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Water, energy, and food security are the three most critical elements for achieving the 2030 United Nations’
Sustainable Development Goals. While much effort has been focused on the development of interfacial solar
evaporation technology for seawater desalination, limited effort has been directed towards potential sustainable
agricultural applications. This work addresses this gap by developing a self-sustaining and solar-driven offshore
double-layered sea farm system to address growing global shortages in clean water, agricultural land resources

and food supply. During a long-term field test, this unique design was used to successfully germinate and grow,
with a survival rate of 80%, three common vegetable crops (broccoli, lettuce, and Pak Choi) on seawater surfaces
without maintenance nor additional clean water irrigation. Thus, this design could potentially make a significant
contribution to sustainable agriculture production in the seawater-energy-food nexus.

1. Introduction

Clean water and food are the two most strategically important re-
sources essential for human survival and growth of civilization. It is
reported that by 2050, the population affected by freshwater shortages
will increase from 933 million in 2016 to as much as 2.37 billion, where
simultaneously global supply of water for agriculture irrigation is ex-
pected to decline by ~19% [1]. Thus to sustainably feed the increasing
population (estimated to reach 10 billion by 2050), food productivity
must be significantly improved while simultaneously reducing the
impact of agriculture on fragile ecosystems is required to ensure that
agriculture promotes inclusive economic development [2-5]. Recent
research indicates that autonomous environmental water-harvesting
technologies can potentially satisfy water demands for both agricul-
tural and human beings [6-11]. For example, Tan’s team demonstrated
ambient moisture harvest for autonomous urban agriculture [1,12,13].
Wang’s group also showed the utilization of waste heat from photo-
voltaic panels to produce fresh water from the atmosphere for crop
irrigation [3,14]. Therefore, harnessing energy from the surrounding
environment as an alternative water production approach can be a
promising strategy to address water shortages and realize agricultural
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sustainability. In addition to the direct reduction in available clean
water for agriculture, the declining arable land suitable for agriculture
has further exacerbated food security. Crop production currently occurs
on 11% of the world’s land, which only accounts for 3% of the planet’s
surface area [15]. It is exciting that the ocean (70% of the earth’s surface
area) now provides a new frontier and opportunity for a new kind of
agricultural development. If it can be utilized effectively and rationally,
marine agriculture could play a pivotal role in combating climate
change and simultaneously addressing the food and clean water short-
ages [16,17].

Although marine agriculture has already been developed to some
extent, it currently faces several issues and has some major limitations.
Firstly, marine agriculture is mainly suitable only for specialized aquatic
and some salt-tolerant hydroponic plants, which by themselves would
not be able to meet growing global food demands. Secondly, due to
limited freshwater resources in marine areas, additional freshwater
production facilities are normally required to be collated to support
plant irrigation, which is extremely costly and requires frequent super-
vision and ongoing maintenance, limiting its extensive applications
[13]. In addition, clean water and crop production are typically physi-
cally separated into individual operational units that occupy a large
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amount of surface area, thus increasing overall maintenance and oper-
ation costs. Therefore, there is an urgent need to develop a completely
new strategy for the practical application of marine agriculture that is
applicable to a wide variety of commercial crop types, efficient in clean
water supply, easy to operate, and economically viable. Interfacial solar
evaporation (ISE) has recently received extensive research interest
owing to the abundance of both solar energy and seawater, as well as its
minimal environmental impact [18-33]. It has been recognized as a
promising technology for seawater desalination, atmospheric moisture
harvesting and release, solar panel cooling, and soil remediation
[34-52]. The main advantage relative to previously developed tech-
nologies is that ISE-based desalination technology creates a self-
sustainable source of clean water that has the potential to not only
support millions of people’s drinking water needs but also increase
agricultural needs [13,53,54]. Recently, our group applied solar light
and seawater for saline soil remediation and irrigation, successfully
demonstrating that a self-sustainability of a combined ISE desalination-
agriculture system was possible [34]. Hence, ISE technologies could also
be a potential new strategy for addressing marine agricultural fresh-
water shortages.

