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Abstract

This experiment evaluated the productivity and economic viability of wheat under an
integrated net house with a closed hydroponic irrigation system versus an open field.
The objective was to assess this water-saving innovation under the Arabian Peninsula’s
resource-constrained environments. The integrated system achieved markedly superior
results, producing a grain yield of 13.0 t/ha—a 117% increase over the open-field yield
of 6.0 t/ha. Biomass yield reached 40.0 t/ha versus 16.0 t/ha in open fields, a 150%
improvement. These gains were attributed to controlled growing conditions and balanced
nutrient delivery, which optimized plant performance and reduced environmental stress.
The system also demonstrated significant savings in resources, offering enhanced resource-
use efficiency per unit of production. The estimated total values of productivity and
resource savings were substantial when adjusted to the land area conserved. For ROI,
BCR, and IRR, hydroponic wheat production scored 3.13, 4.13, and 312.8% in season (1) vs.
1.97, 2.97, and 197.1% for open-field production. In season (2), hydroponics scored 1.62,
2.63, and 163.0% vs. 0.043, 1.04, and 4.32% for open fields. Higher yields in 2022/2023
resulted from 30 vs. 10 min/day of irrigation due to higher relative humidity reflecting
higher rainfall in the first season.

Keywords: benefit–cost ratio (BCR); biomass; closed hydroponics; economic analysis;
grain yield; harvest index; internal rate of return (IRR); land use; net house solar energy;
return on investment (ROI); nutrient-use efficiency (NUE); nutrient solution; water-use
efficiency (WUE)

1. Introduction
Given the dominance of desert agriculture in the United Arab Emirates (UAE), open-

field crop production is severely constrained by extreme heat, limited freshwater resources,
low annual precipitation, and limited arable land (<5%) with negligible organic matter
content (<0.02%) [1]. In addition, groundwater representing 70% of total water resources is
declining at alarming rates due to excessive use and limited recharge [2]. These stresses
limit the types of crops that can be grown in open fields and compromise yields in terms of
quantity and quality, making investment in agriculture risky.

Sustainability 2026, 18, 2285 https://doi.org/10.3390/su18052285

https://crossmark.crossref.org/dialog?doi=10.3390/su18052285&domain=pdf&date_stamp=2026-02-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0003-8511-5228
https://orcid.org/0000-0003-0873-4394
https://orcid.org/0000-0002-7668-3798
https://orcid.org/0000-0002-6602-1408
https://doi.org/10.3390/su18052285


Sustainability 2026, 18, 2285 2 of 20

In total, 90% of food requirements for the UAE are imported. Agriculture contributes
less than 0.1% to the GDP, and population growth is projected to reach 11 million by 2050 [3].
In 2023, United Arab Emirates’s total value of food and beverage imports rose to nearly
AED 86 billion of the food it consumes [4]. According to UAE government figures, the
UAE imported 1.7 million metric tons of wheat in 2022 [5], with Sharjah accounting for
330,000 tons of the total. Consequently, the adoption of hydroponic wheat production
would help reduce food importation and achieve the goal and objectives of the 2018 national
food security strategy [6].

Huge efforts over the past decades have been made to tackle prevalent environmental
constraints and build a sustainable agriculture and animal wealth industry that is better able
to contribute to food security and the national economy [3]. In this context, a hydroponic
system combined with a solar powered net house is considered a possible alternative to
conventional open-field production [7], especially in water-scarce areas. Hydroponics
is gaining popularity because of its water- and nutrient-use efficiency and flexibility. It
facilitates plant growth in artificial media with nutrient-rich water recirculation using solar
energy. This method requires less nutrients, water, energy, and pesticides and produces
high yields of crops in limited space with minimum resources [8].

Hydroponics is emerging as a promising approach to food production in hyper-arid
ecosystems. It helps to eliminate the most important safe and healthy food production
constraints resulting from pesticide residuals in contaminated soil or water resources.
A standard hydroponic system consists of growing boxes, a reservoir equipped with a
controlled solar submersible pump, a fertigation solution delivery system with a timer, and
an air stone to oxygenate the nutrient solution [9].

Energy consumption plays a vital role in evaluating the sustainability of agricultural
production systems. Research has shown that hydroponic cultivation typically requires
more energy than conventional farming methods, with hydroponic systems using an
average of 75% more energy per unit area [10]. Although transitioning to solar power
can eliminate dependence on the electrical grid and reduce operational energy costs to
zero, the significant upfront investment in solar equipment must be taken into account [11].
Despite these energy considerations, the economic feasibility of hydroponic systems is
well documented. Studies indicate that although hydroponic systems demand higher
initial capital compared to open-field farming, they often deliver greater yields and more
efficient use of inputs, which can lead to higher long-term returns on investment [12].
Consequently, the adoption and expansion of hydroponic production largely depend on its
economic performance [13] which should be thoroughly evaluated through a comparative
benefit–cost analysis that incorporates relevant economic parameters. A comprehensive
review highlights that while hydroponic systems reduce land-use and water requirements,
they suffer from high investment costs, increased energy consumption, and need for
technical expertise, making them economically challenging for broadacre staple crops.
Similarly, hydroponic systems involve substantially higher initial setup and operational
costs compared to soil-based agriculture, creating barriers to adoption despite long-term
efficiency gains. These findings explain why hydroponics is commonly adopted for high-
value vegetables rather than low-value grain crops.

