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HIGHLIGHTS

e Closed hydroponic systems reduced environmental impacts by 8-11 % compared to open ones.

o Integrating solar energy helps reduce greenhouse gas emissions and mitigate the depletion of fossil fuels.

o Life cycle assessment confirmed closed hydroponics as a climate-smart farming solution.

o A trade-off between the environmental and the economic benefits of hydroponic systems exists.

e Long-term environmental benefits exceed short-term economic benefits, especially for closed hydroponic systems.

ARTICLE INFO ABSTRACT

Keywords: This study employs a life cycle assessment (LCA) approach to compare the environmental impacts of open hy-
Open hydroponic's systems droponic systems (OHS) and closed hydroponic systems (CHS) across 35 farms in Abu Dhabi, United Arab
Closed hydroponics systems Emirates. Using SimaPro© software and ReCiPe methodology, the analysis highlights substantial reductions in

Tomato and cucumber production
Arid land

Life cycle assessment (LCA)
Renewable energy

greenhouse gas emissions, energy consumption, and water usage in CHS compared to OHS. The LCA analysis is
augmented with economic analysis. CHS showed marked advantages across key environmental indicators,
including reductions in abiotic depletion (11 %), global warming potential (9 %), and eutrophication potential
(8 %). Additionally, endpoint analysis indicated that CHS significantly improved outcomes for human health,
ecosystems, and resource conservation by limiting nutrient leaching, chemical runoff, and pollution. Reusing
nutrient solutions in the CHS contributed to enhanced water and energy efficiency, addressing critical challenges
of water scarcity and high energy costs in arid regions. Furthermore, CHS reduced health-related impacts, such as
respiratory conditions, by lowering emissions of pollutants. The study also identified solar energy as a sustainable
alternative to fossil fuels, further decreasing environmental impacts when integrated with CHS. While initial
investments in CHS are higher, their long-term benefits, including biodiversity conservation and reduced
ecological footprints, make them a promising solution for sustainable agriculture. These findings support poli-
cymakers, engineers, and farmers adopting hydroponics to enhance food security and sustainability in arid en-
vironments. This study evaluates tomato and cucumber production’s economic and environmental performance
under open and closed hydroponic systems in the UAE. Using farm-level data and life cycle assessment, we
calculate net returns and global warming potential (GWP) per kilogram for each crop-system combination. Eco-
efficiency, defined as net return per unit of GWP, is used to assess climate-smart profitability. Results show that
cucumber in CHS yields the highest economic and eco-efficiency, while CHS offers lower GWP and better
environmental performance for tomatoes. Sensitivity analysis results emphasize the importance of material se-
lection in a sustainable greenhouse design.
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1. Introduction

The global population is projected to increase from approximately 8
billion today to 8.5 billion by 2030 and 9.7 billion by 2050 (United
Nations, 2015). This growth and rising income levels, shifting dietary
preferences, and escalating demand for diverse diets have substantially
strained global food systems. These challenges are further compounded
by the limited availability and productivity of critical resources, such as
water, energy, and arable land, which vary significantly across regions
and production systems (Ranganathan et al., 2018). Further, given the
adverse impacts of climate change, particularly in arid and semi-arid
regions where water scarcity and soil degradation are prevalent, the
need for adopting sustainable agricultural practices has attained para-
mount importance. In particular, the Arabian Peninsula, including the
United Arab Emirates (UAE), clearly showcases the challenges con-
fronted under such environmental conditions. In these regions, agri-
culture consumes 78 % of the total water consumption, predominantly
from non-renewable groundwater. resources (Odhiambo, 2017; “The
State of Food and Agriculture, 2020,”). The resulting overexploitation of
these resources has led to declining water tables and increased salinity,
exacerbating water scarcity and undermining agricultural sustainability
(Elhadj, 2004).

