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Abstract

This study assessed six tomato (Solanum lycopersicum L.) cultivars within an integrated solar-powered
closed hydroponic system in Al Dhaid, UAE (25°16'11.2"N, 55°55'52.2"E). The system combined an
insect-proof net house, closed hydroponics, root-zone cooling, ultra-low-energy drip irrigation, and
a cost-effective solar-powered reverse osmosis (RO) desalination unit to address salinity constraints.
The cultivars, selected for their adaptability to controlled environments in the UAE, were evaluated
for yield, water-use efficiency (WUE), and fertilizer-use efficiency (FUE). Among them, Torcida
recorded the highest mean yield (0.619 kg m=2 harvest!), WUE (27.1 kg m=2), FUE (26.5 kg fruit kg!
fertilizer), and marketable fruit ratio (66.3%), followed by Roenza, Eviva, and SV 4129 TH; Lamina
was intermediate, while Saley, a bushy type, produced the lowest yield. The top cultivars achieved
cumulative yields exceeding 7 kg m=—surpassing regional open-field benchmarks (4-5 kg m=2; 3-6
kg m=). Compared with conventional cooled hydroponic greenhouses (3.5 kg plant™!; 8 kg m=3), the
system demonstrated similar productivity using three times less water. The RO unit produced water
at 1.05 US$ m=—58-68% below regional tariffs —while minimizing reliance on grid electricity and
mechanical cooling. Overall, the integrated solar-powered hydroponic-RO model proved technically
reliable, resource-efficient, and economically viable, offering a scalable solution for sustainable
vegetable production in hyper-arid regions.

Keywords: solar-powered hydroponics; reverse osmosis desalination; water use efficiency; tomato
varieties; arid-zone agriculture

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops globally and is a
key component of diets in the Middle East and North Africa. The value of the tomato market in the
United Arab Emirates (UAE) was estimated at USD 182.63 million in 2025 and is projected to grow
to USD 228.68 million by 2030, reflecting a compound annual growth rate of 4.6%. UAE tomato
market is heavily dependent on imports, which supplied 76.7% of the total consumption volume in
2024 [1].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the region, tomato is widely cultivated in both open fields and controlled environments;
however, production is severely constrained by extreme temperatures, limited arable land, and acute
freshwater scarcity. Open-field tomato yield in the region ranged 4 to 5 kg/m2 with low water
productivity between 3 to 6 kg/m3 of water [2]. Meanwhile, the average yield in a low-medium
tech cooled hydroponic greenhouses manage by the growers reported varies from 9-17 kg/m?2 [3-6]
in the region. While the range could be due to different crop varieties and production management,
plant density also varies. Published hydroponic trials in modest-technology soilless systems report
~2-5 kg/plant (NFT/DFT/perlite) with occasional higher outputs under substrate-bag plastic houses.
As aresult its safe to adopt average 3.5 kg/plant as a conservative single-crop range for low/medium-
tech hydroponics in hyper-arid regions [7-9].

However, in cooled greenhouse the limiting factor is still water. Study in the region report water
productivity of cooled hydroponics greenhouses as low as 8-9 kg/m3 which most consume by cooling
system (pad and fan) [10].

As aresult, production has largely shifted to cooled greenhouses and hydroponic systems. While
hydroponics significantly reduces irrigation water consumption, cooled greenhouses impose new
limitations: evaporative cooling systems can consume three to four times more water than is actually
used for plant growth, and the cooling demand requires large amounts of electricity. [10,11]. These
factors increase production costs and reduce system efficiency during the hot summer months, when
high humidity and elevated temperatures further limit cooling effectiveness.

Studies from the GCC region report that cooling costs account for a disproportionately high
share of production expenses, leading to high overall production costs and a loss of competitiveness
of locally grown tomatoes compared to cheaper imports. Under such market and resource pressures,
many growers prefer to suspend tomato production during June and July, when inputs are highest
and profit margins lowest. [12,13]. This not only raises production costs but also contributes to a high
carbon footprint, limiting the long-term sustainability of the system.