The promotion of hydroponics—well-equipped net house wheat production technology—
in the UAE directly addresses open-field constraints typical of hyper-arid ecosystems, namely
limited fertile and small land holdings, severe water scarcity, high operational costs associated
with labor, and the inherent energy demands of intensive crop production.

The overall goal of this study is to assess the challenges and opportunities of hy-
droponic wheat production as an alternative to open-field systems under the hyper-arid
ecosystems of the UAE and beyond. This study will provide valuable information for
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farmers, researchers, and policy makers seeking to improve crop productivity and sus-
tainability under hyper-arid ecosystems. There is little work on this subject in literature.
The specific objectives of this study were to compare five bread wheat varieties under a
solar-energy-powered hydroponics net house and open-field systems. The parameters
measured were the grain and biomass yields, water and nutrient-use efficiency, land saving,
and profitability.

Research Hypotheses

Under desert ecosystems, open-field crop productivity and cost-effectiveness are
severely constrained by multiple abiotic stresses, including low soil fertility, water scarcity
and salinity, windstorms, and extreme heat. To offset these constraints, agricultural inputs
and irrigation requirements are typically intensified, significantly compromising cost-
effectiveness and resource-use efficiency.

This study is designed to test and demonstrate that bread wheat productivity and cost-
effectiveness under a solar-powered net house system combined with a closed hydroponic
production system can effectively mitigate these abiotic stresses while improving cost-
effectiveness and sustainability within desert ecosystems.

2. Materials and Methods
2.1. Study Site

Experiments were conducted during winter season of 2022/2023 and 2024/2025 at Al
Dhaid Agricultural Innovation Center (AIC), Ministry of Climate Change and Environment
(MOCCAE), UAE (25◦16′ N, 55◦55′ E, elevation 135 m above sea level). The climate is
arid with a wide variation in the total annual rainfall (less than 100 mm annually), falling
mostly in winter–early spring (January–March). Soils are coarse, dominated by sand which
exceeds 90% in the subsoil at a depth of 30–60 cm, while the topsoil is close to sandy loam
with silt around 13%. Soil water contents at field capacity (wt:wt)1 basis are 10.6% for
topsoil (0–30 cm) and 7.2% for subsoil (30–60 cm) (14). The soil is alkaline (pH: 8.4–9.4)
with high permeability. Soil salinity (ECe) ranges between 1.9 and 2.5 dS/m. Soil nutrients
vary between 09 and 6.4 mg kg−1 for N, <1–8 mg kg−1 for P, and 15–60 mg kg−1 for K [14].

2.2. Experimental Design and Treatments

To assess the performance of five bread wheat varieties viz., Bread 388, Bread 514, Atlas,
Bread 407, and Terbol varieties, supplied by ICARDA bread wheat breeding program, in
terms of grain yield, biomass production, and harvest index, in addition to water, nutrient
efficiency, and space utilization, two experiments were conducted using two different
systems via hydroponics and conventional systems in 2022/2023 and 2024/2025. The
experiments were laid out in a completely randomized design (CRD) replicated four times
in both seasons (Figure 1). The date of seed sowing was on 18th of December 2022 and on
16th of November 2024. The harvesting was done after 135 days.

For field experiments, the bread wheat varieties were planted in rows in 2022/2023,
while in 2024/2025 seeds were broadcasted. To ensure closed hydroponic experiments,
a canal filled with a mixture of perlite and coco peat (v:v) was used. The seed rate was
established based on 200 plants per m2, which is less than the optimum plant density of
300 plants per m2 in the open field, and the seed density was kept identical.

The seed rate comes from converting the desired plant population into the weight of
plants needed, using thousand seed weight (TSW) and adjusting for germination percentage.
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Figure 1. The experimental layout for hydroponic and open-field trails in both seasons.

2.3. Closed Hydroponic Trails

A closed hydroponic system combined with a net house equipped with solar energy
was arranged and connected. The plot (canals) (Figure 1) size in the first season was
0.2 m W × 1.0 m L, while in season 2 the plot size was 0.2 m W × 2.5 m L, and the
whole plot area was harvested and the yield converted into t/ha. Nutrient-rich water
was delivered to the plants at an hourly interval for five minutes per hour starting from
8:00 am to 17:00 pm (irrigation occurs 10 times a day × 5 min = 50 min/day). The mixing
ratio of solutions A and B was 1:1 to standardize the nutrient delivery per plant. The
nutrient solution concentration used in the closed hydroponic system was modified by
ICARDA (Table 1). However, the solution was replaced within every fifteen to twenty-one
days. After ~2–3 weeks, the nutrient balance no longer matched the intended formulation,
even if EC (electrical conductivity) still seemed acceptable. This imbalance affects plant
growth and physiological processes. Over time, the nutrient reservoirs slowly accumulate
organic exudates from the roots.

Table 1. Nutriental solution concentration (ICARDA’s formulation).

Solution (A) Unit Solution (B) Unit

NPK 12-12-36 12.5 kg Calcium nitrate 12 kg
Magnesium sulphate 6.0 kg Iron chelates 50 g
Water 40 L Water 40 L

Daily monitoring and adjustments were made to maintain optimal pH levels (5.5–6.5)
and electrical conductivity (EC) (1.0–3.0 dS/m) in the nutrient solution during the growth
period as well as daily solution temperature, which was between 16.5 ◦C and 25.7 ◦C. In
addition, for saving energy, solar energy was used where one panel was connected to a
solar charge controller and hence to a submersible pump (Figure 2). Figures 3 and 4 show
bread wheat at vegetative and maturity stages under closed hydroponic and open-field
systems as well as the harvesting process.

