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 Abstract: Energy is an essential element for the socio-

economic development of a Nation. Renewable energy plays 

an important role to fulfil this need of energy. Renewable 

energy like wind energy has been making a great 

contribution towards reducing the use of fossil fuel and has 

been a great help in combating Global Warming. A new 

system of wind energy called Air Borne Wind Energy System 

(AWES) has been conceived. This System accessed the 

blowing wind by flying  tethered wings and aircraft which is 

inaccessible by traditional wind turbine. During the mid-

seventies,  research on AWESs started. Till date different 

concepts, several prototypes have been developed, analysed 

and tested. This paper provides a review on the application 

of the wind energy as renewable form of energy. The main 

emphasis of the paper is given on the wind energy 

harvesting technology AWES, its development, application, 

impact on the environment, advantages and promising 

solutions that are to be implemented in the  future. 
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1. Introduction 

In today‟s ever changing and ever expanding world, the need 

for energy is certainly at an all times high and with this level 

of demand, the time is not far away when the existing 

resources can‟t satisfy our energy needs. In order to avoid 

this, scientists and engineers came up with a revolutionary 

idea of “Clean Technology”. One of the most well known and 

rapidly growing clean technology is the energy generation 

from wind; i.e., Wind Energy. It involves harnessing the 

kinetic energy of wind and then converting it to electrical 

energy. This process of electricity generation releases far less 

CO2 than the conventional electricity generation process by 

the use of fossil fuels. As a result more emphasis is given in 

producing electricity from wind and this can be witnessed 

from the fact that over the past 10-11 years, the capacity to 

generate wind energy has increased from about 48 to 433 GW 

worldwide 
[41,42]

. Other factors contributing to the immense 

increase in capacity of wind energy are rising oil prices, 

gradual depletion of non-renewable energy resources like 

coal, fossils, etc and the increase of the average global 

temperature over the years.  

Wind energy is actually a secondary form of energy as it 

depends upon temperature differentials caused by the uneven 

heating of the Earth‟s surface by the sun. This temperature 

differential results in density and pressure differences in the 

air. Moreover, the wind direction depends upon the 

topography of the land as well as the Earth‟s rotation. All 

these factors make the tops of mountains and hills, gaps in 

mountain ranges and coastal areas best for harnessing onshore 

wind power. The frontrunners in the market of wind 

production are the European countries and the most notable of 

them being Denmark, Germany and Ireland. A study carried 

out by Alice Coburn et al. (2014)
[1]

 showed that about 7.5% of 

the total electricity production in Ireland in the year 2012 was 

from wind energy. Moreover, Germany has the largest 

number of wind turbines and solar panels among the European 

countries 
[2]

. The wind capacity of Germany in 2011 was 

estimated to be 29 GW and it accounted for 8% of Germany‟s 

total electricity production in 2011
[2]

. However, the changing 

nature of winds makes it difficult to harness wind energy and 

as a result the energy distribution using wind energy 

fluctuates; more during favourable wind conditions and hitting 

rock bottom when sufficient wind is not available. This can be 

overcome by using an energy saving technology in the process 

of wind power generation so that a more consistent and 

reliable source of energy can be provided. 

This paper provides a comprehensive review of different 

innovations developed over the years in making wind energy a 

more reliant and safe form of energy (w.r.t.,  Humans, 

animals, birds). This paper gives different innovations in the 

field of wind energy to make it a more reliant and safe form of 

energy with a special emphasis on airborne wind energy 

systems.  

2. History of Wind Energy 

Wind power has found its use from the time human started 

water navigation. From early 5000 BC, human used wind 

energy to propel boats along Nile River. Long ago, the wind 

energy technology has made its first actual technical 

application, though in a simpler form- with windmills of 

vertical axis, in places of Netherlands and Mediterranean
[3-5]

. 

Further in 19
th

 century USA made evolution and development 

of wind energy system
[6]

.  

In 1887, Prof. James Blyth of Anderson‟s College
[7] 

, Scotland 

designed the first wind-mill, used for the production of 

electric energy. Blyth, at Marykirk, took the credit to install 

the first wind borne electric power light house i.e a 10 meter 

wind turbine which is cloth sailed, to power up the light house 

and to charge its accumulators. Blyth also offered the surplus 

energy to the people of Marykirk for lighting the main street, 

but the locals turned down the offer by considering it evil
[7]

. 

