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Abstract  
The level of the dissolved oxygen in the grow-out water is one of the most important parameters that govern the quality of  

shrimp production. The generation of  dissolved oxygen in intensive farms relies heavily on mechanical aerators which consume a 
large amount of energy. Reduction of this energy consumption could be beneficial for farm owners as it reduces the operational 
cost of the farm. 

This article presents a study of using wind power to reduce the operational cost of the paddle-wheel aerators. A hybrid 
system, which combines the wind power source to the motor-based electric system  was designed and evaluated under Thai wind 
conditions. The study showed that the investment has a long payback period of around 18 years and this is mainly because of the 
high energy cost of the wind turbine.  Results also showed that reduction of this cost and the improvement of the wind turbine 
performance can be implemented in parallel to improve the cost-effectiveness of the system. Therefore, the use of wind power to 
supply power to the aerator system will not be cost-effective until the energy cost of the wind turbine has been improved. 
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Introduction 

 
Shrimp industry is one of the largest export 

businesses of Thailand, ranking the first in the world 
in 2011 with a total export value of 427,580 
million baht (Paneetatyasai, 2011).  This amount of 
export is in part due to the quality of the shrimp 
production. 

A significant amount of energy is required to 
successfully operate the shrimp farm. Previous 

research had showed that the majority of the energy 
consumption is mainly used for water pumping and 
aeration process, accounting for more than half of the 
total energy usage (Figure 1) (Kim et al, 2015). 
The mechanical aeration system consumes about 
quarter of the total energy and any reduction of this 
cost will undoubtedly improve the energy efficiency 
and cost effectiveness of the farm. This paper 
investigates the possibility of employing the wind 
power to reduce this operating cost. 
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Figure 1 Energy usage in the shrimp farm (Kim et al., 2015) 

 
Paddle-wheel aeration system 
The most common aeration system used in farm is 

the paddle-wheel type. The basic components consist 
of a set of paddle wheels, a geared motor, and a 
floating system (Figure 2). During operation, the 
rotating wheel splashes water into the air and 
effectively increases the surface contact between air 
and water, leading to an increased amount of oxygen 
transfer. This oxygen transfer depends upon many 
factors such as paddle geometry, location of the 
paddle relative to water (how deep that the blade is 
immersed into the water), and paddle rotational 

speed. Previous investigations on Taiwanese paddle 
wheel aerators showed that immersing the paddle 
wheel too deep will reduce the splash effect while the 
water resistance increases significantly (Peterson & 
Walker, 2002). Boyd reported that the most efficient 
oxygen transfer rate was achieved when the paddles 
extended 9-11 cm into the water and at the rotating 
wheel speed of 80 rpm (Boyd, 1998). Power 
required to drive the system is estimated to be 1kW 
for each 40 cm of paddle wheel length (Boyd, 
1998). 

 

 
 

Figure 2 A fraction of the paddlewheel aerator 
 

The paddle wheel aerator considered in this study 
is a locally made aerator. It consists of 16 wheels 

and is driven by a 3HP motor. Table 1 summarizes 
specifications of the paddle wheel used in this study. 
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Table 1 Paddle wheel parameters 
Parameters Values 
Diameter (m) 0.64 
Paddle width (m) 0.18 
Paddle height (m) 0.15 
Paddle length extended to the water (m) 0.05 
Motor (HP) 3 
 

Power to drive the paddle-wheel aerator 
Although there is a guideline in sizing the motor 

for the paddle wheel, the correlation is not be 
applicable to all paddle types due to the variation of 
the paddle geometry. Estimation was conducted 
during this course of study. 