2.4. Open-Field Trials

The selection of experimental locations was not consistent throughout the two years.
The open-field trial conducted in the 2022/2023 season was established in an area that had
previously hosted a rice experiment two years earlier. This field was subsequently deep
ploughed to remove residual plant debris, a process that can redistribute soil layers and
separate particles by size, thereby influencing the measured soil texture.

In contrast, the 2024/2025 field trial was carried out on the same research farm but not
in the exact same micro-plots. Instead, planting took place in different sections of the field
which may inherently vary in soil particle composition.
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Figure 2. Hydroponic system combined with net house equipped with solar energy.
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Figure 3. Bread wheat at vegetative and maturity stages under closed hydroponic and open-field sys-
tems.

 

Figure 4. Crop harvesting.

Open-field trails were conducted on the same sowing dates as the hydroponic experi-
ments. In 2022/2023, each plot covered an area of 0.8 m W × 1.0 m L comprised of four
rows, while in 2024/2025 each plot was 1.0 m W × 2.6 m L and consisted of five rows
and with plant density of 200 plants per m2. In the first season, the harvested area was
0.4 m2, whereas the harvested area in the second season was 1.95 m2, and then the yield
was converted to t/ha. Irrigation water was applied daily for 30 min/day in the first season
because the land had not been cultivated for a long time and the moisture status was very
low, while in the second season the irrigation schedule was set every 10 min/day due to
the high moisture status from summer planting.

Organic soil amendments were incorporated at a rate of 20 t/ha before planting across all
plots in both seasons. During the first growing season (2022/2023), NPK 20-20-20 (%) fertilizer
was applied in two split doses: the first at 30 days after seedling emergence and the second
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at the flowering stage. In the second season (2024/2025), each plot received two fertilizer
applications at the same growth stages—30 days after emergence and at flowering—using
a closed hydroponic nutrient solution with the following composition: NPK 12-12-36 (%),
MgSO4, Ca(NO3)2, and a micronutrient mix. The materials were prepared following the same
A/B hydroponic solution ratios, consisting of 12.5 kg NPK 12-12-36, 6 kg MgSO4, and 12.0 kg
Ca(NO3)2, corresponding to a nutrient ratio of 2:1:2. This mixture was applied in two split
doses as follows:

1. First dose: 0.1 kg per plot, applied 30 days after emergence as a basal application.
2. Second dose: 0.05 kg per plot, applied at the flowering stage.

The crop was manually harvested from the two central rows of each plot in 2022/2023
and the three central rows in the second growing season. Prior to threshing, biomass
production (grain + straw) was measured in kg/plot, and then the values were converted
to t/ha. Threshing was carried out using a Kimseed thresher, and then the grains were
separated by a Westrup air screen cleaner and weighed. The yield was expressed in t/ha.

2.5. Agronomical Parameters

The following agronomic parameters were determined: grain yield (t/ha), biomass
production (t/ha), and harvest index (%).

2.6. Water-Use Efficiency (WUE)

Water-use efficiency was measured in accordance with the following equation
(Equation (1)) [15]:

WUE =
Yield (kg)

Water used (m3)
(1)

This equation explains that water-use efficiency (WUE) is built by combining plant
productivity and water consumption into a single ratio. The idea is simple: How much
plant material (biomass or yield) (kg) is produced per unit of water used (m3)?

2.7. Nutrient-Use Efficiently

It is a measure of the increase in crop yield per unit area divided by the units of
fertilizer applied using the following equation (Equation (2)) [15]:

NUE =
Yield (kg)

nutrient applied (kg)
(2)

This is agronomically expressed as units of yield increase per unit of nutrients applied,
i.e., this estimates how much grain (or biomass) per kg is produced per kg of nutrient applied.

The average results of both WUE and NUE in the different systems over the two years
are presented in tabular form.

2.8. Resource Savings
2.8.1. Land Saved

Land needed/ha for open-field farming to produce the same yield as hydroponic
farming was determined using the following equation (Equation (3)), which was derived
from simple mathematic information:

Open field land needed (ha) =
Yield of closed hydroponic system (ton)

Yield of open field system (ton)
∗ 1(ha) (3)

Then, the land saved was calculated by subtracting closed hydroponic land (m2) from
the open-field land needed. Further calculation was made to determine the percentage
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reduction (%) in land used as in equation (Equation (4)), which was derived by using basic
mathematic calculations:

Land saved % =
Land saved (ha)

open field land needed (2.1667) (ha)
∗ 100 (4)

2.8.2. Water Savings

Using water-use efficiency (WUE) for closed hydroponic and open-field systems,
the amount of water saved (%) was determined in hydroponically grown wheat vs. the
open-field system as per [10] the following equation (Equation (5)):

Water saved % =

(
WUE of closed hydroponic system

(
kg/m3)− WUE of open field system

(
kg/m3))

WUE of open field system (kg/m3)
∗ 100 (5)

2.8.3. Nutrient Savings

Nutrient-use efficiently (NUE) for closed hydroponic wheat production and the open-
field system was used in determining the percentage of nutrients saved (%) in wheat
production using a closed hydroponic system vs. open-field production as per the following
equation (Equation (6)). This equation was obtained by using the basic rules of mathematics:

Nutrient saved % =
(NUE of closed hydroponic system (kg/kg) − NUE of open field system (kg/kg))

NUE of open field sysetm (kg/kg)
∗ 100 (6)

2.9. Cost–Benefit Analysis
2.9.1. Fixed Costs

Fixed costs include expenses such as land rental and equipment depreciation. For
the hydroponically solar-powered net house, the initial investment costs were calculated
by determining the useful life of the galvanized metal frame and concrete structure to
be 25 years for the net house and 5 and 10 years for the irrigation pump and materials
(pipelines and drippers) for the open-field system, respectively. Depreciation, which is the
allocation of the cost of a fixed asset over its useful life, was estimated using the equation
stated by [16] (Equation (7)), and the residual values were estimated to be 30% of the initial
investment cost for the net house and 18.2% for the irrigation pump.

