower-tube is proposed, installed above an axial wind wheel in a 

ring. The vortex system ensures the creation of a vacuum over the wind wheel and an 

increase of the flow speed passing through it. Vortex flow gain can be created in various 

constructive devices with the flow direction and swirl, similar to the round tower mounted 

above the wind wheel in the ring. For typical systems, the tower diameter can be 3 times the 

diameter of WT rotor, and the tower height – 3 times its diameter, or 9 times the diameter 

of WT rotor. The use of an output device (bell) in WT leads to a significant decrease in the 

minimum wind speed for starting the rotor - up to 45% of the wind speed when WT starting 

without an output device. By using the optimized geometry at a nominal speed of 12 m/s 

wind power useful for WT rotor is increased more than 2-fold, compared with the WT 

original design. Other solutions [29] provide for the use of the principle of differential drag 

in the Savonius rotor, since these rotors are able to operate at very low wind speeds and 

better suited for further improvement. The blade design with variable dimensions has been 

created depending on the effect of the air flow on it, which contributes to an increase in the 

aerodynamic characteristics of the blade. Using the wind guide screens allows to start the 

Savonius rotor at a wind speed of 0.5 m/s, which contributes to efficient operation in the 

range of wind speeds from 0.5 m/s to 4.5 m/s, and at speeds from 4.5 m/s from up to 15.0 

m/s, the air flow speed in the volume of the WT rotor is regulated by wind guiding screens. 

When hurricane winds appear, wind guiding screens are able to cover the WT rotor, 

preventing its damage. 

The search for optimal conditions and areas of VAWT application is relevant for 

modern Russian researchers. In [30], the high energy efficiency of their application in 

various regions of Russia is shown. The use of mobile VAWT was proposed [31] and their 

applicability was shown under conditions of low wind loads. 

In [32] it is shown that the power supply for communication of Far North autonomous 

objects in in conditions of constant winds, it is advisable to use the vertical-axis wind 

power plants. For this, VAWT with increased resistance to storm winds, increased 

reliability and simplified operation technology has been proposed. On the basis of 

experimental studies, it has been demonstrated that the use of VAWT based on the Darrieus 

– Savonius combined wind turbines [33] will ensure the achievement of the maximum 

power factor value for VAWT 0.60, which exceeds the theoretically possible values of this 

coefficient for HAWT 0.59. Similar VAWT with power 1 – 10 kW are useful for the 
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generation of electric and thermal energy in national parks and reserves. The search for 

solutions to increase the release energy of VAWT leads to the idea of eliminating an 

intermediate converter of wind power into electricity by VAWT creating with direct drive. 

A design of screw sucker-rod and pump unit (SRPU) for lifting oil from a well using a 

combined VAWT (CVAWT) based on a combination of the Darrieus and Savonius wind 

turbines has been proposed [34]. It has been shown that with an increase in the wind speed 

from 2 to 10 m/s and the swept area from 5 to 20 m2 the power of CVAWT increases from 

8 W to 4.5 kW. According to calculations, with a typical feed for SRPU from 3 to 50 

m3/days, pressure 10-15 MPa and energy conversion efficiency 0.50, SRPU power with 

drive from CVAWT will be 0.78-8.68 kW and WT cross-sectional area will be 4.7-52.5 m2, 

i. e. it has quite acceptable values, and CVAWT must be directly combined with a polished 

rod for rotary motion transmission to SRPU screw pump in an oil well. Savonius wind 

turbine efficiency will be 0.36, which is only slightly lower than the efficiency value for VT 

with the Darrieus rotor. Annual energy savings will reach 1370-15200 kWh per year, the 

payback period, according to preliminary estimates, will not exceed 3-5 years. Another 

example of WT application with direct drive is the experimental use of combined VAWT 

(CVAWT) based on the Darrieus and Savonius wind turbines on wind-driven ships [35]. 

The options for the location of the Darrieus and Savonius rotors on the ship CVAWT are 

proposed: single-stage three-bladed Darrieus rotor with the double-stage Savonius rotor 

located on top and single-stage three-bladed Darrieus rotor with located above and below 

single-stage Savonius rotors. 

Comparison of research results for VAWT carried out over the past 10 years in the 

world and in Russian Federation show the revealed prospects of VAWT application. To 

increase the efficiency of the latter, it is first of all proposed to use active control of the 

geometry of the rotor blades to ensure the use of weak winds for energy generation and the 

possibility of self-starting. The main trend in the improvement of VAWT should be 

considered the development of their designs for use primarily in large installations and 

wind farms of marginal-marine and ocean location for large-scale production of electrical 

energy which is due to low relative loads on the base, possible ease of maintenance and the 

possibility of placement in deepwater areas, and also ensuring the applicability of small 

VAWT for generating the electrical energy in places of its direct consumption, primarily in 

settlements due to the simplicity of their control, manufacture and low noise. The main 

object of research is the Darrieus rotor, as it has the highest aerodynamic efficiency. 

