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The concept and design of a photovoltaic system for harvesting salt and electricity at salt farm floor were pro-
posed for the first time. Various concepts and designs were explored from the point of view of waterproofing, salt
resistance, material and electrical safety, maintenance, and economic feasibility. Even though the concept and
design are still evolving through field tests, the first-generation design of a photovoltaic system applied on the
salt farm floor is unveiled. The power generation of the salt-farm parallel system is comparable to that of con-
ventional solar power plants. The cooling effect by seawater contributes more to the increase in the crystalline

silicon photovoltaic module performance than does the absorption loss due to seawater by maintaining a certain

height above the module.

1. Introduction

In this age of climate change crisis, energy conversion from fossil
fuels to renewable energy is a natural choice for mankind [1,2].
Although renewable energy is a cost-constrained supply of new and
renewable energy, some countries have successfully increased their
rates of renewable energy by utilizing their own renewable energy re-
sources and government-support policies based on social consensus and
economic power [3-5]. The energy import dependency of South Korea
stood at 94.7% in 2016, corresponding to 809.4 billion dollars [6] in
energy imports. Therefore, the energy trend shift of South Korea from
fossil fuel to renewable energy is unavoidable. However, it is true that
there is still a lack of national consensus on energy transition from fossil
fuel to renewable energy. This is because solar power plants are
generally installed in farming and fishing villages, causing environ-
mental damage [7,8], and the nation’s land area is limited for the
installation of solar power plants [9]. However, the three borders of
South Korea are surrounded by the sea, therefore, there is high potential
for installation of solar power plants at seashores. Furthermore, the
salt-farming industry is well-developed because of the large available
salt ponds at the seashore; the total area of salt fields in South Korea is

* Corresponding author.
** Corresponding author.

about 46 million square meters. Despite the superiority of the salt in-
dustry in South Korea, the selling price of salt is less than half of the
production cost because of the collapse of the industry itself. A yeomjeon
(a salt farm in the Korean language) is an ideal location for solar power
generation because of its large amount of sunlight and strong winds;
many businesses thus desire to utilize it for solar power plants. Salt
farmers offer their sites to businesses, being unwilling to produce salt
because financial losses. Therefore, stable additional profits for salt
farmers is necessary in order to retain the nation’s leading salt farm
industry are available. If underwater solar power modules are installed
at these sites, then it is expected that solar power plants could produce
4 GW of electricity.

For these reasons, we propose in this research the concept of a salt-
field parallel solar power system, which can combine salt production
and solar power generation at the same site, the first of its kind. Salt
fields mainly consist of three stages: reservoirs, evaporating ponds, and
crystallizing ponds. The salinity of seawater entering the reservoir is
1%-3%; it is then moved to the evaporating ponds, where suspended
solids sink in the reservoirs. Evaporating ponds take up ~85% of the
entire salt field, and they have two different zones. In the first zone, the
salinity of the seawater gradually increases from 3% to 8%; in the second
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zone, it increases from 8% up to 18%. The concentrated seawater is
stored in a water storage container (Haeju, Korea), and it is distributed
to its destination, salt crystallizing ponds, where the salinity reaches
about 27%-30%. A salt farm adopting a solar evaporation method in
South Korea conventionally consists of two ponds: an evaporation pond
for increasing salinity and a crystallization pond for harvesting salt, as
shown in Fig. 1 (a). The proposed salt-field parallel solar power system is
shown in Fig. 1 (b). It is a concept in which the large waterproof tank of a
solar module is installed at the bottom of an evaporator that contains
only 3°-18° of saline concentration saltwater at a height of 10-20 cm. It
simultaneously increases the salinity of the saline water.

We assume that there are two main advantages of using solar mod-
ules under seawater in salt farming. First, it helps evaporate water, as
solar modules generate heat in the process of producing electricity,
resulting in increased production of salt [10]. Second, seawater has a
cooling effect on the crystalline silicon module, as the temperature of the
seawater is much lower than that of solar modules, thus improving the
overall performance of the solar modules [11-13]. The photovoltaic
(PV) system installed in this project on the salt farm floor could be
launched because of the support of the salt industry, which has suffered
from the salt price slump in South Korea. Throughout experiments, we
found that the electricity generation rate of the salt-farm modules was
higher than that of the land-installed modules (0°, reference module).
The seawater contributes more to the increase in the module perfor-
mance than did the absorption loss due to water by maintaining a height
of 2cm above the module. The salt-farm parallel system showed an
annual power generation higher than that of the land-installed modules
(0°, reference module) and similar to that of the land-installed modules
(30°).