To address these challenges, the International Center for Agricultural Research in the Dry Areas
(ICARDA) has developed an integrated five-technology package designed to optimize crop
production in arid regions. The system combines:

1. Insect-proof net houses that provide natural ventilation and reduce pest pressure, minimizing
the need for chemical control and energy-intensive cooling.

2. Closed hydroponic systems that recycle nutrient solutions, reducing water and fertilizer losses.

3. Root Zone Cooling (RZC) technology that maintains optimal root temperatures and enhances
plant physiological performance under high ambient heat.

4.  Cost-effective solar-powered systems — a 100% off-grid setup for irrigation and an AC/DC
hybrid solar energy system for root zone cooling — ensuring reliable, renewable power with
minimal operational costs.

5. Ultra-Low Energy Drippers (ULED) that deliver precise irrigation at extremely low pressure,
maximizing water-use efficiency.

Together, these integrated technologies form a sustainable production model that enables crop
cultivation for 7-8 months of the year under the region’s harsh conditions, achieving substantial
improvements in both water and energy efficiency while maintaining high crop productivity [10,14].

Another major constraint for sustainable crop production in the UAE is water quality.
Desalination remains the primary source of irrigation water, yet conventional desalination plants are
costly and energy intensive [15].

Small solar RO units providing suitable water quality with low cost, rapid deployment, and
resilience [16,17]. They are especially valuable for hydroponic systems, which require little but high-
quality water. Centralized RO plants meet large demands but have high energy, brine, and emission
impacts [16,17]; solar integration adds cost and complexity[18]. Advanced treatments raise expenses.
Small units are flexible, sustainable, and site-specific, while large systems serve urban demand; choice
depends on local context [19].
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In this study, a low-cost reverse osmosis (RO) desalination unit was upgraded to operate with a
hybrid solar energy system and tested as part of the production setup. The system provided irrigation
water of suitable quality for hydroponics while reducing dependence on conventional energy sources
and lowering overall consumption.

Despite advances in system design, varietal response remains a critical factor in optimizing yield
and water use efficiency (WUE) under these novel production conditions. Tomato varieties differ
significantly in their tolerance to heat, salinity, and closed-loop hydroponic conditions. Comparative
evaluation of varieties under integrated solar-powered hydroponics, root zone cooling, and
desalination systems is therefore essential to identify cultivars most suitable for arid-zone controlled
environments.

This study in Al Dhaid, UAE, evaluated six tomato varieties under an integrated system
combining a five-technology package and a cost-effective solar-powered RO desalination unit. It
aimed to assess varietal differences in yield and water use efficiency (WUE) under solar-powered
closed hydroponic conditions. It was hypothesized that tomato varieties differ in adaptability, yield,
and WUE under heat, salinity, and recirculating nutrient conditions, and that the low-cost solar-
powered RO unit would provide sufficient water quality and quantity throughout the production
period. Findings will guide the development of sustainable, resource-efficient horticultural systems
for arid regions.

2. Materials and Methods

The experiment was conducted at the Ministry of Climate Change and Environment research
station in Al Dhaid, United Arab Emirates (25°17'N, 55°52'E), a hyper-arid region characterized by
high solar radiation, limited rainfall (<100 mm annually), and summer temperatures exceeding 45 °C.
The trial was implemented during the mild winter season (October-May), which represents the
typical production window for vegetable crops under net-house systems in the region.

e  The study was carried out in a solar-powered closed hydroponic system established inside an
insect-proof net house. The production system integrated several innovative technologies:

e Net house: A steel-frame structure covered with insect-proof netting to reduce pest infestation
and facilitate natural ventilation.

e  Hydroponic system: Closed soilless cultivation using perlite substrate in polystyrene pots.
Nutrient solution was delivered through drip irrigation with ultra-low-pressure emitters, and
drainage water was fully recirculated.

e  Root zone cooling: A hybrid AC/DC cooling unit was connected to the nutrient solution tanks
to maintain the root zone temperature between 22-24 °C during hot hours of the day. Cooling
was powered primarily by solar energy, with automatic switching to grid power when solar
availability was insufficient.