The torque required is a product of resistive force 
and radius of the paddle. The force exerted by the 
water resistance can be expressed in term of drag 
coefficient as 

 
 

 

         (1) 
 

where   is the water resistance,   is water 
density,   is the area of the paddle that is extended 
to the water,   is the velocity that the paddle hits 
the water, and   is the drag coefficient of the 
paddle. The drag coefficient needed to calculate the 
water resistance is not available in literatures due to 
its distinct configuration. It is then experimentally 

estimated by the authors by applying a known weight 
(or force) to the paddle arm and then measuring a 
rotational speed of the paddle. The experiment was 
repeated five times. From the measured rotational 
speed, the velocity that the paddle hits the water can 
be calculated from 

 
              (2) 

 
For a steady rotational speed, the force is equal to the weight applied. It can be expressed as 

 

            (3) 
 

The drag coefficient was found to be 0.6226. 
Based upon this drag value, the torque required to 
drive the paddle set at the operational speed of 85 
rpm is 105.15 N-m. The power needed for the 
aerator is then must be at least 935 Watt or 1.25HP. 

 
 

Hybrid system 
The wind energy was chosen as an energy source 

for this application as shrimp farms are normally 
located in remote areas with relatively strong wind. 
Moreover, power from the wind can be harvested 
when it is most needed as the power for aeration is 
most needed at night where the oxygen content in 
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The drag coefficient was found to be 0.6226. 
Based upon this drag value, the torque required to 
drive the paddle set at the operational speed of 85 
rpm is 105.15 N-m. The power needed for the 
aerator is then must be at least 935 Watt or 1.25HP. 

 
 

Hybrid system 
The wind energy was chosen as an energy source 

for this application as shrimp farms are normally 
located in remote areas with relatively strong wind. 
Moreover, power from the wind can be harvested 
when it is most needed as the power for aeration is 
most needed at night where the oxygen content in 

water is low due to no additional oxygen generation 
from plant species. A multi-bladed (or American 
windmill) was selected because of its high starting 
torque at low wind speeds (Figure 3). The turbine 

rated power is 400W at a design wind speed of 5.5 
m/s (Figure 4). The detail specification of the 
turbine is summarized in Table 2. 

 

 
Figure 3 The turbine used in this study 

 
 

Figure 4 Power curve of the turbine 
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Table 2 Turbine parameters 
Parameters Value 
Blade Flat plate 
Number of blades 30 
Diameter (m) 4.267 
Hub height (m) 15 
Design wind speed (m/s) 5.5 
Rated power (W) 400 
Cost (baht) (USA Economic Development Co., LTD, 2015) 150,000 
 

Differential gear systems were designed to 
combine the turbine to the motor-based aerator 
together. The total power of the hybrid system is 
2.5HP; the primary and secondary motors are rated 
at 1.5 and 0.5HP, respectively and the rated power 
of the turbine is 400 W (or 0.54HP). 

During operation, the two motors run 
continuously to provide power to the paddle. The 
wind turbine will add an additional power to the 
system when the wind is sufficiently high. The 
system was designed such that the rotational speed of 
the paddle-wheel is kept relatively constant at 85 
rpm. This final operating speed is dependent upon the 

differences between the rotational speed of the 
sprocket and the rotational speed of the primary 
motor (the rotational speed of the primary differential 
gear is constant during the operation). This high 
operation is connected to the low operation of the 
turbine using a sprocket. At the low-speed operation 
side, the wind turbine is also connected to the 
secondary motor through a differential gear. 

A schematic diagram of the system is presented in 
Figure 5. Table 3 shows variations of rotational 
speed, torque, and power through the process at 
different wind speeds. 

 

 
 

Figure 5 Schematic of the hybrid system 
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Table 3 Variation of rotational speed, torque, and power  
 

 
 

It can be seen from Table 3 that the overall 
torque generated by the turbine is small at low wind 
speeds. With increasing wind speed, the turbine spins 
at a faster rate (between 20 and 30 rpm) and helps 
the secondary motor to drive the second differential 
gear.  The power generated is transferred to the main 
gear set by a sprocket which is intended to increase 
the rotational speed to around 80 rpm. The power 
generated by the sprocket is then combined with the 
power generated by the primary motor. Calculations 
of the rotational speed and torque at the paddle 
showed that the system can provide sufficient torque 
and the paddle. It is also observed that the total 
power at high wind speeds is significantly higher than 
the power required. At this circumstance, the 
secondary motor can be turned off to further reduce 
the energy consumption. This amount of energy 
saving greatly depends on the variation of wind 
quality at the site of interest. 