2. Experimental
2.1. The design concept of the salt-farm parallel solar power system

In order for PV modules to play a role as an evaporating pond, it is
necessary for the entire surface of the solar modules to contain salt water
and to be capable of releasing the salt-containing water for the next
process when the saline concentration is increased. To do this, we
fabricated a large waterproof vessel composed of a photovoltaic module
that can contain salt water. We used tempered glass for the front side of
the modules, which is in contact with the salt water. The water vessel
was made of salt-resistant material with high thermal-shock strength
and fiber-reinforced plastic (FRP), and the sidewall of vessel had a 30°
angle in order to prevent shading of the solar modules. The gaps be-
tween solar modules were filled with waterproofed rubber filler and
edible silicone. Seawater could be loaded up to 20 cm height in front of
the module in the vessel, and it had an automation system that auto-
matically transports seawater from the vessel to the next step. Since the
solar module was installed horizontally to the ground, it was designed to
make it float at a certain height from the bottom and to adjust the height
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in consideration of the effect of low geothermal heat, humidity gener-
ated in the earth, and ease of maintenance. If perfectly waterproofed PV
modules are submerged even in the shallow water (less than ~30 cm
depth), it would be realistically hard to operate them for more than 20
years in the seawater. In addition, maintenance and cleaning of modules
contaminated with mud from the salt farm floor is not easy. Therefore,
our concept is that the huge vessel is able to hold seawater of ~20 cm in
height, with the top constructed from waterproofed PV modules. This PV
module vessel functions as an evaporation pond. The modules are
installed at a height of ~40 cm from the salt farm floor for long-term
reliability and low maintenance. The gaps between modules are sealed
with specially designed parts to prevent the leakage of seawater. The
design concept is shown in Fig. 2.

2.2. Characterizations

In order to examine the feasibility of the underwater solar photo-
voltaic module, we prepared an indoor test system. Three types of single-
crystal silicon cells were modularized through lamination, and a poly-
carbonate water tank was fabricated and installed on the floor where
they were inserted. For water temperature and depth control, the water
temperature was controlled using the constant temperature water tank,
and this was monitored through a thermometer attached to the surface
of the module. A flow meter was used to control the rate of flow into the
constant-temperature water tank. The temperature of the water was
10-40 °C, and the height of the water was 0 cm-10 cm. A solar simulator
(k201 LAB50, South Korea) was used to measure the I-V characteristics
of the modules installed in the water tank at 1000 mW,/m? irradiance.

3. Results and discussion
3.1. Indoor tests

First, we measured solar irradiance loss at different depths from the
sea level in order to estimate the optical loss of the solar modules
installed at different depths from sea level. Fig. 3 shows the spectral
solar irradiance measured at different depths from sea level. The spectral
solar irradiance was measured at the surface of the sea level (0cm,
reference) and at 2, 5, 10, and 20 cm. As can be seen in the figure, solar
irradiation at 300-600 nm was not changed along with depth. Unlike in
the 300-600nm wavelength range, the spectral solar irradiance
decreased with increased depth. It is obvious that the sea water had light
absorption [14], so that solar irradiation decreased as the sea water
depth increased. In order to estimate the current density of the solar cell
located at different depths from the sea level, we measured the spectral
solar irradiance (Fig. 3 (b)). As shown in Fig. 3 (a), the solar irradiance
decreased as the depth from the sea level increased. This is mainly due to
the parasitic absorption of the seawater. In order to calculate the current
density of the solar cell located at different depths, we used spectral
mismatch calculation available at the PV lighthouse (www2.pvlighthou

Salt water

Water proof PV module
Mud flat

Fig. 1. (a) Schematic diagram of general salt farm in South Korea, and (b) Schematic diagram of proposed salt farm parallel solar power system.
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Fig. 2. The concept of the sea water vessel act as an evaporated pond in salt farm (a) single vessel, and (b) interconnected vessels.
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Fig. 3. (a) Spectral solar irradiance at different depth from the sea level, and (b) light intensity and calculated current density of c-Si solar cell in different depth

below the sea surface.

