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Abstract: 
The proposed design concept of water aeration and updraft circulation in aquaculture is based on the Organic 
Rankine Cycle (ORC) technology and uses a solar energy absorbed by a floating collector. The pressure 
required for the aerator is created by evaporating a working fluid and optimized for an average depth of a pond. 
The working pressure is defined by the maximum achievable temperature of the working fluid. The condensing 
heat is rejected at a certain depth with the lowest temperature and drives the convective circulation. 
A prototype is designed by using common materials and off-the-shelf components to ensure maintenance-free 
and proper capacity to fulfil the needs of an average or a small aquaculture farm: the working fluid in the 
working chamber evaporates increasing in volume and pumping air out of the vessel as well as the expanded 
working fluid in the second working chamber. The working fluid is cooled down in the condenser which is 
submerged into the pond and it is condensed while decreasing in volume. 
The new design can perform multiple cycles per day increasing the volume of pumped air. In order to make 
the operation of this unit possible during the night, a heat buffer with a phase changing material (PCM) is used. 
A parametric study of suitable working fluids and PCMs has been performed in order to select the most 
appropriate combination for the target applications.  
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1. Introduction 
The growing population on Earth urges the demand in food. Wild-caught fish and other marine 
products cannot sustain the increasing demands of seafood in the world. The uncontrolled increase of 
wild fishing will unavoidable lead to depletion of natural resources. Responsible fish farming 
provides a solution for maintaining current levels of seafood consumption and anticipating its growth 
in the future [1]. This is a good opportunity for developing countries, which are characterized by a 
high population density and therefore an intensive food consumption, to invest in better aquaculture 
technologies. The energy efficiency of water aeration is a key component of such technologies, so the 
current research is mainly focused on this matter. 

Fish and other marine organisms use oxygen for breathing. The dissolved oxygen (DO2) concentration 
has a crucial importance to aquatic life. A clear understanding of mechanisms of oxygen supply and 
depletion in aquaculture is a key answer to efficient fish farming.  

There are two mechanisms of oxygen supply: from the atmosphere and photosynthesis. The second 
option is often difficult to arrange and maintain in combination with intensive fish farming [2]. 
However, air diffusion through the water surface is a very slow process which is also affected by a 
higher water temperature of the top layer. The air solubility in water is temperature-dependent. This 
temperature gradient prevents water from natural circulation since warm water has lower density than 
in lower and colder layers. This leads to a relatively low DO2 concentration at the bottom of the pond. 
On the contrary, the dissolved carbon dioxide (DCO2) concentration there tends to increase because 
of the same mechanism. Coal dioxide is the product of the metabolism and once introduced under the 
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surface, it remains dissolved in colder water, migrates down under the gravity forces and concentrates 
in lower layers.  

In order to destratify pond water and to bring DCO2-reach water in contact with the atmosphere, 
mechanical agitation and aeration is typically used in medium and large scale fish farms. In small 
rural aquatic ponds these technologies are rare due to high investments which are not feasible for 
owners. Moreover, a sustainable electricity supply is not always present. 

Most of the mentioned target societies are located in regions with a very intense solar irradiation but 
far from electric grids, so the use of the solar energy is a natural choice [3]. Photovoltaic technology, 
regardless its obviousness for such applications, is not the most efficient way of investment because 
of a potentially danger of theft or vandalism in the target regions. As a response to the challenges, a 
prototype made of common materials and off-the-shelf components unattractive for scrap-seekers, 
maintenance-free and sized to fulfil the needs of an average or a small aquaculture farm, is developed. 
The evaporation of an organic medium inside a working chamber creates a necessary pressure which 
drives a volumetric air compressor. 

Air injection at a certain depth was found more optimal in comparison with paddle agitators, which 
are characterized by relatively high energy losses and insufficient depth of air penetration. Those 
devices are the main consumers whether aerobic processes are involved, so an energy efficient 
aeration is the key to success of a small aquaculture farm.  