A medium-capacity reverse osmosis (RO) system with a nominal production capacity of 400
gallons per day (GPD) - equivalent to 1514 Litter per day -was developed in collaboration with a local
factory. The unit was equipped with two parallel thin-film composite membranes (200 GPD each)
designed for high total dissolved solids (TDS) feed water. Pre-treatment included:

e A 25x45-inch yarn sediment cartridge fitted in a 20-inch housing with 1-inch brass connection

e A 10-inch polyphosphate filter to inhibit scaling and extend membrane life.

e A multistage filtration includes 10 inch Yarn sediment, powder carbon and block carbon
This multi-stage configuration ensured the removal of particulate matter, reduction of hardness-

related scaling, and effective rejection of dissolved salts and contaminants by the RO membranes.

The treated water was subsequently used in all fertigation and experimental irrigation treatments.

The well water pumped to a tank which fed the RO unit with a 0.5hp pump. The pump and RO unit

stop/start controlled by a floating swich inside the irrigation tank.

A Dattery-less hybrid PV-grid system was deployed using a 1.4 kW hybrid inverter with
integrated MPPT and solar-priority control. The PV array (1.5 kWp) was sized to offset the continuous
~650 W process load of the RO unit, which included two 24 V DC pumps and a 0.5 Hp AC pump.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The inverter blended PV with grid input in real time, with PV prioritized and the grid automatically
supplying any shortfall.

A similar hybrid configuration was also employed to operate a 1.5-ton air-conditioning unit for
root zone cooling (RZC) in controlled-environment agriculture, demonstrating the scalability of this
design from moderate loads such as RO systems to more energy-intensive applications. Standard
DC/AC over-current protection, surge protection, isolation, and earthing were implemented to
ensure safe and reliable operation.

The irrigation system powered by a 100% off-grid solar system. The system consisted of a 450W
pump runs with a two 55Amh batteries and solar array with 450W panels.

Six commercial tomato (Solanum lycopersicum L.) varieties commonly used in the Arabian
Peninsula were tested. Seeds were germinated in rockwool cubes and transplanted into perlite bags
at a density of 2.5 plants/m?2. Standard training (single stem) and pruning practices were followed
throughout the cropping period.

The experiment was laid out in a randomized complete block design (RCBD) with four
replications. Each block contained all six tomato varieties (V1-V6), arranged in a randomized but
spatially balanced sequence to minimize positional bias within the net house. Each replication
consisted of a plot of 50 plants per variety, arranged in double rows with 1.6 m spacing between rows
and 0.25 m between plants within rows.

Table 1. Study layout inside the net house-RCBD with 4 replications.

B1 Ve V5 V4 V3 V2 Vi1
B2 Vi V6 V5 V4 V3 V2
B3 V2 Vi V6 V5 V4 V3
B4 V3 V2 Vi1 Ve V5 V4

V1= Roenza F1 V2= Torcida F1 V3= Lamina F1 V4= SV 4129 TH F1 V5= Saley F1 V6= Eviva F1.

Nutrient solution was prepared from stock solutions containing calcium nitrate (Ca(NOs),),
magnesium sulfate (MgSO,7H,0), and NPK (12-12-36 + TE). Trace elements were supplied using a
commercial micronutrient mix. The electrical conductivity (EC) of the irrigation solution was
maintained according to crop growth stage:

e  Seedling stage: 1.5 dS/m

e  Vegetative stage: 2.0 dS/m
e  Flowering stage: 2.3 dS/m

e  Fruiting stage: 2.5-3.5 dS/m

The pH of the solution was adjusted to 5.8-6.0 using nitric acid. Irrigation scheduling was based
on crop evapotranspiration, with automatic control through a fertigation unit. Drainage water was
recirculated after monitoring and adjustment of EC and pH. Data Collection includes the following:
e  Yield: Fruits were harvested, weighed, and expressed as kg/plot, kg/plant and kg/m? of

harvested area. Marketable yield (free of cracks, blossom end rot, or pest damage) and total yield

were recorded separately.

e  Water use: Total irrigation volume in net-house was recorded using flow meters. To calculate
water use efficacy, this figure divided by number of plots.

e  Water use efficiency (WUE): Calculated as the ratio of total marketable yield (kg) to total

irrigation water applied (m?).