se.com.au). We used standard screen-printed solar cell for this calcula-
tion. The current generation at long wavelengths varies depending on
the cell architecture (i.e., screen-printed solar cells, PERC, and IBC cell).
Therefore, the quantum efficiency at long wavelengths differs from the
different cell architectures. However, if a single type of solar cell is
selected for the calculation, it is possible to estimate the changes in
current density with varying solar irradiance. It can be seen in Fig. 4 that
the current density decreases as the light intensity decreases. In addi-
tion, the reduction width of the light intensity and reduction width of
the current density with the depth of water showed nearly the same
tendencies. The current density at AM1.5 was 35.22mA/cm?, and it
decreased to 33.65 mA/cm? at 2 cm below the water (4.46% reduction)
and decreased to 27.87 at 20 cm below the water (20.88% reduction).
We can deduce, therefore, that the reduction in current density is due to
the reduced light intensity above 700 nm. The details of the current
density calculation results are shown in Table 1.

Fig. 4 shows -V curves of the c-Si mini module at different depths
from the sea surface. For this measurement, the samples were positioned
at 2.5 cm intervals from 0 cm, which is the control, up to 10 cm. It can be
seen in the figure that only the current density (here, current) decreases
as the depth increases. The current densities (cell area: 243.4 cm2) of the
samples at 0, 5, and 10cm are 36.27, 30.28, and 27.12 mA/cm?,
respectively. The current density from the I-V measurement is close to
that of the calculated current density shown in Table 1. As depicted in
Fig. 3, the light irradiance decreased as the depth increased, such that
we observed a current reduction from the I-V measurements. Due to
current density losses, open circuit voltage (V) is also slightly decrease.
This is because light intensity decreased in this measurement. Therefore,
the measurement results agree well with our expectation. Here, the

"

Current (A)

o+

T K T
0.3 0.4
Voltage (V)

0.0 0.1 0.2

Fig. 4. I-V curves of c-Si mini modules located at different depth below the
sea level.

depth of the samples from the sea surface was linearly increased in the
same interval, 2.5 cm, but the current was not linearly reduced. This is
because light absorption of the seawater is not linear as depth increases,
as shown in Table 1.


https://www2.pvlighthouse.com.au

B. Kim et al.

Table 1
Calculated current density of c-Si solar cell in different depth from the sea level.
AM1.5 2cm 5cm 10cm 20 cm
below below below sea below sea
sea level sea level level level
Measured light 85.44 81.12 76.86 72.63 68
intensity
(mW/ cmz)
Calculated 35.22 33.65 31.95 30.09 27.87
current
density (mA/
cmz)
Decrement of 0 —4.46 —9.28 —14.56 —20.88%

current
density (%)

Fig. 5 shows the correlation between water depth, water tempera-
ture, and efficiency of the Si minimodule. It is well known that tem-
perature affects the overall performance of solar cells. For c-Si solar
cells, the current increases slightly with temperature, while voltage and
fill factor decrease with temperature, which more significantly affects
the performance of the cell. As discussed above, current decreases as the
water depth increases, and so the overall efficiency decreases with water
depth. In the case of temperature variation, efficiency increases with the
water temperature decrease, which is in good agreement with previous
reports. Interestingly, the reduction width by temperature is nearly close
to that of the samples at different water depths. Therefore, it can be said
that there is no strong correlation between water depth and temperature
in terms of the module efficiency. We assume that water depth and water
temperature independently affect the module performance.

Fig. 6 shows the dependency of the solar cell efficiency on the type of
water and on the salinity of the seawater. The salinity of the seawater
increases as it moves to the next stage, and so it may have effects on the
performance of the solar modules. In order to test this, solar modules
were immersed in different water samples: tap water and seawater
(salinity of ~10%). As can be seen in Fig. 6 (a), the normalized effi-
ciencies of the solar modules in the different water samples were close to
each other at the same depth. The module in salt water shows slightly
lower efficiency (<1%), which is negligible. This agrees well with a
previous report [15]. We also tested the efficiency dependence on the
salinity of the seawater. It can be seen in Fig. 6 (b) that there is a slight
decrease in normalized efficiency with increased salinity, which agrees
well with the results in Fig. 6 (a). Therefore, we can conclude that the
salinity does not have a strong effect on the performance of solar mod-
ules in the short term. In addition, the long-term effects of salinity on the
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Fig. 5. Correlation between water temperature/water depth and normalized
efficiency of the Si module.
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performance of solar modules should be further investigated.
3.2. Field tests