Later on, Blyth built a wind turbine to supply emergency 

power to the local lunatic asylums and dispensary of 

Montrose. As Blyth‟s invention was not economically 

beneficial, so it did not gain much attention
[7]

.  

The polders of the Netherlands were drained by windmills , 

and in arid regions wind pumps were used to provide water 

for livestock and steam engines. Charles F. Brush built a rotor 

of 17meters in diameter which was mounted over a 18 

meters
[8]

, during the period of 1886 to 1960. This machine 
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was rated to be of 12kW. In Brush‟s Laboratory various 

motors, up to 100 incandescent light bulbs and arc lamps were 

operated and bank of batteries were charged by this dynamo
[9]

 

. 

During the oil crises of 1973, the USA Government made 

further improvement in the research and development field of 

wind energy
[10-13]

 . In California, the installation of the first 

large-scale wind energy penetration took place
[14] 

. Here 1600 

machines were installed during the period 1981-1990. In 

between 80s and 90s, inatallation of wind-borne energy 

system increased in places of Northern Europe, due to the 

increase of cost of electricity and facilitation of wind 

resouces. Thereby it created a stable and small market After 

1990, wind energy got frontline and got a distinct place in the 

Global market
[15]

 . 

3. New Innovations in the field of Wind Energy 

Although wind power is gaining importance over the years, 

but the fact that most of the global electricity produced is from 

the conventional method shows that the drawbacks of 

harnessing wind energy more or less outweigh the advantages 

of it. So in order to change this situation, scientists and 

engineers over the years have come up with many innovative 

ideas; notably among them being improved turbine designs, 

reduced blade lengths with improved aerodynamic design and 

taking the process of wind power production above the ground 

instead of producing it from the ground (AWES). 

While extracting energy from wind and converting it into 

power by a wind turbine, an area of low / reduced wind speed 

is created behind the turbine. This area of reduced wind speed 

is called a wake. The turbines situated in the wake can‟t 

extract much energy from the air because of air‟s low 

momentum in wake and as a result the required power cannot 

be obtained. To counteract this problem various solutions are 

being developed which include layout optimization of wind 

farm
[16-19]

 and rotor yaw control
[16,20,21]

. Moreover, more than 

one type of turbine also reduces the contribution of wake 

effect in the generation of wind power
[16]

.  

Another innovation in the field of wind power generation is 

the development of rotors with variable blade lengths rather 

than a fixed blade length. This is achieved by fitting the 

blades with a tip which automatically extends outwards in the 

presence of light winds and retracts when there are heavy 

winds
[22]

. This step facilitates the capture of sufficient wind 

energy during low wind conditions and decreases the 

mechanical loads which tend to increase during heavy wind 

conditions
[22]

. The impact of adopting this innovation can be 

seen from the fact that it increases the power production by 

about 25%, thus proving to be efficient and cost effective
[22]

.  

Bladeless wind turbines are another such innovation which 

aims to reduce the number of casualties (w.r.t., birds and 

animals) caused due to the large blade sizes of a wind turbine 

and the noise generated from the conventional wind mills. 

Moreover, the cost of electricity production using bladeless 

wind turbines is found to be 40% cheaper when compared to 

conventional wind turbines 
[23]

. Bladeless wind turbines utilize 

the energy of vorticity for capturing both intermittent and 

constant wind flows under specified wind velocity and 

pressure. These types of turbines use the vibrations in the 

column mast caused due to wind striking the mast and convert 

those vibrational energies into either mechanical (crank shaft) 

or directly into electrical energy (direct connection to 

alternator).   

There are many such innovations developed over the years 

which aim to utilize wind energy to the fullest. However, in 

this paper review has been done regarding Airborne Wind 

Energy (AWE). 

3.1 Airborne Wind Energy 

From the early 2000‟s, research investments are being 

provided in the field of offshore wind power generation due to 

more stronger and regular winds prevalent in offshore as 

compared to onshore. This resulted in the development of 

Airborne Wind Energy (AWE), a new and more efficient 

wind power generation technique. This technique aims at 

capturing high altitude winds (200m-10km) and then 

converting that energy into electric energy either on the 

ground (Ground-Gen AWES) or in the airborne vehicle itself 

(Fly-Gen AWES). A study revealed that the energy generation 

by this technique is expected to reach as much as 80GW by 

2020
[24]

, thus showing its extremely promising future. 