 

Wind variation 
In this investigation, the system was installed to a 

standard shrimp farm at Chantaburi province. 
However the size of the farm is quite large (2.5 Rai 
or 4000 m2) and the hybrid system was not intended 
to supply all the oxygen into the pond and only one 
unit of the aerator was studied here (as shown in 
Figure 2). Previous research showed that this site has 
shape and scale factors of 1.97 and 3.17, 
respectively at the turbine hub height [DEDE, 2001]. 
The variation of the wind speed is traditionally 
expressed in terms of Weibull distribution function 
(Tunsutapanich, Mungkung, & Gheewala, 2006). It 
is a frequency-based representation of the wind data 
and basically tells how frequent a particular wind 
speed occurs, allowing a calculation of number of 
hours that wind speed higher than a particular value. 
The variation is 

       (4) 
 

where   is wind speed,   is shape factor, and  
 is scale factor. The scale and shape factors are 

site-specific and are related to each other as follows: 
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where   is the gamma function and    defines 
the uniformity of the wind. It can be seen that the 
value of   is proportional to the average wind speed 
and thus can be interpreted as a characteristic speed 
of the site while   defines the shape of the 
distribution. 

Figure 6 shows the Weibull distribution of this 
site. It can be seen from the Figure that wind speed at 
this site is relatively low (around 2 m/s). The 
possibility that the wind will be higher than a 
particular value can be obtained by integrating the 
function over the wind speed range. 

 

 
 

Figure 6 Weibull distribution 
 

Energy prediction 
Energy consumption: original system  
Due to the variation of the oxygen level 

throughout the day, the paddle-wheel aerator is not 
used all the time. A survey at a shrimp farm showed 
that the aerator will be turned on three periods a day, 
namely between 8.00 am and 11.00 am, between 
13.00 pm and 16.00 pm, and between 18.00 pm to 
6.00 am. The 3HP motor operating at 380 V will 
consume a power of 2.238 kW. With 18 hours of 
operation, this will account for 2.238 x 18 x 30 = 
1208 kWh/month (14,496 kWh/year) which costs 
3,373 baht a month (or 40,476 baht a year) 
(Tunsutapanich, Mungkung, & Gheewala, 2006). 

Energy consumption: hybrid system 

In the hybrid system, the primary motor (1.5HP) 
will be turned on for a full 18 hours and the 
secondary motor will be turned off when the wind is 
higher than 3 m/s. The 1.5HP motor will consume 
1,119 x 18 x 30 = 604 unit a month. The 
secondary motor will operate when the wind speed 
lower than 3 m/s. Integration of the Weibull function 
gives 13 hours of operation a day and will consume 
373 x 13 x 30 = 145 unit, giving a total unit of 
750 with a cost of 2007 baht a month (or 24,084 
baht a year). 

Energy generated by the wind turbine 
The energy generated by the wind turbine depends 

on the wind turbine characteristic and the variation of 
the wind. The annual energy production of the turbine 
can be calculated from 
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           (6) 
 

Where   is power of the turbine and   is the 
Weibull distribution of the site. The power curve of 
the turbine has already been shown in Figure 4. 

The addition of the wind system increases the 
capital cost of the paddle-wheel system. Table 4 

summarizes capital cost of the two systems. It can be 
observed that the cost of the hybrid system is 
dominated by the cost of the wind turbine. 