In this work, a multifunctional double-layered vertical solar sea farm
(DVSSF) was developed which achieved self-priming irrigation by ISE of
seawater (bottom layer) and agricultural cultivation (top layer) through
longitudinal stratification. This solution substantially improves the sea
surface area utilization to ensure sustainable clean water production for
agricultural use (Fig. 1a). The bottom layer of the DVSSF is the clean
water production chamber (Fig. 1b), which simply uses ISE technology
to effectively evaporate seawater under solar irradiation to generate
clean water. Water transportation belts that connect the two chambers
enable continuous transportation of condensed clean water from the
bottom evaporation chamber to the upper soil-containing chamber.
Outdoor experiments showed that three different common vegetables
(broccoli, lettuce and Pak Choi) could all grow well on the seawater
surfaces with a germination rate > 80%. Thus, with minimal geological
constraints and maintenance, this DVSSF can effectively alleviate the
dilemma of insufficient supply of agricultural products caused by cur-
rent ongoing reductions in the availability of both per capita clean water
supply and arable land, which will provide a promising means to facil-
itate modern marine agriculture.

2. Materials and methods
2.1. Material and chemicals
Reduced graphene oxide (rGO) was provided by Huasheng Graphite

Co., Ltd., China. Towel (TW) was purchased from a local supermarket.
Tannic acid (TA) and ferrous chloride were purchased from Sigma-
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Aldrich. Broccoli seeds (Italian Sprouting), lettuce seeds (Country Value
Little Gem Lactuca sativa) and Pak Choi (Brassica rapa Var. chinensis)
seeds were obtained from a local market. Agricultural soil was supplied
by a local farm. Soil properties were introduced in our previous work
[55] and provided here in Table S1.

2.2. Fabrication of rGO-TA-TW

Photothermal rGO-TA-TW was fabricated using rGO, TA and TW.
Due to the strong and quick coordination between the phenolic hydroxyl
groups of TA and Fe3*, a black complex of TA-Fe** can readily be
formed when mixing the TA and Fe3t [52,56], where to further enhance
light absorption, rGO was also added. Initially, 0.5 g TA powder was
mixed with an rGO suspension (0, 0.1, 0.3, 0.5, 1.0 mg mL~!, 100 mL)
and stirred continuously at 500 rpm for 12 h. Thereafter, the homoge-
neous suspension was dropped onto the surface of tailored TW (25 cm
width x 30 cm length). The modified rGO-TA-TW was then freeze dried
for 48 h at —60 °C before being immersed in 5% FeCls (500 mL) for
another 12 h to facilitate crosslinking. After washing with Milli-Q water
and freeze drying again at —60 °C for another 48 h, the final photo-
thermal rGO-TA-TW was obtained.

2.3. Materials characterization

The hydrophilicity of TW and rGO-TA-TW was characterized using a
contact angle system (Data physics OCA 20). The microstructure of TW
and rGO-TA-TW was imaged using scanning electron microscopy (SEM)
on a Zeiss Merlin scanning electron microscope. Concentrations of cat-
ions in seawater and condensed water were determined using induc-
tively coupled plasma optical emission spectrometry (ICP-OES, Agilent
7500).

2.4. Solar-driven seawater evaporation tests

With the exception of the long-term tests, all solar seawater evapo-
ration tests were conducted under controlled laboratory conditions (i.e.,
temperature ~ 25 °C and relative humidity ~ 34%). A Newport Oriel
solar simulator (class ABA, 450 W, 69920) was used to provide 1.0 sun
illumination during indoor tests. A THORLABS PM400 optical power
meter was used to measure and calibrate the intensity of the simulated
solar light. During solar evaporation, evaporated water was recorded
using an electronic balance. An infrared camera (FLIRE64501) was used
to measure the temperature of evaporation surfaces.