3. Results

The solar-powered RO unit was tested twice, one month apart, to assess desalination efficiency
and stability under continuous arid-field operation. Results confirmed consistent performance,
producing irrigation-grade water for hydroponics. The RO system reduced dissolved salts and ions
by 75-82%, maintaining high water quality (Table 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Water Quality Parameters Before and After RO Treatment (Two Measurement Periods).
Suitable RO RO %
Well Water
Parameter Water Unit — Unit - Reduction
(ppm)
source (Ref) 1st 2nd (Avg)
Bi-carbonate 75 [20] 30.50 6.10 6.40 79
Calcium 65 [21] 24.00 4.00 4.20 82
Chlorine 50 [20] 205.61 41.12 43.25 79
Electrical Conductivity
0.5 [22] 1.02 0.21 0.22 78
(mmbhos/cm)
Magnesium 22.5[23] 31.08 7.08 7.30 77
Potassium 10 [24] 16.00 7.00 7.30 55
Sodium 30 [24] 138.00 26.0 27.50 80
Sulphate 80 [20] 179.53 38.79 40.12 78
Total Dissolved Solids (TDS) 300 [25] 632.40 130.20 136.8 78

TDS decreased from 632.4 — 130.2 ppm initially and to 136.8 ppm a month later, showing <2%
variation. Minor changes in sodium, chloride, and EC reflected feedwater or temperature
fluctuations, not membrane decline. Highest removals were for Ca?* (82%), Na* (80%), ClI~ (79%), and
SO4* (78%), with lower efficiency for K* (55%), typical of monovalent ions.

The RO unit operated at approximately 50% recovery, producing permeate equal to about half
of the inlet flow and generating a brine stream of comparable volume. In this trial, the concentrate
(brine) was collected in an open-top reservoir for evaporation, thereby avoiding discharge to soils or
drains.

The low-cost solar-powered RO system operated stably and efficiently, delivering consistent,
high-quality irrigation water throughout the tomato production season while reducing dependence
on freshwater sources.

3.1. RO water and low PH of irrigation water

Toward the end of the growing season, a noticeable decline in the pH of the irrigation solution
was observed, reaching values close to 4.0 after one week of system flushing. This condition was
traced to the characteristics of the RO-treated water rather than to system malfunction. The reverse
osmosis process removed most of the bicarbonate (HCOs") ions—approximately 80% reduction
according to the analysis—thereby eliminating the natural buffering capacity of the water. With little
to no alkalinity remaining, even minor inputs of dissolved carbon dioxide, root respiration, or organic
acid formation within the closed hydroponic loop led to rapid acidification [26]. In recirculating
systems, the gradual loss of bicarbonate buffering capacity results in increased chemical instability
and vulnerability to acidification [27]. As plant and microbial respiration peak under high ambient
heat, the release of CO, and organic acids further drives pH reduction, particularly when the solution
has near-zero alkalinity typical of RO-treated water [28]. In addition, nitrification processes within
the rhizosphere and microbial biofilms contribute to proton accumulation, compounding
acidification under low-buffer conditions [29]. These concurrent chemical and biological factors
collectively explain the sharp end-of-season pH decline. To stabilize pH, two practical measures are
recommended: (1) blending approximately 10-20% of untreated well water with RO permeate to
restore moderate alkalinity, and (2) adding a controlled dose of potassium bicarbonate (KHCO;) to
the irrigation tank to raise alkalinity to about 40-60 mg/L as CaCO; [30]. After the low pH was
observed in April, the nutrient tank was refilled with municipal freshwater, while the solar-powered
RO unit continued supplying water to replace daily system losses. This is in addition of flushing and
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cleaning the system each two weeks. This combination helped re-establish alkalinity and stabilize
water quality under high ambient temperatures toward the end of the production cycle.