Depreciation =
(initial investment costs − residual value)

Useful life in years
(7)

2.9.2. Variable Costs

These variable costs include all the operating costs like seeds, fertilizers, water, labor,
and electricity for hydroponics and open-field production. For labor cost, the local market
price was used.

2.9.3. Economic Viability
Economic Indicators

The total operating costs were determined from the fixed and variable costs as well as
the total gross revenue (Equation (8)). In the economic analysis, the market prices for grain
and biomass were used because there is no farm-gate price for wheat and its byproducts in
the UAE, which is not a wheat-producing country.

Furthermore, the total investments, the return on investment and benefit–cost ratio
(BCR), and internal rate of return (IRR) of integrated systems of a well-equipped solar
net house with a hydroponic system and an open-field system were computed for wheat
production at 240 m2.
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Gross Revenue

The gross revenue is defined as the total income generated from the sales of the
investment products. For both systems, the gross revenue was calculated in accordance
with the following equation (Equation (8)) using basic rules of mathematics.

Gross revenue = (total marketable grain yield + total marketable biomass) ∗ average market prices (8)

Further calculation was performed to assess the profit by subtracting the total operation
costs from gross revenue as follow (Equation (9)) [11]:

Pro f it = gross revenue − total operation costs (9)

Return on Investment (ROI)

Return on investment (ROI) is a ratio that measures the profitability of an investment
by comparing the gain or loss to its cost. It is an important measure of an investment’s
performance. It helps by assessing the potential return on investments (ROI), is usually
presented as a percentage, and was calculated using the following formula (Equation (10))
as per [17]:

ROI =
total revenue − total cost

total cost
∗ 100 (10)

Benefit–Cost Ratio (BCR)

Benefit–cost analysis is a financial metric used to evaluate the overall relationship
between the costs and benefits. It measures the worth of the combined systems of hydro-
ponic wheat production with a solar energy net house compared to open-field production.
A benefit–cost ratio (BCR) greater than (1.0) indicates that the benefits exceed the costs,
suggesting that the investment is viable. In this study, the BCR was determined to assess
the viability of the integrated systems for wheat production and an open field using the
following equation (Equation (11)) [11]:

Benefit − Cost Ratio =
the present value of all benefits

the present value of all costs
(11)

Internal rate of return (IRR)

Internal rate of return (IRR) is a metric used in financial analysis to estimate the
profitability of potential investments. IRR is a discount rate that makes the net present
value (NPV) of all cash flows equal to zero in a discounted cash flow analysis. A higher
(IRR) signals a more attractive investment (Equation (12)). This formula was used for one
season and was calculated as stated by Ref. [18].

IRR = (Future Value ÷ Present Value)ˆ(1 ÷ Number of Periods) − 1 (12)

In principle, return on investment (ROI) and internal rate of return (IRR) are two
conceptually different financial metrics, calculated using different formulas and serving
different purposes:

• ROI measures total net benefit relative to investment.
• IRR measures the discount rate at which net present value (NPV) becomes zero across

multiple years of cash flow.

Therefore, IRR should not normally be a simple multiple or transformation of ROI.
IRR breaks down to a simplified form when the benefit stream is one period (Section 3.3).
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Thus, we obtain Equation (13) as described by [17]:

IRR (%) ≈ ROI (ratio)× 100 (13)

2.10. Statistical Analysis

The experiment was conducted as a completely randomized design (CRD) with four
independent replications per variety × system × season combination. Data were analyzed
using a three-way factorial analysis of variance (ANOVA) implemented in GenStat (24th
Edition). Variety, system, and season were treated as fixed and crossed effects, and all two-
way and three-way interactions were included in the model. System and season were not
treated as blocking or random effects because the primary objective was to directly compare
their effects on the measured traits. Model assumptions of normality and homogeneity
of variance were evaluated using residual diagnostics, including residuals versus fitted
values, residual histograms, and normal probability (Q–Q) plots; no major violations were
detected. Residual diagnostic plots are provided in Supplementary Figures S1–S3. The
full ANOVA tables, including degrees of freedom and F-values for all main effects and
interactions, are provided in Supplementary Tables S1–S3.

3. Results
To assess the impact of closed hydroponic systems on wheat growth performance and

resource efficiency, a series of experiments wer conducted alongside traditional open-field
trials. These experiments evaluated land use, water consumption, and nutrient efficiency.
Additionally, this study analyzed the economic viability of wheat production under both
hydroponic and open-field cultivation methods in the UAE. Yield and cost data were
extrapolated to a 240 m2 infrastructure, allowing for a comparative assessment of both
systems over two growing seasons.

The comparative results across two growing seasons revealed statistically significant
differences between the closed hydroponic and open-field systems for all measured pa-
rameters. Notably, grain yield, biomass production, and harvest index showed highly
significant variations, with p-values less than 0.001 at a 5% significance level (Table 2). A
significantly higher average yield of 13 t/ha was achieved under the closed hydroponic sys-
tem, representing a 117% increase in grain production compared to the open-field method.
The findings demonstrated that the closed hydroponic system positively influenced all
agronomic traits and the harvest index, with statistically significant effects. This improve-
ment is likely attributed to enhanced control over nutrient delivery, water management,
and overall growing conditions provided by the closed hydroponic setup (Table 2).