Membrane micro-bubble diffusers are very attractive since the amount of microscopic bubbles 
reaching the surface is very limited. This is because the air bubble rising velocity is a function of its 
size [4]. The smaller the bubble size, the more time these remains under water and dissolve. If injected 
air is fully dissolved in water, only the necessary amount of it is pumped. Small scale aeration system 
can be better fed rather by positive displacement machines than by centrifugal ones because of a 
wider range of a high efficiency operation. Volumetric blowers typically have efficiencies of 70 to 
75%. 

2. Prototype Design 

2.1. Working Principle 
The property of gases to expand being heated is very well known and used one. However, the volume 
change is limited within the expected temperature range as it is governed by Charles’ Law: 
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where V is the volume and T is the temperature at state 1 and 2 respectively. If a cylinder filled with 
a gas is exposed to sunlight, its temperature would not exceed 10–110°C because of heat losses which 
are mainly a function of the temperature difference between the absorber surface and the ambient and 
the wind speed. If the gas is then cooled down to the lowest possible ambient temperature of 10–25°C 
depending on the location, this causes the volume change of about 20%. Heat losses to the ambient 
in windy conditions can be estimated using classic correlations for a configuration "flow across a 
single circular cylinder or a tube bank" (in case multiple tube absorbers are used) listed in [5]. 

By condensing/evaporating a working medium, a much higher volume ratio can be reached at an 
almost constant temperature. Depending on the working pressure and the used working medium, the 
volume ratio of liquid/gas can vary in the range of 25–250, which helps to make a solar absorber 
significantly more compact. 

If a multiple cycle operation is considered, two expansion vessels are connected opposite to each 
other. Two piston assemblies of both vessels are connected with a sliding rod. These components form 
two independent double acting working chambers. One pair is used for a working fluid and the other 
one for the medium, which is being pumped. The current study focuses on air injection at the bottom 
of a pond with a depth of several meters, so that a pressure less than 1 bar is required. 
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The schematics of a continuously acting unit is shown in Figure 2. The system of non-returning and 
switching valves is configured in such a way that the working fluid is injected alternately in the 
working chambers where it evaporates pushing the membranes back and forth. The operation of a 
circulating pump is based on the same principle. This pump be integrated either between two vessels 
or into the condenser. The second option prevents working medium from boiling in the suction line 
but requires a secondary circuit filled with water to transmit the power analogically to hydraulic 
machines. Such a configuration is known as boiler-less ORC system: the working medium evaporates 
directly in an expanding device, so no separate evaporator is required. 

 

Fig. 2.  Boiler-less ORC schematics. 

2.2. Choice of the working fluid 
Working fluids are selected based on their boiling point, maximum pressure at the highest operating 
temperature and a pressure ratio within the operating temperature range using CoolProp 
thermodynamic property library developed by Bell [6]. Fluids with a boiling point in the range of 10–
50°C are depicted in Figure 3.  

Only environment-friendly ones, which are non-toxic, have low ODP and GWP are further 
considered. By analyzing this plot, three groups of potential working fluids can be defined: 

1. fluids with a low boiling point, a relatively high pressure ratio and a high pressure 
corresponding with the temperature of 80°C such as R1234ze(Z), neopentane and ethylene 
oxide; 

2. fluids with a boiling point within the range of operating temperatures and a lower pressure 
ratio within the target temperature range and a safe maximum pressure: isopentane, diethyl 
ether, SES36 and n-pentane; 

3. fluids with a very low boiling point and a low maximum pressure: Novec 649 and 
cyclopentane. 

The installation is not dependent on the atmospheric pressure. Its operation principle is based on the 
pressure difference in two alternately acting working chambers filled with the same working medium. 
The only limitation is the maximum pressure, which should not exceed 0.8 MPa if standard plumbing 
components are used. Also, the saturated gas/volume ratio becomes low at high pressures as is 
depicted in Figure 4, which means less volume of pumped air at the same thermal input. Figure 5 
shows the enthalpy of evaporation of these fluids which gives an idea over the amount of working 
fluid to be used in the installation. 

 



 

 4 

 

Fig. 3. Evaporation pressure of possible working media. 

 

Fig. 4. Saturated gas/liquid volume ratio of possible working media. 