3.2. Tomato Yield

The experiment planed on 12 November 2024, the first harvest was on 2nd March 2015, and the
12th and last harvest was on 28 April 2025. Analysis of variance for yield per harvest area (Table 3)
showed that variety, harvest, and their interaction (Variety x Harvest) had highly significant effects
(p <0.001) on tomato yield.

Replication effects were not significant, confirming consistent growing conditions across the net
house. The overall coefficient of variation (23%) indicated acceptable experimental precision for
multi-harvest hydroponic yield measurements. The significant interaction term demonstrates that
varietal performance varied across harvests, reflecting genotypic differences in yield persistence and
response to changing environmental conditions over the production period.

Table 3. Analysis of variance for tomato yield (kg/m? harvest area).

Source of variation df SS MS  F-value Pr>F Sig.
Replication 3 0.382 0.127 7.86 n.s. —
Variety (V) 5 2177 0.435 26.87  <0.001 i
Harvest (H) 11 38.401 3491 21540 <0.001 o
V x H interaction 55 4111 0.075 4.61 <0.001 o
Residual 213 3.452 0.016 — — —
Total 287 48.523 — — — —

Mean yields across all harvests are presented in Table 4. Significant differences were observed
among the six tomato varieties grown under the solar-powered closed hydroponic system. Torcida,
Roenza, Eviva, and SV4129TH formed the top-yielding group, producing between 0.619-
0.591kg/m?/harvest. Lamina yielded moderately 0.524 kg/m2/harvest, while Saley was the lowest
performer 0.365 kg/m2/harvest. The low standard error (+ 0.018 kg m=2) and LSD (0.051 kg m™)
confirm the consistency of varietal differences across replications. Overall, Torcida exhibited the
highest mean yield and stable fruiting, indicating strong adaptability to the recirculating hydroponic
environment.

Table 4. Mean yield performance of six tomato varieties grown in a closed hydroponic system under a net

house.
Yield Yield Yield Group
Variety +SE  LSD (5%)
(kg/plant) (Kg/m/harvest) (p < 0.05)*

Torcida 2.32 0.619 0.018 0.051 a
Roenza 2.23 0.597 0.018 0.051 a
Eviva 222 0.593 0.018 0.051 a

SV 4129 TH 221 0.591 0.018 0.051 a
Lamina 1.96 0.524 0.018 0.051 b
Saley 1.36 0.365 0.018 0.051 c
Grand Mean 2.06 0.548 — — —

*Compact letter display derived from Tukey HSD homogeneous subsets.

Figure lillustrates the cumulative yield of six tomato varieties across twelve harvests under.
Cumulative yield increased rapidly up to the fifth harvest and then gradually levelled off toward the
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end of the cycle. Torcida, SV 4129 TH, Roenza, and Eviva achieved the highest final yields (above 7
kg/m?), while Lamina and Saley showed lower and earlier yield plateaus.

8

7

6

5 ==@==Torcida
==@==Roenza

4 )

Eviva

3 SV 4129 TH
e=@==_amina

2 === Saley

1

0

Harvest

Figure 1. Cumulative yield of six tomato varieties across twelve harvests.

3.3. Percentage of Marketable Fruits

The percentage of marketable fruits differed significantly among tomato varieties (F5,49.49) =
24.28, p <0.001). Torcida recorded the highest mean marketability (66.3 + 1.76%), followed by Eviva,
SV 4129 TH, Roenza, and Lamina, which formed an intermediate statistical group. Saley had the
lowest marketable proportion (41.2 = 1.76%) and was significantly inferior to all other varieties (p <
0.001, Sidak adjustment) (Table 5). These results indicate that Torcida maintained superior fruit
quality under the solar-powered closed hydroponic system, whereas Saley suffered from the greatest
losses of unmarketable fruits.

Table 5. Mean for percentage of marketable fruits across all harvests.

Mean

Variety n SD CLD (Sidak)*
% MArketable Fruit

Torcida 96 66.27 23.50 A

Eviva 96 59.99 25.40 AB

SV 4129 TH 96 59.56 25.10 AB

Roenza 96 59.10 25.00 AB

Lamina 96 57.19 25.70 B

Saley 96 41.15 24.80 C

* Significantly different at o = 0.05.