2.5. Long-term germination test

Long-term solar evaporation-based cropping was investigated within

5‘/ Water
[___---"7 irrigation

VAN

' 5 Water
| .~~~ evaporation

Seawater
s \Water belt
mmmmmm Photothermal evaporator

Fig. 1. (a) Schematic illustration of the autonomous DVSSF. (b) Cross-sectional view of autonomous DVSSF.
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a DVSSF. The DVSSF system integrated three subsystems, 1) a solar
evaporator system (bottom layer), 2) a water condensation and transfer
system (water belts), and 3) a plant cultivation system (top layer). The
solar evaporation system was composed of photothermal evaporators
and polystyrene (PS) foam with holes as the evaporator support. During
practical operation, the PS foam floated on the water surface and a small
part of the photothermal evaporator was immersed in the bulk water to
enable water transport to the evaporation surfaces (Fig. 1a, b). A solar
simulator (Newport Oriel Xenon Lamp, 66485-300XF-R1) with adjust-
able incident light angle provided simulated sunlight. For water
condensation and transportation, hydrophilic belts (bamboo paper)
were vertically arranged on the inner side surface of the cylindrical
container (10 cm radius, 25 cm high) and across the bottom and top
chambers. For the upper cultivation chamber, a transparent cover was
used to cover the soil (similar to a greenhouse). The water transportation
belts adsorb the condensed vapor in the bottom solar evaporation
chamber and transfer the clean water to the upper soil chamber for plant
irrigation.

2.6. Outdoor optimization experiments

Outdoor experiments with four identical experimental setups were
conducted between 1st and 14th March 2022 at the Mawson Lakes
Campus, University of South Australia, Adelaide, Australia. An inte-
grated temperature and humidity meter was used to monitor the tem-
perature and humidity outside and inside the planting chamber. During
pot cultivation, the soil water evaporation was controlled by adjusting
the open rate of the transparent cover. In addition, ambient daily solar
flux and other environmental conditions, such as environmental tem-
perature and humidity, were collected from a local Meteorological

Chemical Engineering Journal 473 (2023) 145452

monitoring stations close to the experimental site [34].

2.7. Outdoor scale-up tests

Outdoor scale-up experiments were conducted over 20 days in a
large pool (1 rnz) filled with 300 L of artificial seawater. Six DVSSFs
containing seeds of broccoli, lettuce, and Pak Choi were prepared and
spaced 10 cm apart. A PS foam board was used as a support to float the
DVSSFs on the water surfaces.

3. Results and discussion
3.1. Materials design and solar driven seawater evaporation

Creating a surface with both high light absorption and light-to-heat
conversion efficiency is crucial for achieving high clean water produc-
tion via ISE. Here due to strong and rapid coordination between the
phenolic hydroxyl groups of TA and Fe>*, TA crosslinked with Fe®* can
firmly adhere on the surfaces of substrates with different shapes and
surface chemistries [52,56]. Additionally, inclusion of rGO into the
crosslinked complex can further increase the light absorption capability
which benefits ISE. Coating of the cotton TW with rGO-TA changed the
surfaces of the TW fibers (Fig. 2a-d and Fig. S1). The initial smooth
surfaces of the TW fibers (Fig. 2a, b) became rougher and the gaps be-
tween the fibers were filled with both rGO and TA after the coating
process (Fig. 2¢, d). The light absorption of rGO-TA-TW increased with
an increase in rGO concentration. For example, the light absorption of
pristine TW was only 44.6%, which increased significantly to 85.5%
when the rGO concentration was increased to 0.5 mg L. The light ab-
sorption of the wet rGO-TA-TW (wet sample aligned better with the
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Fig. 2. Materials characterization and solar seawater evaporation test. (a, b) SEM images of the initial TW. (¢, d) SEM images of rGO-TA-TW. (e) Light absorption of
rGO-TA-TW with different rGO concentrations. (f) Water mass change under one sunlight illumination for 60 min and after light-off for 30 min. (g) Surface tem-
perature under one sun illumination for 60 min and after light-off for 30 min. (h) IR images of the evaporators during solar evaporation under one sun illumination.
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practical conditions during solar evaporation) further increased to
96.7% (Fig. 2e). In addition, rGO-TA-TW was highly hydrophilic. A
water droplet could be quickly absorbed within 0.6 s. While for pristine
TW, it took about 4 s for water adsorption (Fig. S2). Moreover, rGO-TA-
TW also showed excellent stability, being able to withstand 10 min of
continuous sonication with no black materials being flaked off (Fig. S3).
The introduction of photothermal materials significantly improved
water evaporation performance. The solar evaporation rate of seawater
using the rGO-TA-TW under 1.0 sun was 1.29 kg m 2 h'! (Fig. 2f), which
was about 4 times higher than that without rGO-TA-TW (i.e., only
seawater). The pillar-like structure of the evaporator could increase
overall evaporation surface area and light absorption. During solar
evaporation, the surface temperature of the wet rGO-TA-TW could
quickly reach a steady temperature of 36 °C within 10 min to accomplish
rapid solar heat localization and efficient ISE (Fig. 2g, h). When solar
radiation ceased, rGO-TA-TW swiftly cooled to room temperature within
30 min. As the temperature gradually decreased, the evaporation rate
also decreased. In comparison, water and pristine TW showed a poor
photothermal effect with equilibrium surface temperatures < 24 °C, due
to their relatively low light absorption (Fig. S4-5).