The higher grain yield and biomass recorded in the 2022/2023 season were likely
associated with the greater irrigation applied during the open-field trial of that season. In
the first season, irrigation was supplied for 30 min per day using 8 L/h drippers, whereas in
the second season it was reduced to 10 min per day with the same drippers. The increased
water application in 2022/2023 therefore contributed to the superior yield performance.
Although silty clay soils inherently retain more water and require less frequent irrigation,
the hydroponic system used the same planting medium and irrigation schedule across both
seasons, yet the yields still declined. Due to higher RH% reflecting higher rainfall in the
first season, both the closed hydroponic system and open-field cultivation increased both
grain yield and total biomass compared with the second season, where higher RH% also
played a significant role in the higher yields obtained during that period.

However, the biomass increase was proportionally larger than the increase in grain
yield. As a result, the harvest index was lower under hydroponics (33.0%) than in the soil
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system (38.0%). This indicates that although hydroponics enhanced overall productivity, a
smaller proportion of the total biomass was allocated to grain.

Table 2. Combined analysis of two systems across two growing seasons (2022/2023 and 2024/2025)
for bread wheat production.

System Grain Yield (t/ha) Biomass Production (t/ha) Harvest Index (%)

Open field −6 16 38.0

Hydroponics 13 40 33.0

ANOVA results

F(1, 60) 194.1 449.6 22.6

p-value <0.001 *** <0.001 *** <0.001 ***

Partial η2 0.764 0.884 0.274

95% CI 0.658–0.829 0.827–0.916 0.101–0.441

Precision metrics

SEM 0.351 0.813 0.717

LSD at 5% 0.993 2.300 2.028

CV% 24.0 18.6 12.8
Partial η2 quantifies the proportion of variance attributable to the factor shown, accounting for other terms in the
model. SEM denotes the pooled standard error of the mean. Significance levels: *** p < 0.001.

The harvest index (HI) increased notably from 34.0% in the 2022/2023 season to 37.0%
in 2024/2025. This improvement reflects more efficient dry-matter partitioning in the later
season, with a greater share of total biomass being allocated to grain production (Table 3).

Table 3. Combined analysis of two seasons across two growing systems for bread wheat production.

Seasons Grain Yield (t/ha) Biomass Production (t/ha) Harvest Index (%)

2022/2023 12 36 34

2024/2025 7 20 37

ANOVA results

F(1, 60) 93.2 200.9 6.9

p-value <0.001 *** <0.001 *** 0.011 *

Partial η2 0.608 0.773 0.103

95% CI 0.451–0.714 0.692–0.842 0.006–0.263

Precision metrics

SEM 0.351 0.813 0.717

LSD at 5% 0.993 2.300 2.028

CV% 24.0 18.6 12.8
Partial η2 quantifies the proportion of variance attributable to the factor shown, accounting for other terms in the
model. SEM denotes the pooled standard error of the mean. Significance levels: *** p < 0.001; * p < 0.05.

The comparison of different bread wheat varieties illustrated significant differences in
grain yield (p = 0.033), biomass production (p = 0.011), and harvest index (p < 0.001) across
the two cultivation systems and growing seasons (Table 4). These findings indicated that
the varieties responded differently under hydroponic and open-field farming conditions.

Among the tested varieties, Bread 388 and Bread 514 recorded the highest average
grain yield at 10.0 t/ha. In terms of biomass production, Bread 388 led with 31.0 t/ha,
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followed by Terbol at 30.0 t/ha. Both Terbol and Bread 407 produced comparable grain
yields of 9.0 t/ha. In contrast, the Atlas variety consistently yielded significantly lower grain
(8.0 t/ha) and biomass (25.0 t/ha) outputs. Regarding harvest index, Bread 514 exhibited
the highest value (40.0%), followed by Bread 407 (38%) and Bread 388 (37.0 1%), but the
three were not significantly different.

Table 4. Analysis of system-averaged grain yield, biomass production, and harvest index for bread
wheat varieties grown in 2022/2023 and 2024/2025.

Varieties Grain Yield (t/ha) Biomass Production (t/ha) Harvest Index (%)

Bread 388 10.0 a 31.0 a 37.0 a

Bread 514 10.0 a 26.0 b 40.0 a

Atlas 8.0 b 25.0 b 32.0 b

Bread 407 9.0 ab 27.0 ab 38.0 a

Terbol 9.0 ab 30.0 a 32.0 b

Mean 9.2 27.8 35.8

ANOVA results

F(4, 60) 2.82 3.59 9.61

p-value 0.033 * 0.011 * <0.001 ***

Partial η2 0.158 0.196 0.391

95% CI 0.000–0.297 0.027–0.259 0.177–0.530

Precision metrics

SEM 0.555 1.285 1.133

LSD at 5% 1.570 3.636 3.206

CV% 24.0 18.6 12.8
Partial η2 quantifies the proportion of variance attributable to the factor shown, accounting for other terms in
the model. Within each column, means followed by the same letter are not significantly different according to
Duncan’s multiple range test (α = 0.05). SEM denotes the pooled standard error of the mean. Significance levels:
*** p < 0.001; * p < 0.05.