Alternatively, hydroponic farming has become an attractive, sus-
tainable agricultural strategy in water-scarce regions, as it eliminates the
need for soil and optimizes water use. The UAE, characterized by arid
conditions and increasingly affected by climate change, has been
working to enhance its agricultural sector. To this end, it has embraced
sustainable and climate-smart farming practices, focusing on optimal
land management and improving local product quality. One such
initiative is the “Zaarie” program, which provides farmers with invest-
ment grants and interest-free loans to promote the economic and envi-
ronmental advantages of hydroponic farming systems. These systems,
specifically for vegetable production, increase the supply of fresh,
locally grown food, reducing reliance on imports. This increased local
supply lowers average food prices, contributing to food security. Ac-
cording to previous studies, hydroponic farming systems may save up to
90 % of water usage compared to conventional agricultural practices,
making them particularly effective in arid areas with limited water re-
sources (Sousa et al., 2024). Moreover, closed hydroponic systems (CHS)
recycle nutrient solutions and are more resource-efficient. However,
they require higher water quality and initial investment to establish than
those required by open hydroponic systems (OHS), which are less effi-
cient and generate more waste (Maucieri et al., 2019). Despite these
benefits, hydroponic systems are energy-intensive because they rely on
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artificial lighting, water pumps, and climate control. Additionally, the
environmental impacts of these energy demands vary significantly
depending on the energy source used - Fig. 1. For instance, studies by
Romeo et al. (2018) and Martin and Molin (2019) highlighted the po-
tential of renewable energy sources, such as solar and wind power, to
mitigate the carbon footprint of hydroponic systems.

Since the 1960s, life cycle assessment (LCA) has been utilized for
assessing the environmental effects of agricultural systems, providing a
“cradle-to-grave” analysis of resource use, emissions, and waste gener-
ation, thereby offering valuable insights into the sustainability of pro-
duction systems (Roy et al., 2009; Cellura et al., 2012). Specifically, in
the case of hydroponics, LCA studies have revealed significant envi-
ronmental benefits such as reduced water use and emissions, while
identifying significant trade-offs such as high energy consumption and
material requirements. (Li et al., 2018). Region-specific LCA studies
have further underscored the adaptability of hydroponic systems to
diverse climatic conditions. For example, it was found that hydroponic
tomato production in Iran resulted in an 11 % reduction in environ-
mental impacts compared to traditional greenhouses (Mofatteh et al.,
2024).

Adopting hydroponics in arid regions confronts hurdles such as high
setup costs and energy requirements, and insufficient technical skills.
Further, poor water quality, often characterized by high salinity, poses
additional problems and requires advanced treatment systems to
maintain optimal performance (Nadeem et al., 2024). However,
adopting innovative approaches such as integrating renewable energy,
enhancing nutrient cycling, and improving waste management practices
can largely contribute to overcoming these challenges and enhancing
hydroponic systems’ sustainability (Farvardin et al., 2024; Sisodia et al.,
2021). While Life Cycle Assessment (LCA) provides a robust framework
for evaluating these trade-offs by quantifying the environmental impacts
of hydroponic systems across their life cycles, few studies have explicitly
focused on arid regions, where challenges such as high salinity, extreme
heat, and limited access to renewable energy significantly influence the
environmental performance of these systems (Farvardin et al., 2024;
Nadeem et al., 2024). Therefore, we addressed this knowledge gap by
analyzing hydroponic systems tailored for arid conditions to gain in-
sights into adopting sustainable farming practices in water-scarce en-
vironments. This study offers great potential for influencing global food
security and environmental sustainability. As arid regions are particu-
larly vulnerable to climate change, developing resource-efficient agri-
cultural systems is essential to enhance resilience and reduce reliance on
food imports, consistent with the UN Sustainable Development Goals of
Zero Hunger (SDG 2), Clean Water and Sanitation (SDG 6), and Climate
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Fig. 1. (a) OHS and (b) CHS (source: Putra and Yuliando, 2015).
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Action (SDG 13). Moreover, the findings reported herein are of great
significance  for  policymakers, agricultural engineers, and
decision-makers, who can assist in implementing sustainable practices
in response to the current pressing environmental and societal
challenges.

2. Methodology
2.1. Aims and scope

This study aimed to identify the environmental impacts of OHS and
CHS in the UAE, a region with typical arid land conditions. Particularly,
the study aimed to (1) establish a basis for assessing the environmental
impact of vegetable production in a controlled environment under arid
climatic conditions and (2) determine the most sustainable vegetable
cultivation option with the least environmental impact. An attributional
cradle-to-gate LCA was used to calculate the annual environmental
footprint of tomato and cucumber production per unit weight. The
functional unit is defined as 1 kg of marketable vegetable produced.