 
Table 4 Capital costs of the original and hybrid systems 

Original system Hybrid system 
Equipment/parts Estimated price (Baht) Equipment/parts Estimated price (Baht) 
AC Motor 7,400.00 Secondary AC Motor  2,450.00 
Pulley 652.00 Primary AC Motor 5,000.00 
Belt 310.00 Wind Turbine 150,000.00 
Gear Box 6,800.00 Worm Gear Speed Reducer [1] 6,800.00 
Motor + Gear Box 5,000.00 Worm Gear Speed Reducer [2] 3,000.00 
Shaft 1,930.00 Worm Gear Speed Reducer [3] 3,000.00 
Universal Joint 3,250.00 Sprocket 880.00 
Paddle Wheel 7,840.00 Roller Chain 255.00 
Buoy 3,625.00 Pedestal 10,000.00 
Other Parts 2,000.00 Shaft 1,930.00 
Total 33,182.00 Paddle Wheel 20,000.00 
  Buoy 5,000.00 
  Other Parts 2,000.00 
  Total 210,315.00 
 

The discounted payback period (DPP) which 
accounts for the time value of money is employed in 
this study to evaluate the effectiveness of the hybrid 

system. The discounted cash flow of each year can be 
calculated from the following equation: 

 

       (7) 
 

When  is the investment of the system,  is 
the energy saving that the hybrid system can save 
each year,   is discounted rate which is assumed to 
be 7% in this study.  

The cash flow of the system is summarized in 
Table 5 and it can be seen that the payback period of 
the hybrid system is 18 years and it is not cost-
effective. Since the main cost of the system is the 

turbine cost, the effect of the turbine cost on the 
payback period has been evaluated (Fig. 7). The 
evaluation indicates that the investment will be 
attractive when the cost of the turbine is lower than 
100 baht/W. In other words, the cost of a 1000W 
turbine should not be higher than 100,000 baht. 
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Table 5 Cash flow 

Year Investment (Baht) 
Present value factor 

 

Discounted value 
(Baht) 

Cumulative 
discounted cash 
flow (Baht) 

0 210,315 - 33,182 = 177,133 1.000 16,391 -160,742 
1  0.935 15,319 -145,423 
2  0.873 14,317 -131,107 
3  0.816 13,380 -117,727 
4  0.763 12,505 -105,222 
5  0.713 11,687 -93,536 
6  0.666 10,922 -82,614 
7  0.623 10,207 -72,406 
8  0.582 9,540 -62,866 
9  0.544 8,916 -53,951 
10  0.508 8,332 -45,618 
11  0.475 7,787 -37,831 
12  0.444 7,278 -30,553 
13  0.415 6,802 -23,752 
14  0.388 6,357 -17,395 
15  0.362 5,941 -11,454 
16  0.339 5,552 -5,902 
17  0.317 5,189 -713 
18  0.296 4,850 4,136 

 

 
Figure 7 Payback period 

 
 The effect of electricity cost and the average wind 
speed on the discounted payback period was also 
conducted and the results are presented in Figure 8. It 
can be observed that the changes are in an 

approximately linear fashion and the increase of 
electricity cost and the average wind speed results in 
a shorter discounted payback period. The higher slope 
of the wind speed line indicates that the wind speed 
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can be observed that the changes are in an 

approximately linear fashion and the increase of 
electricity cost and the average wind speed results in 
a shorter discounted payback period. The higher slope 
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has a significant impact on the cost-effectiveness of 
the system, suggesting that installation of the hybrid 

system at a location having high average wind speed 
will make the investment more attractive. 

 

 
Figure 8 Effects of electricity cost and average wind speed on DPP 

 
Conclusion 

 
 The effects of using wind power to reduce the 
operational cost of the paddle-wheel aerators had 
been investigated in this paper. A hybrid system 
which consists of a series of motors and wind turbine 
has been designed and evaluated. It was found that 
the system can deliver sufficient power to the 
paddle-wheel aerators under different wind 
conditions. It was also found that the hybrid system 
can reduce the energy consumption by 495 unit per 
month (1,365 Baht per month or 16,961 Baht each 
year which is around 40% of the operating cost). 
However, payback period analysis indicates that the 
system has a long payback period and this is mainly 
because of the high energy cost of the wind turbine. 
The study of the effect of the average wind speed and 
the electricity cost on the payback period were also 
conducted. It was shown that the increase of the 
average wind speed can significantly reduce the 
payback period of the hybrid system, suggesting that 
site selection of the turbine is vitally important. 

Similar effect was observed in case of the electricity 
cost but at a lesser extent. 
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