3.1. Interaction Effects

The general variance analysis (ANOVA) results showed that most interactions between
variety, systems, and seasons were non-significant, which indicated that neither the systems
nor the seasons influenced variety performance. Varieties performed similarly in the two
systems across the two years, i.e., simply put, the “best” varieties in one environment were
also the “best” for the other environment, which may be due to low genetic variability
among varieties. This is often desirable in breeding because it means a variety performs
stably across environments and there is no need to breed separately for different systems.

The findings only detected an interaction between varieties and seasons
(p-value = 0.011) in harvest index (Figure 5). In biomass production, the data showed
significant interaction between systems and seasons (p-value = 0.002) (Figure 6).

As indicated by the data (Table 5), the hydroponic system consistently delivered higher
water- and fertilizer-use efficiency over the two seasons than the open-field farming method.

3.2. Economic Savings

This study estimated the economic feasibility of implementing a solar net house closed
hydroponic system for bread wheat cultivation in the UAE, primarily through significant
resource conservation compared to open-field farming. The system achieved 93.2% water
savings and 46% higher fertilizer-use efficiency. Furthermore, it delivered 54% land savings,
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meaning substantially less open land is required to match the hydroponic system’s grain
yield, i.e., the land required under closed hydroponics is 54% less than for an open field.
These strong results highlight the beneficial effects of hydroponics in mitigating resource
constraints in the UAE’s environment. Table 6 below summarizes the resources savings by
using closed hydroponic vs. open-field farming and presents a comparison of land savings
and water and fertilizer usage.

Table 5. Average water- and fertilizer-use efficiency for the two systems across the seasons.

Hydroponic System (±SD) Open-Field System (±SD)

1st WUE (kg/m3) 0.41 (±0.06) 0.14 (±0.04)

2nd WUE (kg/m3) 0.59 (±0.11) 0.37 (±0.09)

1st FUE (kg/kg) 5.96 (±0.84) 5.63 (±1.76)

2nd FUE (kg/kg) 5.79 (±1.07) 2.45 (±0.61)
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Figure 5. Interaction between varieties and seasons for harvest index (%) (SEM +/− = 1.603).
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Table 6. Summary of the resources saving by using a closed hydroponic system vs. open-field farming.

Resources Open-Field Farming Hydroponic Farming Differences % Differences Efficiency
Improvement %

Land (ha) 2.2 1.0 1.2 54 54

Water (m3/m2) 4.896 2.534 2.362 48.2 93.2

Fertilizer (kg/m2) 0.73 0.26 0.47 64.4 46

Gain in land (ha) 1.1667

Gain in yield (to) 8.167

Closed hydroponic farming significantly reduced the use of resources compared to
open-field farming, with water usage dropping by 48.2% and fertilizer usage by 64.4%, as
detailed in Table 6.

3.3. Economic Analysis

The total operating costs (fixed and variable costs) were calculated for each season so
as to be used in the estimation of the economic indicators (ROI, BCR, and IRR) Appendix A
(Table A1). Both open-field and hydroponic systems demonstrated consistent economic
viability across the two seasons studied. However, the hydroponic system exhibited
superior performance metrics. Specifically, the ROI for the hydroponic system ranged from
3.128 to 1.629, while the open-field system showed a wider range of 1.970 to 0.043. The BCR
was also markedly higher in the hydroponic system (4.13–2.63) compared to the open-field
system (2.97–1.04) and IRR (312.8 163.0% vs. 197.1–4.3%). Performance declined for both
systems in the second season, which may be attributable to unfavorable environmental
conditions. This evidence suggests that closed hydroponic wheat production is a more
economically sustainable and resilient method under the tested conditions (Table 7). IRR
measures the discount rate at which net present value (NPV) becomes zero across multiple
years of cash flow. Therefore, IRR should not normally be a simple multiplication or
transformation of ROI.

Table 7. The ROI, BCR, and IRR for closed hydroponic and open-field systems across two seasons.

Statistical Parameter Closed Hydroponic
2022/2023

Open Field
2022/2023

Closed Hydroponic
2024/2025

Open Field
2024/2025

ROI 3.128 1.970 1.629 0.043

BCR 4.13 2.97 2.63 1.04

IRR (%) 312.8 197.1 163.0 4.3

So, IRR ≈ ROI × 100 in Table 7.
IRR breaks down to a simplified form when the benefit stream is one period.
IRR is normally calculated from a multi-year cash flow series, except if the analysis

assumes either of the following:

• A single-year benefit scenario.
• Benefits accrue almost entirely in one period.
• Only a first-year net benefit is used (common in economic evaluations with incomplete

multi-year data).

Then, the IRR formula simplifies dramatically:

IRR ≈ Net Benefit
Investment
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This expression is numerically identical to ROI, except ROI is usually shown as a ratio,
while IRR is shown as a percentage.

Thus, IRR (%) ≈ ROI (ratio)× 100.

4. Discussion
A closed hydroponics drip system in UAE desert farming saves about 54%% of land

and produces a 117% increase in bread wheat yields. This method permits bread wheat
cultivation, especially in a region with limited arable land. Similarly, a study conducted
by [19] showed that hydroponic rice can increase land efficiency up to 10 times compared
to conventional methods, and [20] pointed out that a method of growing plants in a
nutrient-rich solution has been shown to increase crop yields and reduce water usage. The
subsequent open-field season (2024/2025) was characterized by a substantial decrease in
yield across all genotypes, suggesting a limiting environmental factor or abiotic stress that
impacted crop performance. Temperature patterns during the two seasons followed the
typical regional trend, with a decline from November to January followed by a steady
increase through May. While minimum temperatures were comparable in both seasons, the
2024/25 season experienced slightly cooler lows in early winter and considerably higher
maximum temperatures from February onward. Notably, maximum temperatures in April
and May 2024/25 exceeded those of 2022/23 by 2–3 ◦C, reaching over 40 ◦C in May. These
differences suggest a warmer late-season environment in 2024/25, which may influence
crop growth and stress response (Figure 7).
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Figure 7. Minimum and maximum temperature during the growing of bread wheat under closed
hydroponics and an open field.