The system boundaries for the LCA study on the hydroponic systems
are defined as “cradle-to-gate.” This includes all processes and inputs
involved from the initial production of materials to the point where
vegetables are ready for distribution. Key inputs within the system
boundaries are raw materials, greenhouse structures (including frames,
coverings, and foundations), auxiliary equipment (such as irrigation
systems, substrates, and electricity), hydroponic nutrient solutions, and
energy supply. Outputs considered include the production of vegetables
(tomatoes and cucumbers) and emissions into air, water, and soil. The
LCA excludes processes beyond the gate, including composting and
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recycling of waste materials, transportation of inputs, and distribution
and transportation of the final output. These exclusions are based on
limited data availability and their relatively marginal contribution to
on-site environmental impacts in preliminary assessments.

2.2. Life cycle inventory

Hydroponic production systems were divided into multiple stages for
inventory analysis to facilitate the examination and interpretation of the
results: greenhouse construction, auxiliary equipment, and hydroponic
nutrient solutions. Fig. 2 shows a flow diagram of the production system,
and all procedures included in the flow diagram adhered to the pa-
rameters established for the purpose and scope of the study.

The life cycle inventory (LCI) for OHS and CHS highlights the re-
sources and outputs involved in vegetable production. OHS uses 4761
m? of land compared to 5062 m? in CHS, with growing substrates like
rock wool requiring 10,712 kg and 11,390 kg, respectively (see
Table S1). Greenhouse structures include materials such as galvanized
steel pipes and sheets, high-density polyethylene, and concrete, sourced
and calculated per area based on the guidelines offered by Almarzooqi
(2018). Table 1 illustrates that CHS demand more water (16,412 m? for
irrigation and 46,824,000 kg for cooling, compared to 12,000 m® and
38,083,000 kg in OHS) and consumes additional energy for operations
and desalination due to advanced nutrient and water recycling pro-
cesses. Nutrient inputs, including nitrogen, phosphorus, potassium, and
trace elements like zinc and boron, are also slightly higher in CHS to
support their efficient recycling mechanisms. Despite these increased
inputs, CHS yields higher vegetable output, producing 257 tons annually
compared to 214 tons in OHS (Almarzooqi, 2018; ADFSC Hydroponic
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Fig. 2. System boundaries ‘cradle-to-gate’ of the hydroponic production systems.
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Table 1

LCI for OHS and CHS based on annual output per kilogram.
Input Unit OHS CHS
Land m? 4761 5062
Hydroponic nutrient solution kg 2063 1736
Hydroponic greenhouse structure kg 1,445,183 1,536,656
Substrate (Rockwool) kg 10,712 11,390
Seedlings Plant 42,849 45,558
Irrigation water m® 12,000 16,412
Water for the cooling system kg 38,083,000 46,824,000
Energy consumption kWh 4,825,637 5,131,201
Energy for water desalination kWh 1,171,950 1,479,706
Outputs
Vegetable ton 214 257

Manual).

2.3. Impact assessment

A comparative analysis of OHS and CHS was performed using
Simapro 9.4.0 ® software, which combines the allocation at the point of
replacement database with many LCI datasets, such as Ecoinvent v3.7. A
list of all the LCI datasets used in the analysis is included in the Sup-
plementary Material (Supplementary S1). The midpoint and endpoint
methods, which are characterization models offering indications at
several levels, are routinely used by life-cycle impact assessment (LCIA)
consultants. The endpoint method evaluates how the environment af-
fects resources, ecosystems, and human health under areas of produc-
tion (AoP). In turn, the midpoint method evaluates the environmental
impacts along the entire cause-and-effect chain, from substance release
or resource consumption to the endpoint. This ReCiPe analysis is a
favored LCIA method for LCA research because it compares midpoint
and endpoint methods by distilling information from inventories into a
single score. The approach yields detailed halfway findings; however,
the endpoint results are simple. Furthermore, ReCiPe is particularly
beneficial for obtaining endpoint findings because it includes additional
damage information (ILCD, 2011). This study examined endpoint-level
data to determine the environmental effects and damage caused by
two hydroponic systems, with an emphasis on the natural environment,
human health, and natural resources (Keyes et al., 2015; Vinyes et al.,
2015). The H perspective, which is a consensus model, was used to
evaluate the environmental effects of both OHS and CHS. The H view-
point was selected because its superiority corresponds to the scope of
this study. The attributional life cycle assessment (ALCA) technique,
which uses a reason-and-outcome chain approach, was used to investi-
gate the shift in environmental conditions and resource flow caused by
functional unit modifications. Key-effect categories included acidifica-
tion, global warming, human toxicity, abiotic depletion, and eutrophi-
cation (Table 2).