3.2. Clean water collection and soil irrigation

In this system, generated vapor can be condensed and collected as
clean water for subsequent plant irrigation. An enclosed solar evapo-
ration system was used to estimate vapor condensation rate/clean water
collection rate (Note: solar evaporation rate doesn’t mean clean water
collection rate) (Fig. S6). During 8 h of continuous solar evaporation, the
pristine TW showed an actual vapor condensation rate of only 0.21 kg m
2h~! while for rGO-TA-TW, the vapor condensation rate significantly
increased to 0.67 kg m2h ™! (Fig. 3a). After ceasing solar illumination,
16 h of vapor condensation in dark condition showed that vapor

Chemical Engineering Journal 473 (2023) 145452

condensation rate in dark was only 0.06 kg m2h~! (Fig. S7). The con-
centrations of the four main cations (Na*, K*, Ca?*, and Mg?*") in the
collected condensed water were drastically decreased compared to those
in seawater and were far below the World Health Organization (WHO)
standard threshold for drinkable desalinated water (Fig. 3b). This indi-
cated that the collected clean water could be used as daily drinking
water as well as irrigation for plant growth. Broccoli, a common green
vegetable, grew normally following daily irrigation using the collected
condensed water (Fig. 3c). Once watering ceased, the plants became
dehydrated and did not survive properly (Fig. S8-9). In contrast, seeds
directly watered with seawater failed to germinate (Fig. 3d) due to cell
dehydration in a salt solution [13].

To realize in-situ utilization of the as-generated clean water from ISE
for plant irrigation, a DVSSF system composed of a solar-thermal
seawater desalination chamber (bottom layer), and a plant growth
chamber (top layer) was designed (Fig. 3e and Fig. S10). Several water
belts were placed on the back inner wall of the DVSSF to effectively
transfer condensed clean water from the solar evaporation chamber to
the plant growth chamber by capillary force, realizing automatic water
supply. Under sunlight irradiation, plants on the upper layer consume
water by photosynthesis and transpiration, and at the same time, the
photothermal evaporators in the bottom chamber absorb sunlight for
seawater evaporation and clean water production. The whole process is
spontaneous without any human intervention. A device without pho-
tothermal evaporators was also fabricated for comparison. The results
confirmed that the introduction of the photothermal evaporators
significantly improved seawater evaporation. In the prototype device
condensed water was clearly observed on the inner wall within 30 min,
while for the control experiment without evaporators, no obvious
condensed water was observed (Fig. S11). A long-term indoor test was
also conducted to verify the feasibility of the DVSSF. The change in soil
water content during the test is presented in Fig. 3f. During the first 9
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days, without a cover the soil water content decreased steadily under
light illumination. It is worth noting that under solar illumination, the
soil water content with the ISE system beneath dropped more slowly
compared to the system in dark conditions due to the quick water supply
from the ISE chamber. After 9 days, the soil water content was still above
12% and remained suitable for plant growth. When a cover was added
for the next 2 days, the soil water content quickly increased and returned
to its initial level. The soil water content started to decrease again when
the cover was removed on day 11. In comparison, long-term dark
evaporation demonstrated that soil water content quickly dropped from
20% to 12% in 4 days (Fig. 3f and Fig. S12), where a low soil water
content is not conducive to seed germination and growth [57]. Although
the environmental conditions (i.e., indoor temperature and humidity)
fluctuated during the long-term tests, they did not have a significant
impact on the soil water content within the DVSSF (Fig. S13).
Comparative experiment with initially dry soil showed that with the
cover, the surface of the dry soil could be quickly moistened by the
generated clean water within only 2 days of light illumination. While
without the cover, there was no obvious change in the dry soil surface
(Fig. S14). Plant germination was also evaluated during this long-term
indoor experiment. It was clear that with light illumination the plants
were able to grow normally due to the water supply from beneath ISE
and suitable soil water content (Fig. 3g and Fig. S15), clearly proving the
feasibility of the vertical solar sea farm design. Too much or too little
water will affect the growth of plants. The soil water content could be
maintained in a certain range suitable for plant growth by adjusting the
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open rate of the cover. To prevent clean water wastage, an additional
freshwater collection container can be incorporated within the evapo-
ration chamber to collect excessive clean water generated. The humidity
in the top chamber also can be regulated by adjusting the cover. These
measures can maintain a balance between water supply and consump-
tion for plant growth.