 

Fig. 5. Saturated gas/liquid volume ratio of possible working media. 
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The right choice of a working fluid is not evident and depends on typical temperatures in certain 
areas. A working media from group two can be used in the target regions. In extremely hot regions, 
group three can be recommended 

2.3. Solar Heat Absorptance 
A comprehensive analysis of sunlight collectors is performed by [7]. Cylindrical absorbers are not 
very well covered in literature, except heat pipes. This type of collectors, however, are more complex 
since evacuated glass tubes are used for insulation and the absorber surface is enhanced for a better 
performance. The current setup is modelled using correlations obtained for flat plate collectors by 
integration of the solar energy absorbed over an angle of incidence. From local altitude and latitude, 
the corresponding angles can be found and used for calculations. This way, a cylindrical absorber can 
be considered as a flat plate collector with a smaller surface always oriented towards to the Sun. The 
axis of a cylindrical absorber must be oriented from South to North for a better performance. Such a 
pseudo-tracking system can collect up to 41% more energy than a horizontally placed flat collector 
as it is experimentally confirmed by [8]. 

The amount of solar energy available in a certain region can be obtained from NASA on-line 
calculator1. The methodology is explained in [9].  

2.4. Phase Changing Materials 
Since the aeration is needed during the night as well, the use of phase changing materials can be a 
solution in order to provide heat to the unit in absence of the direct sunlight. The right choice of an 
appropriate compound is defined by the temperature which can be achieved inside the unit during the 
period of maximal solar irradiation. Based on the experimental data obtained in [10] and [11], PCMs 
with a melting temperature of 30-50°C are selected and shown in Table 1. This range is very close to 
one considered in the literature about PCMs in buildings, which is widely available [12]. 

The capacity of a heat buffer is the sum of the sensible and the latent heat and it is defined by Equation 
2 [13]: 

)),()(( ,1, mhlpmmsp TTchTTcmQ                    (2) 

where m - mass of PCM, cp,s and cp,l - specific heat capacities of solid and liquid states respectively, 
Tm – melting temperature, Tl and Th - the lowest and the highest temperature of the working range. 

The mass of a PCM can be estimated as follows: 

./ hQm PCMPCM                          (3) 

There are two major option for PCM placement: either incorporated into the housing or mixed with 
the working medium. The last option is questionable because of possible PCM migration into the 
condenser, which can lead to the unit stop working. More careful investigation of this issue is 
therefore needed. A special attention has to be paid to a potential environmental risks in case of 
leakage. Some PCMs are toxic and corrosive and therefore would not be recommended for use in 
aquaculture equipment. 

2.5. Condenser heat 
The heat released by the condenser at a certain depth can create a vertical thrust or so called "stack 
effect" if warmed water is led through a rising pipe up to the surface. This phenomenon is based on 
the density difference of warm and cold water, which induces a vertical force acting to a water column 
in the pipe. A reference of a small-scale prototype using the solar heat to create a vertical water 
movement is reported in [14]. The major difference from this unit using updraft, is that in the current 
design, the heat can be rejected much deeper, at the lowest point of the unit where the condenser is 
placed as is shown in Figure 2. Downwards heat transport is comprehensively analyzed by [15] and 
tested by [16].  

                                                 
1 https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?uid=3030 
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Table 1.  TPCM properties. 

 

3. Experimental Setup 
Two pipes with a diameter of 110 mm made of two different materials (aluminium and HDPE) have 
been chosen. The use of aluminium in a final design was not an option due to potentially high 
machining and welding costs but since it has a very good thermal conductivity, other materials can 
be compared with this reference. HDPE pipes used for water networks were selected as a potential 
candidate (Figure 6). The pipes have the length of 1 meter and are equipped with a pressure sensor 
and several temperature sensors placed inside in the middle at different levels. An infrared camera 
was used to measure the surface temperature of the prototype. 

Each cylinder was filled with 0.5 kilogram of R245fa2 and exposed to the sunlight. After the pressure 
stabilization, the speed of the evaporation process has been measured by weighting the cylinder over 
an equal period of time.  

The methodology used is similar to the described in [17]. The experiment was performed during a 
sunny non-windy day between 12:00 and 14:00. The coordinates of the test site are: 50°49'28.6"N 
3°14'55.4"E. 

Fig. 6. Setup general view. 

                                                 
2Not included in comparison in Section 2.2. since R-1234ze(Z) is developed as a replacement. 
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Fig. 7. Test of the absorber. 