Harvest timing also had a pronounced effect on marketable percentage (F(11,101.49) = 128.02, p
<0.001). The proportion of marketable fruits declined markedly as the season progressed:
e  Early harvests (H1-H3): consistently high marketability (> 85-90%), reflecting optimal fruit

quality.
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e  Mid-season harvests (H4-H7): moderate decline to about 60-70%, coinciding with reduced plant
vigor and increasing fruit defects.
e Late harvests (H8-H12): sharp reduction to 15-30% due to fruit cracking, blossom-end rot, pest
damage, and physiological aging.
This consistent downward trend demonstrates that, despite controlled environmental
conditions and root-zone cooling, fruit quality and marketability were strongly affected by plant age
and cumulative stress over time.

3.4. Tomato Water and Fertilizer use efficiency:

The total water consumed during production period was 63m3. Mean WUE varied significantly
among tomato varieties (F(5,15)=25.59, p<0.001). The highest efficiency was recorded in Torcida (27.1
kg/m?3), followed closely by Roenza, Eviva, and SV 4129 TH (25.9-26.2 kg/m?). Lamina showed
moderate performance (23.0 kg/m?), while Saley had the lowest WUE (16.0 kg/m?) (Table 6). Tukey’s
HSD test grouped the varieties into three overlapping subsets: Torcida formed the top tier, Lamina
the intermediate, and Saley the lowest, whereas Roenza, Eviva, and SV 4129 TH did not differ
significantly from either of the upper two groups.

Table 6. Water use efficiency (kg/m3) by variety.

Variety Mean WUE (kg/m?3) +SE LSC (5%) Group
(p <0.05)*
Torcida 27.140 0.825 2.490 a
Roenza 26.165 0.825 2.490 ab
Eviva 26.005 0.825 2.490 ab
SV 4129 25.903 0.825 2.490 ab
Lamina 22.973 0.825 2.490 b
Saley 16.005 0.825 2.490 c

*Compact letter display derived from Tukey HSD homogeneous subsets.

Throughout the tomato production season, the entire net house consumed a total of 26.25 kg of
calcium nitrate, 27.4 kg of NPK (12-12-36), and 13 kg of magnesium sulphate. These fertilizers were
prepared in concentrated stock solutions and injected automatically through the fertigation system,
ensuring uniform nutrient distribution. The total quantities were evenly divided among all plots -
67.31 kg/plot/season or 2.8kg/plot/season- providing consistent nutrient supply across treatments
and maintaining balanced fertigation throughout the cropping period.

Table 7 shows significant varietal differences in fertilizer use efficiency. Torcida achieved the
highest FUE, followed by Roenza, Eviva, and SV 4129, while Lamina and Saley recorded lower

efficiencies.
Table 7. Mean Fertilizer Use Efficiency (FUE) and Tukey HSD Grouping.
VARIETY MEAN FUE +SE LSC (5%) GROUP
(kg yield/kg fertilizer) (P <0.05)*

Torcida 26.490 0.806 1.139 a
Roenza 25.540 0.806 1.139 ab
Eviva 25.383 0.806 1.139 ab
SV 4129 25.283 0.806 1.139 ab
Lamina 22.425 0.806 1.139 b
Saley 15.623 0.806 1.139 c

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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*Compact letter display derived from Tukey HSD homogeneous subsets.

3.5. Estimated cost of irrigation water using RO

Including the annual share of the farm well and pump energy (500 AED = 136 US$), the total
yearly cost of the solar-powered RO system reached 595 US$ after accounting for all capital and
maintenance expenses including cost of brakish water at 1.1 AED/m3 [31](Table 7). With a production
capacity of 1,550 L/day (= 565.75 m?/year), the updated cost of desalinated water was 1.05 US$/m?.

Table 8. Estimated Cost of RO-Treated Water Production.