3.3. Outdoor long-term germination performance in DVSSF

Four different DVSSF systems were prepared for long-term outdoor
tests, including DVSSF I) without either water belts or photothermal
evaporators; DVSSF II) with water belts but without photothermal
evaporators; DVSSF III) without water belts but with photothermal
evaporators; and DVSSF 1V) with both water belts and photothermal
evaporators (Fig. 4a). Outdoor tests were conducted at Mawson Lakes
Campus, UniSA, South Australia over two weeks using seawater. The
humidity and temperature inside the planting chamber of each DVSSF
and the corresponding external environment parameters were recorded
(Fig. S16). The temperature inside the DVSSF IV was typically below 40
°C (Fig. S16a). It is worth mentioning that conventional floating farms
are generally enclosed systems, and where continuous solar energy input
during solar seawater evaporation and vapor condensation often leads to
overheating of the system [13]. In comparison, our DVSSF enabled
continuous seawater evaporation and vapor condensation, while
simultaneously maintaining suitable environmental conditions for plant
growth due to the spatial separation of the lower solar evaporation
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chamber and the upper plant cultivation chamber. During outdoor tests,
the temperature reached a peak value at around 1 pm every day, and the
internal humidity was constantly stabilized at ~ 80% in 14 days, despite
a lower external environmental humidity (Fig. S16b), indicating
adequate soil water content for plant growth. For the other three
DVSSFs, such as DVSFF I, while the temperature did not significantly
change, after commencing the experiment, the humidity in the culti-
vation chamber continually decreased, becoming similar (<40%) to the
external humidity after three days (Fig. S16c-d). Comparison between
measured ambient temperature and humidity with those sources from
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local monitoring station were highly correlated, suggesting that the
monitoring station data can be directly used as an accurate reference
(Fig. S17). Observation of the soil surface during tests (Fig. 4b) showed
that in DVSSF I-III the soil surfaces dried out within 3 days, and were
thoroughly dried and cracked after 14 days, resulting in no seed
germination. In contrast, in DVSSF IV the soil surface was always wet,
leading to excellent seed germination (Fig. S18). The measured soil
moisture content in DVSSF I-III decreased continuously and remained at
around 5% after 10 days. In comparison, for DVSSF IV, the soil water
content remained relatively steady near 20% for the entirel4 days
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(Fig. 4c). Broccoli seeds in DVSSF IV started to germinate only 3 days
after the commencement of tests, and continued to grow well, reaching a
height of about 4 cm after 2 weeks, confirming successfully sustained
plant cultivation (Fig. 4d). Thus, a DVSSF system possessing both pho-
tothermal evaporators and water belts (i.e., device IV) is suitable for
practical applications.

In practical applications, weather conditions such as sunlight in-
tensity, incident angle and environmental temperature also affected the
water production rate [34]. During the outdoor tests, solar exposure
data collected from the local bureau of meteorology (Fig. S19) was used
to calculate the appropriate angle of incidence for the DVSSF design
(Fig. S20). The 3D evaporators would be completely exposed to sunlight
when the angle of incidence was < 45.0°. During the long-term outdoor
tests, there were only about 2 h in a day when the incident angle was >
45°, confirming that the evaporators in the DVSSF could effectively
capture natural incident sunlight to ensure ISE processes. It should be
mentioned that since the angle of incident sunlight varies with
geographic region, the final DVSSF configuration should be adjusted to
suit such local environmental features and to ensure efficient sunlight
harvest.