Fig. 7 shows an image of the salt farm parallel solar power system
installed at our test site. As can be seen, the system is installed in an
environment similar to actual salt ponds; this makes it easy to supply the
seawater and exposes the solar power system to the harsh sea environ-
ment. In this test bed, we designed a pilot system that can accommodate
various types of solar cells and modules for further intensive study.
However, in this research, we only installed and characterized com-
mercial back-sheet-type silicon solar modules. The modules were
installed together with IP68 class junction boxes and cables with
waterproof capability. For the reference modules installed on land
(1607 W), the installation angles were set to 0° and 30°, the salt-farm
parallel solar power plant module (1628 W) was installed at 0°, and
the comparative evaluation was made. The power generation of the
tilted module was multiplied by a normalized factor of 0.987 to compare
the power generation. According to our design and experiments, we
successfully installed the pilot system at our test bed site. More feasi-
bility and reliability tests will be carried out, and we will present the
results in our next publication.

Fig. 8 shows a comparison of power generation of conventional and
salt farm modules in one day (August 18, 2018), as well as the tem-
perature of the outdoors, water, land module, and salt-farm module on
the same day. As can be seen in Fig. 8 (a), the typical data show
improvement of the generation amount as compared with the land
because of the cooling effect of the seawater. In the morning, the
modules installed on land showed better electricity generation; but after
11:40 a.m., the salt farm PV modules indicated higher electricity gen-
eration. The electricity generation of the land-installed modules and the
salt-farm modules were, respectively, 8.18 and 8.60 kWh (normalized
8.49kWh) on average. Therefore, it can be said that the salt farm
modules showed higher electricity generation than that of the land-
installed modules mainly because of the cooling effect of the seawater.
The highest temperature on that day was 32.9 °C, and the highest tem-
perature of the salt water was 43.7 °C. The seawater temperature began
to rise more rapidly than the ambient temperature from 9:00 a.m., and it
rose by more than 12°C from the maximum outside air temperature.
This means that the heat absorbed by the module was effectively dissi-
pated through the water. The temperature of the module increased to
51.1°C at sea level and to 39.1°C for the torsion as the outside tem-
perature increased. The maximum difference between modules was
15°C. The cooling effect of the salt-farm modules was observed
continuously in the morning, but the lower power generation was
caused by the incidence angle loss relative to that on land. The cooling
effect could be maximized by circulating the water or by re-introducing
low temperature salt water by suppressing the rising water temperature.

Fig. 9 shows a comparison of daily power generation of the PV
modules at the salt farm with the land module (reference) for the days
when the depth of the salt-dedicated module was maintained at 2-3 cm
from May to August 2018 (minimum water depth was maintained for 7
days or more). The figure shows the ratio of the salt farm to the land-
installed module electricity generation rate with the applied normal-
ized factor. The salt farm modules showed rates of 108% in May to June,
~118% in July, ~100% in August, and 91.7% in September relative to
that of the land-installed salt farm module. As discussed above, the
cooling effect of the seawater provides better electricity generation in
the salt farm modules. The electricity generation by the salt farm
modules was similar to that in August and lower than that in September
for the land-installed modules. We assume that this is mainly due to the
deposition of biofloc or foreign matter on the surface of the module.
Therefore, it is highly important for achieving maximum power gener-
ation to keep the surface of the salt farm modules clean. Regarding to
electrochemically driven degradation effects, we keep monitoring the
power output of the system.
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Fig. 7. Image of the salt farm parallel solar power system test bed.