Relative humidity showed a declining trend from November to May in both seasons,
with the 2024/2025 season consistently exhibiting lower RH (%) values, particularly from
February onward. High RH (%) during early growth supported good wheat establishment
and tillering, although the slightly lower early-season RH (%) in 2024/25 increased evap-
orative demand. The sharper drop in RH (%) during March–May in 2024/2025 resulted
in higher atmospheric water demand during heading, anthesis, and grain filling. These
conditions can reduce pollen viability, impair grain set, shorten the grain-filling period, and
ultimately decrease grain size and yield. Overall, the lower RH% conditions in 2024/25
likely imposed greater water and heat stress on wheat, reducing its growth performance
and yield potential compared with the 2022/23 season (Figure 8).
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Figure 8. Relative humidity during the growing of bread wheat under closed hydroponics and an
open field.

Closed hydroponic farming in the UAE generates USD 2861.04 more per hectare of
bread wheat production than open-field farming, which is a 117% increase in revenue from
the same land area. Similarly, water savings due to hydroponically grown bread wheat,
which is still not widely practiced, impressively reflected its efficiency with >90% water
saved. Previous studies suggested that hydroponics farming techniques have been found
to reduce water usage by up to 90% compared to open-field agriculture. This substantial
water savings is due to the closed-loop system in hydroponics, which circulates and reuses
water, minimizing waste and maximizing water usage [21,22].

Open-field farming often suffers from low fertilizer-use efficiency due to several factors
such as high evaporation rate, poor water retention, and nutrient leaching. Meanwhile,
transitioning to a closed hydroponic net house equipped with solar energy is a modern
technique for bread wheat that has saved the amount of fertilizer used to produce bread
wheat in the UAE by 46%. Similar results were obtained by [23], who found that drip
fertigation results in 40% of fertilizer nutrients being saved and also increases yield in
comparison with conventional nutrient applications. Closed hydroponic systems increased
efficiency because nutrients were directly delivered to the root zone in a controlled solution,
the recirculation system reusing nutrients and minimizing waste.

In the closed hydroponics experiments, optimal pH levels ranged from 5.5 to 6.5% and
electrical conductivity (EC) between 1.0 and 3.0 dS/m throughout the growth stage, and
the daily solution temperature fluctuated as the environmental conditions changed, being
between 16.5 ◦C and 25.7 ◦C. Better control of a balanced nutrient solution with optimal
pH% and EC dS/m significantly enhances crop performance, achieving the highest average
grain yield (13 t/ha due to optimized growing conditions). These findings were recorded
by [24], who explained that hydroponics systems accurately regulate growth conditions
leading to increased plant growth rates and result in up to twice the crop yields compared
to conventional farming.

The results of this study clearly indicate that the closed hydroponic system significantly
impacts bread wheat yields. The outcomes reveal that bread wheat varieties generally
show excellent development in nutrient-rich solutions, and the agronomic parameters vary
within different systems. Ref. [25] stated that better control and management of nutrient
solutions offer possibilities for increasing production and improving the quality of crops.
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The varieties’ responses were highly dependent on the cultivation system. In a closed
hydroponics system, all varieties experienced a massive grain yield and biomass produc-
tion failure in the second year, indicating that environmental/system stress affected total
growth. Furthermore, in an open field, the varieties generally maintained or improved
their efficiency (HI) in the second year, suggesting that while total yield factors might
fluctuate, their inherent ability to convert growth into grain was stable or even enhanced.
The grain yields and biomass production increased in the nutrient-rich solution up to an
EC of 3.0 dS/m, given that the growth and development of bread wheat plants in a nutrient
solution with an EC of 3.0 dS/m were not inhibited. This nutrient-rich solution appears
to be more favorable for bread wheat growth and development. Similar results were
suggested by [26] with the growth of sweet potato at high EC levels (2.6 dS/m), whereas
a study using wastewater with a high EC (7.98 dS/m) and TDS of 5582.50 ppm inhibited
the growth of wheat [7]. Adjustment of pH twice a week improves the grain yield and the
harvest index of bread wheat investigated in hydroponic culture, and it became evident
that the nutrient supply is crucial in this context and strongly affects grain maturation. An
experiment carried out in an Environmental Control and Life Support System (ECLSS)
was analyzed and proved that soilless culture (hydroponics) techniques are required for
growing wheat in space [27]. However, in addition to the progressive resource savings,
the economic analysis demonstrated that closed hydroponic and open-field systems both
proved consistently viable economically across both seasons, and wheat production was
feasible under UAE environmental conditions, but hydroponics performed notably better.
Both systems performed best in the first season, which might be due to less favorable
environmental conditions in the second. These results indicate that hydroponic wheat
production is a more resilient and economically sustainable choice under these conditions.
BCRs were found to be higher than 1 in all cases.