Although the immense capabilities of AWE were realized in 

the early 1800, yet it took years for the people to consider it as 

an alternative of the conventional wind power generation. The 

basic principle of AWE was developed by Lyod 
[25]

 where the 

maximum energy that can be theoretically extracted from 

AWEs was analyzed based on tethered wings. However, the 

first work to evaluate the potential of AWE as a renewable 

energy source was carried by Archer and Caldeira 
[26]

. Their 

study involved analyzing the kinetic energy of winds at 

altitudes between 0.5 km to 12 km without considering the 

consequences of the extraction of kinetic energy of winds on 

the wind flow and climate. Although this work did not gain 

much importance but it made the scientists and engineers 

aware of the immense energy the high altitude winds hold and 

hence paved the way for the further development in the field 

of AWE. A more in depth study was carried out by Marvel et 

al
[27]

 by taking into account the consequences of introducing 

wind harvesters near the surface as well as at high altitudes. 

The study found out that about 400 TW and 1800 TW of 

kinetic energy of wind can be harvested respectively from 

near the surface and the atmosphere as a whole
[27]

. 

3.1.1 Classifications of AWES 

The two main components of AWEs are the ground system 

and at least one aircraft connected to the ground system with 

ropes known as tethers. Based on the place of electricity 

production, AWEs can be classified into Ground-Gen AWES 

(GG-AWES) and Fly-Gen AWES (FG-AWES)
[28]

. 

3.1.1.1 Ground-Gen AWES (GG-AWES) 

In Ground-Gen AWES, electricity is produced by the 

aerodynamic forces generated in the aircraft which are 

transmitted to the ground through ropes. GG-AWES can be 

further subdivided into 2 types depending upon the position of 

the ground system, viz fixed-ground-station devices and 

moving-ground-station devices. As the names suggest the 

fixed-ground-station devices consist of a fixed ground system 
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and are the most extensively used GG-AWES whereas 

moving-ground-station devices consist of moving ground 

vehicles.  

Fixed-Ground-Station GG-AWES: In a fixed-ground-station 

GG-AWES, the energy is achieved with the help of a two 

phase cycle, the first one being the generation phase in which 

the electric energy is produced and the second one is the 

recovery phase in which a small part of the energy is 

consumed. The ropes connecting the aircraft to the ground 

station are wound on winches connected to motor generator 

axes; the ropes being continuously subjected to traction 

forces. The traction is due to the production of a lift force in 

the aircraft during the generation phase. The traction produced 

in the ropes induces the rotation of the electric generators. The 

most commonly used mode of flight during the generation 

phase is the cross-wind flight with circular or the 8-shaped 

paths. This mode of flight is commonly adopted as this mode 

results in the induction of a stronger apparent wind on the 

aircraft as compared to the non-crosswind flight. This 

increases the pulling force acting on the ropes. The aircraft is 

brought back to its original position from the ground during 

the recovery phase with the help of motors rewinding the 

rope. A positive balance is created when the energy generated 

during the recovery phase is greater than the energy spent 

during the recovery phase. This is achieved with the help of a 

control system adjusting the aircraft‟s aerodynamic 

characteristics and/or controlling its flight path
[29]

. Due to the 

production of highly discontinuous power output in this 

process, electrical rectification is done with the help of 

batteries or large capacitors. 

Moving-Ground-Station GG –AWES: Due to the complex 

nature of Moving-ground-system GG-AWES, there are no 

working prototypes of it and only 1 prototype is under 

development.        

3.1.1.2 Fly-Gen AWES (FG-AWES) 

In FG-AWES, the electric energy is produced on the aircraft 

itself and the produced electricity is transmitted to the ground 

with the help of electric cables integrated in a rope. Other than 

the general classification based on crosswind or non-

crosswind mode, FG-AWES can be further classified based on 

their flying principles
[31]

 as given below: 

• Wings lift: Attained with a tethered flight of special gliders 

(Fig.1 a) Or multiple wings frames (Fig.1 b). 

• Buoyancy and Static lift: Attained with aerodynamic aerostats 

filled with lighter-than-air gas (Fig.1 c). 

• Rotor thrust: Attained with the turbines used for electrical 

power generation (Fig.1 d). 

 

Fig.1 Different types of aircraft in Fly-Gen systems. (a) 

Makani‟s 4 turbine plane. (b) Joby‟s Aircraft consisting of a 

frame of wings and turbines. (c) Altaeros‟s Toroidal lifting 

aerostat having a wind turbine in the center. (d) Sky Wind 

power Static suspension quadrotor capable of autorotation
[31]

. 