In this study, the LCA is augmented by performing an economic
analysis, which involves calculating the net return by subtracting

Table 2

Selected impact categories, their abbreviations, and the measurement units.
Impact categories Abbreviation Unit
Abiotic depletion AD kg Sb eq
Abiotic depletion (fossil fuels) AD(FF) MJ
Global warming (GWP100a) GWP kg COz eq
Ozone layer depletion OLD kg CFC-11 eq
Human toxicity HT kg 1,4-DB eq
Freshwater aquatic ecotoxicity FE kg 1,4-DB eq
Marine aquatic ecotoxicity ME kg 1,4-DB eq
Terrestrial ecotoxicity TE kg 1,4-DB eq
Photochemical oxidation PO kg CoHy4 eq
Acidification AC kg SO, eq
Eutrophication EP kg PO4 eq
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operational and fixed costs from revenue for each of the four options:
CHS-tomato, CHS-cucumber, OHS-tomato, and OHS-cucumber. The
options are then ranked from highest to lowest net revenue for average
farms in each of these alternatives.

Furthermore, this study conducted a sensitivity analysis in life cycle
assessment (LCA), which is a method used to evaluate how changes in
input assumptions or parameters impact the results of an LCA study. This
analysis helps identify which variables have the most significant influ-
ence on the outcome, thereby providing insight into the robustness and
reliability of the results.

3. Results
3.1. Environmental impact of hydroponic systems

LCA comprehensively evaluates the environmental impacts of a
product or process by examining various impact categories, each
addressing a specific aspect of environmental sustainability. Specif-
ically, abiotic depletion focuses on reducing non-renewable resources,
including minerals measured in kg antimony equivalents (kg Sb eq) and
fossil fuels assessed in terms of MJ or kg oil equivalents (Salas et al.,
2016). Meanwhile, the global warming potential (GWP) category mea-
sures the impact of greenhouse gas (GHG) emissions on climate change
over a 100-year horizon and is expressed as kg CO5 equivalents (kg CO5
eq). In turn, the ozone layer depletion (OLD) category evaluates sub-
stances such as chlorofluorocarbons (CFCs), which cause a thinning of
the ozone layer, measured in kg CFC-11 equivalents (kg CFC-11 eq)
(Salas et al., 2016). Finally, the human toxicity category assesses the
potential health impacts of carcinogenic and non-carcinogenic chemical
emissions in kg 1,4-dichlorobenzene equivalents (kg 1,4-DB eq).

In addition to the aforementioned, LCA encompasses the following
ecotoxicity categories: freshwater aquatic, marine aquatic, and terres-
trial ecotoxicities, which measure the harmful effects of chemical
emissions on freshwater, marine, and terrestrial ecosystems, all
expressed in kg 1,4-DB equivalents. Meanwhile, photochemical oxida-
tion potential, related to smog formation from nitrogen oxides (NOx)
and volatile organic compounds (VOCs), is assessed in kg ethylene
equivalents (kg C2H4 equivalents). In turn, acidification potential
evaluates the emissions that contribute to the acidification of soil and
water, often resulting in acid rain, and is measured in kg sulfur dioxide
equivalents (kg SO; eq). Finally, eutrophication potential examines the
impact of nutrient emissions, such as nitrogen and phosphorus, on
water-body over-enrichment, leading to oxygen depletion and harm to
aquatic life, and is expressed in kg phosphate equivalents (kg PO4 eq).

By analyzing these impact categories, LCA offers a holistic view of
environmental impacts, guiding sustainable decision-making to mitigate
resource depletion, combat climate change, and protect ecosystems and
human health (Lopes et al., 2018; Chen et al., 2020).

3.2. Environmental impact of OHS

Fig. 3 illustrates the environmental impacts of the various compo-
nents and processes within OHS, highlighting the multifaceted nature of
its environmental footprint. In the abiotic depletion category, materials
such as galvanized steel and high-density polyethylene used in green-
house structures were the primary contributors, indicating a significant
impact of construction materials on mineral resource depletion. Elec-
tricity for cooling, pumping, and desalination processes emerged as the
dominant factor in the abiotic depletion of fossil fuels, reflecting the
substantial energy demands of the system. Similarly, in the global
warming-potential category, electricity used in cooling, pumping, and
desalination accounted for the most significant GHG emissions, with
additional contributions from high-density polyethylene, galvanized
steel, and concrete.