4. Results and Discussions 
One of the tested prototypes is depicted in Figure 7(a). The settings of the infrared camera were 
chosen to measure the dark non-reflective surface. The flanges of the cylinders are covered with an 
aluminium paint and therefore appears colder than the ambient. The highest measured temperature of 
the heat absorber surface was around 55°C as it can be seen in Figure 7(b), which is 27 degrees above 
the ambient one. The evaporation temperature was almost the same as the ambient temperature (the 
red line in Figure 8(b)). 

Fig. 8.  Mass a) and temperature b) change in function of time. 

The result of the evaporation speed measurement is shown in Figure 8(a). With knowledge of the 
evaporation enthalpy at the working pressure of 0.145 MPa, which is 191.6 kJ/kg, and the mass of 
fluid evaporated per second, the thermal power absorbed by the working fluid can be calculated. The 
specific thermal power of the unit was about 408.6 W/m² at the beginning of the experiment which is 
enough to evaporate about 90 kg of working fluid per day using a solar absorber with a surface of 1 
m². This means 10.8 m³ of pumped air per one square meter of a collector.  

The same amount of heat is needed during the night to keep the unit working. By comparing the value 
of solar heat which can be potentially absorbed by the cylinder and its theoretical value, the required 
mass of a PCM can be calculated. The estimated energy of 4.9 kWh/m² per day  is equal to the minimal 
solar irradiance level in target regions: 4.5–7.5kWh/m² per day3. All excessive heat can be absorbed 

                                                 
3 www.solargis.info 
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by the PCM. Using Equation 3 and Table 1, the mass of 60–80 kg is obtained, which is feasible to 
integrate into the unit. 

During the experiment, the working fluid evaporation speed decreased while it evaporated and the 
contact surface between the liquid and the housing decreased. Gas heat conductivity is very low, 
which is manifested in a high temperature of the upper cylinder surface and a high temperature 
gradient in the cylinder, which can be seen in Figure 8(b). 

If a solar collector is completely filled with a working medium, the absorbed solar heat will be mainly 
used for the evaporation process. The collector temperature will be close to the ambient one, so the 
heat losses due to convection would be minimized. Furthermore, the liquid/housing contact surface 
in this case will be maximal, which enhances the heat transfer. 

5. Conclusions 

▪ The main conclusion of the test campaign is that the daily available heat is sufficient to drive 
multiple cycles per day. The use of Organic Rankine cycle increases the capacity and the 
performance of the concept making it possible to pump a significantly large volume of air using 
the solar heat absorbed by a limited unit surface.  

▪ An array of small-diameter pipes can be recommended rather than a single, large diameter 
collector. A phase changing material could fill the gaps between the pipes, eventually, not higher 
than the half diameter of the pipes in order to leave as much as possible pipe surface exposed to 
the sunlight.  

▪ The condenser heat, which is rejected in the water at a certain depth, is used to create an updraft 
circulation of water. This helps to remove dissolved carbon dioxide from the bottom layer of a 
pond.  

▪ Air pumped through a micro-bubble diffuser is quickly dissolved in water due to a very high 
surface/volume ratio. Therefore, this type of air diffusers can be recommended for using with the 
described aerator. 

▪ The unit contains no electronics, it is made fully hermetic and therefore can be used in a harsh 
environment. The use of materials is dictated by a maximum total price. Therefore, the use of 
HDPE was found acceptable regardless its poor thermal conductivity in comparison with metals. 

Nomenclature 
Acronyms: 
DCO2   Dissolved carbon dioxyde 

DO2  Dissolved oxygen 

EPDM  Ethylene Propylene Diene Monomer 

GWP   Global warming potential 

HDPE   High density polyethilene 

ODP   Ozone depletion potential 

ORC   Organic Rankine Cycle 

PCM   Phase changing material 

Latin symbols: 
c  specific heat capacity, kJ/(kg K) 

D  diameter, m 

h  specific enthalpy, kJ/kg 

k  thermal conductivity, W/(m2 K) 

T temperature, °C 

V Volume, m³ 
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Subscripts and superscripts 
l liquid 

m melting 

p pressure 

s solid 
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