 

 

3.1.2 Advantages of AWES w.r.t Conventional Wind power 

generation                                                                               

 When compared to the conventional wind turbines, AWES 

have the capacity to generate far more wind power by utilising 

the high-altitude winds. Moreover, it reduces the noise created 

by the blades of a windmill considerably, has low construction 

and operation costs and is the best option for reducing the 

deaths of wildlife caused by the blades of a windmill. AWES 

also removes the chances of getting epilepsy caused by the 

shadow flicker which is quite common for the people living 

near windmills. The aerodynamics of AWE is much superior 

as the whole wing acts like the outer blades of a wing turbine; 

responsible for the production of about 50% of the total 

electricity in a wing turbine
[34]

. The fact that  a place like 

Linate, Milan, Italy where there‟s almost no wind at all is a 

perfect place for AWES
[33]

 shows that AWES can be set up 

anywhere for electrical power generation, thus increasing 

power production from renewable energy sources as a whole . 

4. Field Applications of AWES 

4.1 Fly-gen Airborne Wind energy system 

4.1.1. Makani Power: After about 25 years after Loyd‟s first 

mechanical effort to harness wind energy fitted with turbines 

in Makani power Inc.
[44]

 started the development of its Air-

Borne wind Turbine (AWT). Makani made several tests for 9 

years, which also involved filing patents for an improved 

version of Loyd‟s model. This resulted in the formation of a 

by model flight with improved sensors and cables of better 

aerodynamic properties 
[34,35,36]

 .The bimodal Flight was 

invented to solve the take-off and landing issues. A 600 kW 

prototype is currently under development with 8 turbines 

consisting of 5 propellers each . the wing span of the 
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prototype is recorded to be of 28m. The prototype is currently 

referred to as „M600‟. 

4.1.2 Joby Energy: Another FR-AWES, is under development 

which is carried out by US company, Joby Energy 

Inc.
[38]

.Joby‟s model shows resemblance to Makani‟s model in 

the field of power generation, take off and landing. The 

difference between the two models lies in the presence of a 

multi frame tethered airborne vehicle with turbines fitted at 

the joints 
[39]

.  

4.2 Ground-Gen systems 

4.2.1 Kitenergy: Kitenergy, an Italian Company is developing 

a concept of harnessing wind power with the use of a foil kite 

attached to the ground station
[43]

. The prototype is rated  

60kW. Further a patent was submitted by kite energy where 

the concept of a single motor generator system was put 

forward. The motor will be responsible for control of the rope 

winding and unwinding. Once employed the cables are 

controlled by an actuator.  

4.2.2 Skysails Power: Skysails, a German Company is 

developing two Ground-AWES. The first one being a mobile 

AWES with capacity in the range of 250kW-1MW and an 

offshore AWES having capacity in the range of 1-3.5MW
[42]

.  

5. Summary and Concluding remarks 

Wind Energy and in particular AWES has a very high energy 

potential and thus it is a very promising source for the 

generation of electricity. The fact that this method of energy 

production releases far less greenhouse gases in the 

environment as compared to its fossil fuel counterpart and that 

people are becoming more aware of the various environmental 

issues shows its immense growth capabilities in the coming 

future. The advancement in science and technology has 

contributed immensely to its growing popularity as the energy 

source which was earlier considered too expensive to be 

harnessed is now a billion-dollar industry with the advantages 

outweighing the cost of investments. This trend is expected to 

continue in the future as well as more and more companies are 

investing in the field of wind power generation; patenting 

diverse principles and technical solution for its 

implementation. Moreover, from various literatures it can be 

seen that the energy output of AWES can be considerably 

increased if the drag caused by the cables is taken care off 

along with the use of cables of appropriate length combined 

with proper aerodynamics. Although the power production 

from AWES is expected to soar high in the future, yet the 

consequences of exploiting high winds on the wind flow 

pattern and the environment as a whole have not been given 

due importance. In addition, the sensors to be deployed along 

with FG-AWES are under development thus acting as a 

barrier in the process of wind energy production. This paper 

attempts to give the current status of the various innovations 

in the field of wind energy with a special emphasis on AWES. 

The most prominent AWES is further presented and classified 

briefly along with its generation principles to give the readers 

a clear perspective of the working and the current status of 

AWES. At last it can be clearly stated that with the upcoming 

innovations in the field of wind power generation and other 

renewable energy sources the amount of greenhouse gases; 

especially CO2 is expected to decrease rapidly, making Earth 

a better and a cleaner place to live. 
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