Ozone layer depletion was primarily driven by electricity usage
across various processes, which underscores the environmental costs of
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Fig. 3. Environmental impact categories for the various components and processes in OHS.
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polyethylene, with additional impacts from water used for cooling and
irrigation. Moreover, electricity for cooling, water usage, and materials
such as concrete and galvanized steel were the primary contributors to
terrestrial ecotoxicity, with some impacts from hydroponic nutrient
solutions.

Electricity for cooling and desalination mainly influenced photo-
chemical oxidation and acidification, along with contributions from
high-density polyethylene and galvanized steel sheets. Notably, the
eutrophication category exhibited a negative impact from galvanized
steel, which mitigated the nutrient enrichment effects, whereas elec-
tricity usage made a positive contribution. These findings underscore the
complex interplay between energy and material inputs across different
environmental-impact categories, emphasizing the need for targeted
strategies to mitigate these effects in open hydroponic systems.

3.3. Environmental impact of CHS

Fig. 4 highlights the environmental impact categories associated
with the components and processes of CHS, revealing similarities with
the OHS, as well as significant differences. A key distinction was the
significant contribution of irrigation water across all environmental
impact categories, which can be attributed to the large cultivation areas
in the CHS. As in the OHS, abiotic depletion is primarily driven by
galvanized steel in greenhouse structures, although the relative contri-
bution was slightly altered. Abiotic depletion of fossil fuels and global
warming potential (GWP-100a) continue to have substantial impacts on
electricity use, specifically for cooling, pumping, and desalination,
owing to the UAE’s heavy reliance on natural gas for power generation.

Electricity use dominated most impact categories, including ozone
layer depletion, reflecting its significant environmental footprint. This
reliance on natural gas as an energy source aligns with the UAE’s
strategy of reducing its carbon footprint while meeting its growing en-
ergy demands. However, fossil fuel dependence continued to contribute
to greenhouse gas (GHG) emissions, highlighting the need for improved
energy efficiency and greater adoption of renewable energy sources to
reduce environmental impacts. Interestingly, the galvanized steel sheets
in greenhouse structures negatively contributed to eutrophication and
human toxicity, suggesting potential environmental benefits in specific
contexts.

Table 3
Life cycle impact indicators in OHS and CHS (per unit weight basis).

Impact categories Unit OHS CHS Increase in the OHS
compared to the
CHS

Abiotic depletion kgSbeq  1.04E-05 9.24E-06 11 %

Abiotic depletion MJ 4.35E+02  3.97E+02 9%
(fossil fuels)

Global warming kg CO, 2.38E+01  2.17E+01 9 %
(GWP100a) eq

Ozone layer kg CFC- 1.76E-06 1.62E-06 8%
depletion 11 eq

Human toxicity kg 1,4- 2.37E+00  2.17E+00 8%

DB eq

Freshwater aquatic kg 1,4- 1.42E+00  1.29E+00 9%
ecotoxicity DB eq

Marine aquatic kg 1,4- 3.62E+03  3.31E+03 9%
ecotoxicity DB eq

Terrestrial kg 1,4- 5.95E-03 5.43E-03 9%
ecotoxicity DB eq

Photochemical kg CoHy 4.66E-03 4.24E-03 9%
oxidation eq

Acidification kg SO, 9.45E-02 8.64E-02 9 %

eq
Eutrophication kg PO4 7.41E-03 6.81E-03 8%

eq
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3.4. Comparison of environmental impact between OHS and CHS

A comparative analysis (Table 3) revealed that CHS are more envi-
ronmentally friendly than OHS across all categories. For instance,
abiotic depletion increased by 11 % in OHS, indicating greater con-
sumption of non-renewable mineral resources. Similarly, the abiotic
depletion of fossil fuels increased by 9 %, reflecting higher energy use.
Global warming potential and ozone layer depletion also increased by 9
% and 8 %, respectively, suggesting higher greenhouse gas (GHG)
emissions and a greater impact on the ozone layer in OHS. Meanwhile,
toxicity-related categories, such as human toxicity, freshwater aquatic
ecotoxicity, marine aquatic ecotoxicity, and terrestrial ecotoxicity, each
exhibited a 9 % increase, highlighting a more pronounced harm to
human health and ecosystems by OHS. Other categories, including
photochemical oxidation, acidification, and eutrophication, showed
similar increases.