3.4. Scale-up vertical farming system

Following the initial success of the prototype system described
above, relatively large-scale outdoor experiments using three different
plant types were also verified at UniSA (Mawson Lake Campus) from 4th
to 23rd May 2022. Specifically, a large pool (1 m?) with artificial
seawater (Table S2) and six DVSSFs with three different seeds (two each
for broccoli, lettuce, and Pak Choi) were prepared (Fig. 5a). Environ-
mental conditions (i.e., temperature and humidity) and the associated
plant cultivation chamber conditions were recorded from 7 am to 5 pm
on May 21, 2022. The temperature inside the device was always higher
than the environmental temperature (Fig. 5b), where appropriately
elevated temperature benefited plants growth [58]. At 7 am the initial
chamber humidity (85%) was similar to the environmental humidity
(84%). Thereafter, while the environmental humidity exhibited a sig-
nificant daily fluctuation (significantly decreasing throughout the day),
the humidity inside the chamber remained constant at ~ 80% (Fig. 5¢).
Measurements of temporal variation in daytime solar flux and incident
angle (Fig. 5d) demonstrated that a higher incident angle resulted in a
higher solar flux between 11:00 am and 14:00 pm, where both light
intensity and angle of incidence reached maxima of 0.95 sun and 35°,
respectively at about 1:00 pm.

Correspondingly, when the solar flux reached its maxima, despite the
low external environmental humidity, the internal humidity could be
maintained at ~ 75% during the 20 days tests (Fig. 5e and Fig. S21). In
addition, the internal temperature in the chamber was maintained lower
than 40°, which ensured normal plant growth. Plant assays showed that
during the tests, all broccoli, lettuce, and Pak Choi grew well exhibiting
different plant dependent lengths (Fig. 5f-g, Fig. S22-23), and all three
plants had germination rates > 80% (Fig. S24). Therefore, this DVSSF
could provide simultaneous offshore solar-driven production of clean
water and crops, thus providing a new pathway for sustainable marine
farming.

While this work has successfully demonstrated the applicability of
the DVSSEF, there is still some room for improvement. For example, in
this DVSSF clean water production by ISE was actually surplus for soil
and plant irradiation. Therefore, it is desirable that any excess clean
water generated in situ could be collected and stored for other applica-
tions. The feasibility and stability of this design were further validated
through long-term outdoor experiments. However, for practical large-
scale applications, shielding may occur. To solve this potential issue,
monitoring and managing plant growth are required to prevent exces-
sive occlusion of the evaporator. Furthermore, selecting plant species
with suitable growth characteristics can minimize light-blocking effects.
Additionally, adjusting the dimension of solar sea farm and the
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interspace between the devices, as well as incorporating light-reflection
surfaces are also effective pathways to ensure sufficient sunlight access.
The photothermal material could also be replaced with cheaper alter-
natives such as biochar and carbon black. Especially considering the
themes of energy saving and emission reduction, the utilization of these
low-cost and environmentally friendly materials should have great po-
tential for future large-scale practical applications. In addition, although
this design does not require ongoing maintenance and is well suited to
many areas with mild weather conditions, quick and drastic changes in
environmental conditions may affect the conditions in the DVSSF and
consequently plant growth. Therefore, intelligent control systems can be
introduced to further improve the stability (i.e., temperature and hu-
midity) of the systems [12,13].

4. Conclusions

The integration of interfacial solar seawater evaporation and self-
irrigation processes has successfully demonstrated a self-sustained
DVSSF system that can float on sea and/or salty water surfaces to pro-
duce clean water for crop growth, with the capacity to alleviate the
severity of global water shortages and food insecurity. The system which
is powered only by solar light, uses vertical multi-level functional par-
titioning to directly utilize seawater for clean water production, irriga-
tion and agricultural production, greatly increasing space utilization
efficiency. In the DVSSF, the lower solar evaporation chamber can
produce sufficient clean water and automatically real-time transfer the
clean water to the upper growth chamber for soil and crop irrigation,
enabling > 80% germination rate and good plant growth thereafter. This
vertical farming design with minimal geological constrain can provide a
promising way for agricultural irrigation to occur on many water bodies
including seawater, rivers and salt lakes. This approach has great po-
tential to significantly improve the global water-energy-food nexus,
providing new solutions to the existing freshwater, land and food crises.
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