ITEM TOTAL COST LIFESPAN ANNUALIZED COST

(US$) (YEARS) (US$/YEAR)

RO Unit 490 10 49

0.5 HP Pump 120 5 24

Solar Power System 730 5 146

RO Maintenance 70 1 70

Well & Pump Energy Share - - 136

Cost of Brackish Water - - 170

Total Annual Cost 595

RO Capacity 1,550 L/day=565.75 m? /year

Cost of RO Water 1.05 US$/m?

All costs are expressed in U.S. dollars. Annualized costs were computed by dividing the total cost by equipment

lifespan, assuming continuous daily operation throughout the year.

Based on the October 2025 tariff for commercial and industrial consumers in the UAE, the total
water cost—including fuel surcharge (1.1 D/m?) and 5% VAT —ranged from 9.3 to 11.8 D/m3 (= 2.52—
3.20 US$/m?), depending on consumption level [32]. In comparison, the solar-powered RO system
produced irrigation-grade water at only 1.05 US$/m?, demonstrating a 58% - 68% reduce in cost per
m3 which providing more cost-effective and sustainable solution for controlled-environment
agriculture.

4. Discussion

Both study hypotheses were supported. Tomato varieties exhibited statistically significant
differences in adaptability, yield, and water-use efficiency (WUE) under the integrated solar-powered
closed hydroponic system. The effects of Variety and Variety x Harvest were highly significant (p <
0.001), confirming a strong genotypic influence on performance. Among the cultivars, Torcida
consistently achieved the highest mean per-harvest yield (0.619 kg/m?/ harvest) and WUE (27.1
kg/m?3), followed by Roenza, Eviva, and SV4129 TH, which formed a statistically similar second tier;
Lamina was intermediate, and Saley recorded the lowest performance. These findings are consistent
with previous studies demonstrating that cultivar genetics and adaptability to hydroponic
environments influence yield and water efficiency [33-36]. Such genotype-specific responses
highlight the importance of selecting cultivars suited to closed systems in arid environments where
water conservation is essential.

The solar-powered reverse osmosis (RO) unit operated reliably throughout the production
period, maintaining ~75-82% ion reduction and stable permeate TDS (=130-137 mg/L) across two
verification points one month apart, indicating consistent desalination performance under field
conditions. Stable water quality was critical for maintaining nutrient balance and plant growth within
the closed system. These findings align with reports that RO-based water management systems
improve irrigation quality and reduce operational costs [35,37]. In this study, the solar-assisted RO
produced irrigation water at approximately 1.05 US$/m?3, which is substantially lower than the
prevailing utility tariffs (2.52-3.20 US$/m?), demonstrating the economic feasibility of decentralized
desalination for controlled-environment agriculture.
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Compared with regional open-field benchmarks (4-5 kg/m? yield; 3-6 kg/m® WUE), the
integrated system achieved clear performance gains: leading cultivars exceeded 7 kg/m? cumulative
yield, and WUE reached ~26-27 kg/m?®. Similar improvements have been reported in closed
hydroponic systems, where controlled environments enhance resource-use efficiency and yield
stability [38-40]. Compared to the typical cooled hydroponic greenhouse in the region with 3.5
kg/plant yield and 8 kg/m?3 water productivity, the integrated solar-powered closed hydroponic-RO
system achieved comparable yield performance while using water up to three times more efficiently
and significantly reducing dependence on grid electricity and conventional cooling systems.

The combination of insect-proof netting (reduced pest pressure and improved ventilation),
closed hydroponics (minimal drainage losses), ultra-low-energy drip irrigation (precise nutrient
delivery), and root-zone cooling (temperature regulation during high-heat hours) collectively
contributed to yield stability and improved WUE across twelve harvests [10].