VAWT studies carried out in the Russian Federation are more multifaceted and ocused 

primarily on the search for designs that provide VAWT application in the widest possible 

area. VAWT advantages: simplicity, low noise, the ability to achieve a high aerodynamic 

efficiency are the main arguments in favor of this approach. It should be noted that the 

research of VAWT in Russian Federation is focused both on the use of Darrieus and 

Savonius rotors, which is associated with the technological and production simplicity of the 

latter. 

It must be assumed that the current trend to place the energy storage facilities as close as 

possible to consumers limits the ability of transport energy networks to provide a highly 

competitive product and additional services to the market. The authors believe that the 

deployment of energy storage facilities in the future is primarily associated with its large-

scale transport systems, including hydrogen. 

In most cases, research tool is the computer modeling of aerodynamic flows. Research 

in the field of high-power VAWT in Russian Federation is not carried out, which creates 

well-known fears of a lag in the development of advanced technological solutions in the 

energy industry. The energy strategy of Russia for the period up to 2030 provides for the 

active use of renewable energy technologies, in particular, onshore wind energy industry. 

But Russia does not have the technologies for the production and operation of WT with a 
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capacity of more than 500 kW. Wind energy industry is a high-tech branch of the global 

economy. Unfortunately, Russia is poorly represented there. Attention should be paid to the 

fact that there are significant obstacles to both the successful implementation and 

replication of innovative developments, and the actual research and design and 

experimental activity itself. Ten years ago, researchers have noted that innovation in the 

field of <green technologies= innovation began to focus on climate protection outcomes by 

government institutions, policies and resources, which in turn shaped market behavior. 

Initially it was thought that the efficient technologies of final use contribute to a significant 

potential reduction of emissions and provide higher social returns on investment than power 

engineering technology [36], yet state institutions and financial structures are increasingly 

favored is power engineering technologies. 

Subsequently, the course of development showed that this course remained prevailing, 

which led to positive consequences: state support for R&D (research and development) and 

restricted fares had a positive effect on the number of patent applications in the wind power 

sector, while the impact of state support for R&D on wind power is more significant if it is 

accompanied by the use of restricted fares. In the study [37], on the basis of these facts, it 

was concluded that technological innovations in the field of <green technologies= require 
both R&D and practical application, and for this reason, state R&D programs in the field of 

<green energy industry= should not be developed in isolation from their practical 
application. 

The study [38] showed that local authorities and municipal governments are 

increasingly involved in planning the energy transition to <green technologies=. The 
partnership between government and business in professional startup organizations usually 

improves the situation during the transition period, especially at the municipal level. This 

partnership, realizing through the creation of regional clusters, causes the positive effects of 

networking cooperation and synergistic control type. 

Obviously, that approaches to the conditions for organizing the energy transition does 

not affect such an important element as the marketing feasibility of the production and sale 

of solutions and ideas in the field of energy transition technologies, focused on the demand 

and consumption analysis in the areas of application of these technologies. The authors of 

this publication see the highly efficient means reducing the length of energy transition 

duration in the marketing-oriented management of innovative energy projects. Such control 

can be achieved through cooperation in the activities of technology startups and the state on 

the principles of mutually beneficial partnerships, which will provide a synergistic effect 

from the implementation of the results, as already shown. Researching and positioning 

relationships in the management of <green= technology projects should be seen as an 

important condition for their successful market launch. Thus, the development of effective 

mechanisms of state support for the wind power development is an important scientific and 

practical problem to the solution of which scientific teams from both the technical and 

economic environment can be involved. Researchers notes that the macroeconomic 

development on an interdisciplinary basis can lead to a truly green marketing based on the 

concept of sustainable development and holistic thinking [39]. Green marketing has a 

particularly important role to play in the management of integrated energy transport and 

storage networks, integrated with IoT and Smart Grid networks, ensuring true competition 

in energy supply and maintaining a balance of supply and demand. 

4 Conclusions 

This publication defines the main trends of VAWT development: high power VAWT for 

offshore application, attack angle regulation of their blades to ensure self-starting, the 

creation of small cheap VAWT for local self-supply, <green houses= and Smart Grid. 
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VAWT research in Russia have quite a variety of topics, but initially focused on the 

search for solutions in small VAWT field of mass production and application. 

Consequently, the risk of technological priority loss in the high power VAWT field the 

application of which can be widely and effectively than HAWT due to the significant 

advantages of VAWT. Marketing-oriented management acts as a tool of successfully 

launching new <green technologies= on the market in modern conditions. 
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