In order to predict the annual electricity generation of the modules
installed on land and in the solar farm, we conducted simulations using
SolarPro PV simulation software (Laplace System, USA). The meteoro-
logical conditions were based on the Meteorological Agency data of
Mokpo, Jeollanam-do. We also used the meteorological data collected at
the salt farm test site, and the temperature of the salt farm module
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collected from the test site in order to accurately predict the temperature
of the salt module used. Fig. 9 (b) shows the simulation results. The
module error rate of the predicted module temperature was 5.6%, which
was able to reliably predict the module temperature. The decrease in
solar radiation due to the depth of 2cm was estimated by applying
4.46% predicted from Table 1. Similar to the actual measurement data
shown in Fig. 9 (a), the electricity generation rate of the salt farm
modules was higher than that of the land-installed modules (0°, refer-
ence) in all months. It can be seen that the seawater contributed more to
the increase in the module performance than did the absorption loss due
to water by maintaining a height of 2 cm above the module. The land-
installed modules (30°) showed better power generation than the salt
farm from September to March because the incident angle of the sun was
lower during that season. However, in the other months, the salt farm
modules showed higher power generation rate, and the total annual
power generation rates were similar in the salt farm modules
(1910kWh) and the land-installed modules (30°) (1962 kWh). There-
fore, it can be said that the power generation of the salt-farm parallel
system is comparable to that of conventional solar power plants.
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Fig. 8. (a) Comparison power generation of conventional and salt farm module at a day (18 Aug 2018), and (b) the temperature of outdoor, water, land module and
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3.3. Issues encountered during operation of the parallel system

A variety of issues arose during the running of the salt farm-parallel
solar power system. The solar farm located on the coast poses the
following difficulties with operating the PV system: The potential-
induced degradation (PID) caused by the diffusion of Na ions in the
general module degrades the performance PV modules. Therefore, the
probability of PID occurrence in the parallel system is high because the
seawater contains a large amount of Na ions. It is also questionable
whether electrostatic induction on the module front may affect the
crystallization of salt and the output. The quality and safety of salt is also
something we needed to secure. In order to keep salt water in the upper
part of the module for the long term, the entire system should have
resistance to salt, be stable to ultraviolet, have a low thermal expansion
coefficient, and be harmless to the human body. As shown in Fig. 9, it is
considered that the decrease in the actual operation power generation
compared with the computer simulation result may be due to the
deposition of biofloc or foreign matter on the surface of the module.
Therefore, maintaining the surface cleanliness is a major issue. As the
water depth increases, it becomes clear that the power generation rate
decreases to ~1%/cm, and it is necessary to set the cooling effect to
larger than the power generation rate decrease at a low water depth
(about 2-3 cm). In other words, it is essential to improve the power
generation by managing the pollution of the surface of the photovoltaic
module and by maintaining a low water depth of about 2-3 cm.

4. Conclusion

In this research, we proposed a salt farm parallel solar power plant,
which can produce both salt and electricity at the same site. The FRP
seawater vessel for the pilot system was prepared for efficient mainte-
nance, and PV modules were installed on the water tank. We found that
measured spectral solar irradiance at different depths from sea level
decreased within the 600 nm wavelength range, but solar irradiation at
300-600 nm did not change along with the depth. The overall efficiency
reduction is mainly due to current reduction by loss of solar irradiance.
We also found that water depth and temperature have no strong corre-
lation, and that they independently affect the module performance.
Moreover, the salinity of the seawater has no influence on the perfor-
mance of the PV modules in the short term. According to our design and
experiments, we successfully installed the pilot system at our test bed
site. From the field tests, we found that salt-farm modules showed
electricity generation higher than that of the land-installed modules
mainly because of the cooling effect of the seawater. However, in long-
term operation, the salt farm modules showed lower power generation

because of the deposition of bioplag or foreign matter on the surface of
the module. Therefore, it is important to keep the surface of the salt-farm
modules clean. From the power prediction simulations, we found that
the electricity generation rate of the salt-farm modules was higher than
that of the land-installed modules (0°, reference) in all months. It can be
seen that the seawater contributes more to the increase in the module
performance than does the absorption loss due to water by maintaining a
height of 2cm above the module. The land-installed modules (30°)
showed power generation better than that of the salt farm from
September to March because the incident angle of the sun was lower
during that season, but the salt-farm modules showed higher power
generation in the other months. Finally, the total annual power gener-
ation rates were similar to each other. Therefore, it can be said that the
power generation of the salt farm module is comparable to that of
conventional solar power plants. More feasibility and reliability tests
will be carried out, and we will present the results soon.
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