The observed variation in marketable fruit percentage among tomato genotypes and harvest
times is consistent with literature linking cultivar traits and physiological disorders to fruit quality.
The superior performance of Torcida (66.3 %) versus the poor showing of Saley (41.2 %) underscores
inherent genetic differences in tolerance to stress, nutrient transport, and tissue integrity. Likewise,
the steep decline in marketability from early (85-90 %) to late harvests (15-30 %) reflects cumulative
physiological deterioration, which is well documented: fruit cracking, blossom-end rot (BER), and
other defects increase with plant age, imbalanced calcium distribution, and environmental stress (e.g.
heat, moisture fluctuation) [41,42]. With plant aging, nutrient uptake efficiency —especially of
calcium, magnesium, and boron—declines, reducing fruit structural integrity and increasing
cracking and blossom-end rot [43]. This age-related nutrient limitation, combined with cumulative
stress, leads to lower fruit quality and marketability.

Similar patterns have been reported in cooled greenhouses of arid regions, where fruit quality
declines with plant age despite temperature control. Studies indicate that increased vapor pressure
due to greenhouse warming, along with cumulative physiological stress, exacerbates fruit cracking
and blossom-end rot under cooling systems[44,45] .

Torcida |

Roenza |-

Eviva L *

SV 4129 TH

Lamina [ L 2

Saley |

5 10 15 20 25
WUE (kg/m?)

Open-field range (3-6 kg/m?3)

Figure 2. Water-use efficiency (WUE) of six tomato varieties under solar-powered hydroponics versus open-

field range (3-6 kg/m?). All varieties showed major gains; Torcida reached the highest (~27 kg/m?).

A notable operational observation was late-season acidification (solution pH = 4.0 after flushing),
resulting from near-zero alkalinity in RO permeate due to ~80% HCOs~ removal. The absence of
buffering capacity made the system sensitive to CO, dissolution, organic acid accumulation, and
nitrification-related proton release. This issue is controllable through blending approximately 10%
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untreated well water with permeate or adding potassium bicarbonate to maintain alkalinity at 40-60
mg/L CaCQO;, thereby stabilizing pH within the optimal 5.8-6.2 range. Previous studies emphasize
that alkalinity management improves nutrient availability and prevents nutrient imbalances
[36,46,47]. Regular monitoring of EC, pH, and alkalinity should therefore be incorporated into routine
operation protocols.

The RO unit operated at approximately 50% recovery, producing permeate equal to half of the
inlet flow and generating a brine stream of comparable volume. The brine was collected in an open-
top evaporation reservoir, preventing discharge to soil or drainage systems. Future evaluations
should document annual brine production, evaporation rates, and salt residue handling to ensure
environmental compliance and to strengthen the sustainability assessment of the system.

Based on performance, Torcida is recommended as the most suitable cultivar under the tested
conditions, with Roenza, Eviva, and SV4129 TH as potential alternatives depending on seed
availability and cost. The correlation among WUE, yield, and fertilizer-use efficiency (FUE) suggests
that once fertigation uniformity is ensured, physiological traits such as canopy architecture and fruit-
load distribution primarily determine efficiency. Additional improvements are expected from
growth-stage-specific EC adjustments and targeted K*/micronutrient management during peak
fruiting, given the low RO rejection of K* and its critical role in fruit quality.

In summary, this study demonstrates that solar-powered closed hydroponic systems can
significantly enhance tomato yield and water productivity while lowering water supply costs
through low-energy desalination. Cultivar-specific optimization—particularly the use of Torcida—
and precise nutrient and pH control can make such systems a technically and economically viable
model for sustainable tomato production in arid regions [38,48,49].

5. Conclusions

The integrated solar-powered RO-hydroponic net house proved efficient, reliable, and high-
performing for tomato production in arid conditions. Torcida recorded the highest yield (0.619 kg
/m?/harvest), water-use efficiency (27.1 kg/m®), and marketable fruit percentage (66.3%),
demonstrating strong adaptability and superior fruit quality under closed hydroponic conditions.
The RO unit operated stably with 75-82% salt removal, producing irrigation water at only 1.05
US$/m3—about 60% cheaper than utility rates. Compared with open-field benchmarks, yield and
WUE improved nearly tenfold. Minor late-season pH decline from low alkalinity in RO water was
easily corrected by blending ~20% fresh municipality water. Overall, the integrated system provides
a practical, low-cost, and scalable model for sustainable, high-quality vegetable production in hyper-
arid regions.
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