Overall, these findings underscore the environmental advantages of
CHS, with reduced impacts ranging from 8 % to 11 % across all cate-
gories, compared with OHS. These insights emphasize the importance of
CHS in optimizing resource use efficiency and minimizing the environ-
mental footprint of sustainable agriculture.

3.5. Environmental impacts of tomato and cucumber production

In addition to the above environmental impacts of hydroponic sys-
tems per se, this study evaluated the environmental impact of tomato and
cucumber production in OHS and CHS. The results summarized in
Table 4 revealed significant differences in the environmental impacts
between the two systems. CHS showed lower environmental impacts
across most categories than those shown by OHS. For example, the
global warming potential (GWP100a) of tomatoes was reduced by
nearly half, from 61.811 kg CO5 eq in OHS to 31.370 kg CO5 eq in CHS.
Similarly, GWP100a of cucumbers decreased from 18.489 in OHS to
17.036 kg CO; eq in CHS. Moreover, CHS showed notable reductions in
marine aquatic ecotoxicity (4815.840 kg 1,4-DB eq for tomatoes and
2630.714 kg 1,4-DB eq for cucumbers) compared to OHS. Other cate-
gories, such as abiotic depletion of fossil fuels, human toxicity, and
acidification, also showed marked reductions in CHS for both crops,

Table 4
Life cycle impact indicators for tomato and cucumber in OHS and CHS (on a per
unit weight basis).

Impact categories Unit Tomato Cucumber
OHS CHS OHS CHS
Abiotic depletion kg Sb 0.000 0.000 0.000 0.000
eq
Abiotic depletion MJ 1100.477 572.620 327.008 310.201
(fossil fuels)
Global warming kg CO, 61.811 31.370 18.489 17.036
(GWP100a) eq
Ozone layer kg 0.000 0.000 0.000 0.000
depletion CFC-
11 eq
Human toxicity kg 1,4- 5.378 3.166 1.741 1.728
DB eq
Freshwater kg 1,4- 4.644 1.848 1.174 0.997
aquatic DB eq
ecotoxicity
Marine aquatic kg 1,4- 11895.500 4815.840 3276.725 2630.714
ecotoxicity DB eq
Terrestrial kg 1,4- 0.039 0.008 0.009 0.004
ecotoxicity DB eq
Photochemical kg 0.015 0.006 0.004 0.003
oxidation CoHy
eq
Acidification kg SO, 0.228 0.125 0.071 0.068
€q
Eutrophication kg PO4 0.015 0.010 0.005 0.005
eq
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relative to those corresponding to OHS.

3.6. Endpoint approach (damage assessment)

The endpoint approach in LCA provides a comprehensive perspective
on the broader environmental consequences of hydroponic vegetable
production systems. This method aggregates impacts into three over-
arching damage categories: ecosystem quality, human health, and
resource depletion. By comparing OHS and CHS using this framework,
clear trade-offs emerge between environmental sustainability and pro-
duction practices.

Ecosystem damage, measured as potential species loss over time
(species-yr), was markedly lower in CHS. The primary reason is
enhanced control over nutrient cycles and water usage, which signifi-
cantly reduces chemical runoff and nutrient leaching into surrounding
environments. Such improvements reduce the risk of eutrophication and
biodiversity loss. As shown in Fig. 5, OHS consistently exhibit higher
ecosystem-related impacts, particularly in water discharge and nutrient
management processes. Moreover, the dendrogram in Fig. S3 reveals
that ecosystem-related categories cluster more closely with OHS, high-
lighting their larger ecological footprint. In contrast, the separation of
CHS in the dendrogram underscores their reduced impact and greater
environmental compatibility.

Resource depletion, assessed in terms of increased costs for future
resource extraction (USD2020), was also substantially lower in CHS.
These systems benefit from recirculated water and nutrient solutions,
which reduce the need for continuous resource input. The efficient use of
fertilizers and electricity through advanced control systems and reuse
strategies helps curb raw material consumption. Fig. 5 illustrates that
OHS incur higher resource depletion impacts, especially from energy-
intensive processes. Additionally, Fig. S3 groups resource-intensive
categories with OHS, supporting their greater reliance on depletable
inputs. These findings underscore the advantage of CHS in conserving
both materials and economic resources.
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Human health impacts, expressed in disability-adjusted life years
(DALY), followed a similar trend. CHS demonstrated significantly lower
health-related impacts, primarily due to reduced emissions of harmful
substances such as nitrates, agrochemicals, and greenhouse gases.
Improved input control and enclosed operations in closed systems
mitigate pollutant release to air and water, reducing risks of respiratory
and cardiovascular diseases. Fig. 5 shows elevated human health dam-
age in OHS, primarily from electricity use and chemical inputs. In par-
allel, Fig. S3 groups these human health-related impacts within the OHS
cluster, reinforcing the comparative health burden posed by conven-
tional practices.