It was recorded that hydroponics often requires a higher initial investment and energy
costs compared to conventional methods. Nevertheless, the higher land-use efficiency
and increased yield can realize more than double the revenue per square meter, and the
solar-powered net house can compensate for these initial costs and make it more profitable
in the long run, especially in urban or land-scarce environments [28]. Despite the many ad-
vantages offered by high-tech closed hydroponic systems, several challenges, such as high
initial investment costs, substantial energy demands, and limited opportunities for scale-up,
must be addressed to improve their sustainability and promote wider adoption. One of the
main obstacles is the significantly higher energy requirement of closed hydroponic systems
compared with traditional open-field farming.

To overcome this issue, ICARDA, through its APRP, has conducted research aimed
at enhancing energy efficiency by integrating renewable solar energy technologies with
net house structures. This approach seeks to improve the overall sustainability of closed
hydroponic systems for bread wheat production. Maximizing the potential of closed hy-
droponic systems for wheat cultivation requires additional efforts, including supportive
government policies, financial incentives, increased investment in research and devel-
opment for wheat variety adaptation, system optimization, and comprehensive training
programs to strengthen farmers’ technical skills. Confirmation of the results of this study
in large-scale-production farmers’ fields would add value to this study.

5. Conclusions
The aim of this study was to compare wheat productivity and economic returns

between a closed hydroponic net house system and open-field farming under water-scarce
conditions. The results showed that closed hydroponic wheat production consistently
outperformed open-field cultivation in key indicators:
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• Grain and biomass yield: Closed hydroponics achieved 117% and 150% higher
yields, respectively.

• Economic returns (ROI, BCR, IRR): Closed hydroponics recorded 3.13, 4.13, and
312.78%, compared with 1.97, 2.97, and 197.1% for open fields.

• Resource efficiency: Closed hydroponics produced open-field-equivalent yields
in 1.0 ha using 2.534 m3/m2 of water and 0.26 kg/m2 of nutrients, compared to
4.896 m3/m2 and 0.73 kg/m2 in 2.2 ha in the open field.

The superior closed hydroponic performance was largely driven by precise fertigation
management, accurate nutrient formulation, continuous monitoring, and efficient delivery,
that reduced stress and maximized crop response.

Overall, this study confirms that closed hydroponic wheat cultivation is a practical
and high-return option for hyper-arid ecosystems. Its adoption in solar-powered net
houses could significantly strengthen UAE food security. With approximately 38,000 active
farms, allocating just 0.1 ha per farm to hydroponic wheat—at an average productivity
of 10 t/ha—would generate an estimated 38,000 tons of grain and 152,000 tons of straw,
with productivity of 40 t/ha annually, compared with the country’s current production of
around 100 tons and 300 tons, respectively.

Scaling potential: Further technological refinement and cost optimization are essential
to enhance economic feasibility. Large-scale adoption can be accelerated through well-
structured public–private–producer partnerships and targeted investments that support
deployment of this water-efficient, high-yield production system to farmers’ fields in the
UAE and GCC countries.
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value plot, normal plot, and half-normal plot for biomass production (t/ha); Figure S3: Histogram
of residuals, Fitted-value plot, normal plot, and half-normal plot for Harves index (%); Table S1:
ANOVA analysis for grin yield (t/ha); Table S2: ANOVA analysis for biomass production (t/ha);
Table S3: ANOVA analysis Harvest Index (%).
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Appendix A

Table A1. Fixed and variable costs for open-field and closed hydroponic trails in 2022/2023
and 2024/2025.

Calculation Extrapolated to 0.240 ha for Two Systems Across the Two Seasons

First season The two systems across the two yeas = harvesting after 135 days from planting
Open field Cost (USD)
1. Yield 0.240 ha-kg Grain yield 76.2

Biomass 469.8
2. Fixed cost
a. Rental land (m2) 55.7
b. Depreciation pumps/pipes 31.8
3. Variable cost
a. seeds (kg) 1.44
b. water (m3) 57.9
c. fertilizers (kg) 2.08
d. labour 34.5
e. electricity (Kwh) 0.38
First Season Calculation Extrapolated to 240 m2 for two systems across the two seasons
Hydroponics Cost (USD)
1. Yield 0.240 ha-kg Grain yield 147.3

Biomass 1053
2. Fixed cost
a. Rental land (m2) 55.7
b. Depreciation net house + Solar + accessories 158.9
3. Variable cost
a. seeds (kg) 1.44
b. water (m3) 42.7
c. fertilizers (kg) 4.2
d. labour 23
e. electricity (Kwh) 0
Secomd season calculation Extrapolated to 0.240 ha for two systems across the two seasons
Open field Cost (USD)
1. Yield 0.240 ha-kg Grain yield 36.1

Biomass 204.8
2. Fixed cost
a. Rental land (m2) 55.7
b. Depreciation pumps/pipes 31.8
3. Variable cost
a. seeds (kg) 1.44
b. water (m3) 88.1
c. fertilizers (kg) 19
d. labour 34.5
e. electricity (Kwh) 0.38
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Table A1. Cont.

Calculation Extrapolated to 0.240 ha for Two Systems Across the Two Seasons

Second Season Calculation Extrapolated to 0.240 ha for two systems across the two seasons
Hydroponics Cost (UAD)
1. Yield 0.240 ha-kg Grain yield 99.9

Biomass 668.3
2. Fixed cost
a. Rental land (m2) 55.7
b. Depreciation net house + Solar + accessories 158.9
3. Variable cost
a. seeds (kg) 1.44
b. water (m3) 46.3
c. fertilizers (kg) 6.8
d. labour 23
e. electricity (Kwh) 0
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