Collectively, these endpoint results confirm the environmental su-
periority of CHS. By reducing damage across ecosystems, resources, and
human health, they present a more sustainable alternative for intensive
vegetable production, critical in resource-constrained and ecologically
sensitive regions.

3.7. Scenario analysis: comparison between natural gas and solar energy

Fig. 6 compares the environmental impacts of using natural gas and
solar energy for electricity generation in OHS and CHS. The impacts
were divided into two categories for each energy source: electricity used
for desalination and electricity used for cooling, pumping, and miscel-
laneous purposes. The results across several environmental-impact cat-
egories indicated that, for both systems, solar energy had a lower impact
than natural gas in the categories of abiotic depletion (fossil fuels) and
global warming potential (GWP100), reflecting the cleaner nature of
solar energy in terms of carbon emissions and resource depletion. Solar
energy consistently showed a slightly higher ozone layer-depletion
impact than natural gas, which may be attributed to the production or
maintenance of solar panels. In all scenarios, human toxicity, marine
aquatic toxicity, and terrestrial ecotoxicity were higher for natural gas
than for solar energy. This indicates that natural gas contributes more to
these categories, likely due to fuel combustion emissions and
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Fig. 5. Environmental impacts of the annual production of a vegetable crop (kg) for OHS and CHS, based on the ReCiPe endpoints method.
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byproducts. Meanwhile, freshwater aquatic toxicity and eutrophication
showed mixed trends; however, these were generally higher for natural
gas. Solar energy consistently demonstrated lower impacts on photo-
chemical oxidation and acidification than natural gas across all sce-
narios, further supporting its environmental advantages. Across all
impact categories, CHS tended to have slightly lower overall impacts
than those caused by OHS. This could be due to the increased water and
nutrient efficiency in CHS. Electricity used for desalination has a smaller
impact than cooling, pumps, and miscellaneous uses in natural gas and
solar energy scenarios. These findings highlight that the operational side
of hydroponic systems (cooling and pumping) has a larger environ-
mental footprint than desalination (see Supplementary Tables S2 and
S3) (see Fig. 7).

3.8. Economic analysis

The economic performance results in Table 5 reveal that cucumber
production is more profitable than tomato production in both OHS and
CHS. Cucumber production in OHS yields a higher net return, attributed
to higher production volumes and relatively lower fixed costs per kilo-
gram produced. While CHS incurs higher operational expenses, such as
increased labor and greenhouse maintenance, it maintains competitive
margins for cucumber production. In contrast, tomato production ap-
pears less economically attractive per kilogram, driven by lower sales

volumes and higher fixed costs. Nonetheless, CHS offers modest eco-
nomic performance improvements compared to OHS.

Average revenue, operational and fixed costs, gross margin, and net
return for tomato and cucumber farms under open and closed hydro-
ponic systems in the UAE. Net return is calculated as gross margin minus
fixed costs, and all values are based on aggregated farm-level data.

Per-kilogram economic indicators and GWP-based eco-efficiency by
system and crop were also conducted. The eco-efficiency analysis in
Table 6 provides further insights by integrating the economic and
environmental dimensions. Cucumber grown in OHS demonstrates the
highest eco-efficiency, suggesting it delivers the most climate-smart
economic return (0.08 AED/kg COs-eq). Although CHS marginally re-
duces the GWP for cucumber, the slightly lower net return diminishes
their overall eco-efficiency. For tomato production, the CHS signifi-
cantly reduces GWP per kg (31.37 vs. 61.81 kg CO2-eq), enhancing its
eco-efficiency despite a modest reduction in net return. This suggests
that CHS could play a pivotal role in reducing the climate footprint of
tomato production.

Eco-efficiency is calculated as the ratio of the net return per kilogram
to the global warming potential (GWP) per kilogram (kg COz-eq). This
metric expresses the climate-smart profitability of each crop-system
combination.
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Fig. 7. Sensitivity analysis comparing polycarbonate use instead of polyethylene as greenhouse covering materials across ReCiPe 2016 endpoint categories (human
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Table 5
Economic performance per crop and hydroponic systems (AED).

Cucumber Cucumber Tomato Tomato

(OHS) (CHS) (OHS) (CHS)
Quantity sold (kg) 246,333 229,167 86,111 80,000
Price per kg (AED) 2 2 3 3
Revenue 563,533 504,146 258,333 240,000
Operational Cost
1 Electricity 32,516 24,064 21,753 17,632
2 Nutrient purchase 6938 4981 3507 2857
3 Cost of protection 1848 2054 1342 973
4 Seed 4065 3667 2401 7298
5 Diesel 6216 6323 4120 2392
6 Fuel 7536 6811 4320 5828
7 Labor 69,440 90,229 55,200 51,703
8 Maintenance for the 3945 4750 1008 1975

greenhouse
9 - Maintenance of the 9517 3511 2972 1459
irrigation system

Total operation cost 142,021 146,387 96,623 92,115
Gross margin 421,513 357,758 161,710 147,885
Fixed cost 66,667 66,667 66,667 66,667
Net return 354,846 291,091 95,043 81,218
Net return per kg 1.44 1.27 1.10 1.02

3.9. Sensitivity analysis
This study’s sensitivity analysis is divided into two segments: sensi-

tivity analysis on the material used in the structure (e.g., using

Table 6
Eco-efficiency analysis of tomato and cucumber production in OHS and CHS.

polycarbonate instead of polyethylene) and sensitivity analysis based on
reducing energy consumption by 20 %, 30 %, and 40 % from the base
level of consumption.

3.9.1. Impact of greenhouse cover material on environmental performance
of hydroponic systems

A material-based sensitivity analysis was conducted to evaluate the
effect of using polycarbonate instead of polyethylene for greenhouse
coverings in hydroponic production. Although more durable, poly-
carbonate showed mixed environmental outcomes across the ReCiPe
2016 endpoint categories. Switching to polycarbonate resulted in lower
ecosystem impact for both systems due to reduced material replacement
frequency. However, increased production energy for polycarbonate led
to slightly higher resource use impacts in CHS. Human health impacts
were minimally affected. The net benefit depended on the system type
and crop cycle length (see Fig. 7).

3.9.2. Reduced energy consumption scenarios using endpoint categories

A multi-impact sensitivity analysis was conducted to evaluate the
environmental performance of hydroponic systems under clean elec-
tricity transition scenarios aligned with the UAE Energy Strategy 2050;
Using ReCiPe 2016 endpoint categories, we analyzed the influence of
increasing clean energy shares (20 %, 30 %, 40 %) on human health,
ecosystem quality, and resource use. The results show meaningful re-
ductions across all categories, particularly in energy-intensive crop
production systems.

CHS exhibited the most substantial improvements across all impact
categories as the clean electricity share increased. For instance, human
health impacts (DALY) in CHS declined by approximately 18 % when

System Vegetable Revenue Total operation cost Gross margin Fixed cost Net return Global warming Eco-efficiency
Type Type (AED/kg) (AED/kg) (AED/kg) (AED/kg) (AED/kg) (GWP100a) COz-eq) (AED/GWP)
OHS Cucumber 2.29 0.58 1.71 0.27 1.44 18.49 0.08

CHS Cucumber 2.20 0.64 1.56 0.29 1.27 17.04 0.07

OHS Tomatoes 3.00 1.12 1.88 0.77 1.10 61.81 0.02

CHS Tomatoes 3.00 1.15 1.85 0.83 1.02 31.37 0.03
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transitioning from 20 % to 40 % clean energy. Similarly, resource
scarcity (USD2013) was reduced by around 15 %, and ecosystem quality
impacts (species.yr) improved by nearly 12 %. These reductions are
attributed to the energy-intensive nature of CHS, which benefits more
from low-carbon electricity sources.

OHS, while less reliant on electricity, also showed meaningful gains.
The human health impacts of these systems declined by 9 % between the
scenarios. Ecosystem quality improved by approximately 6 %, and
resource scarcity decreased by nearly 5 %. Overall, the transition from
20 % to 40 % clean electricity resulted in impact reductions ranging
from 5 % to 18 %, depending on the crop and system type. These find-
ings highlight the substantial environmental benefits of aligning hy-
droponic agriculture with national energy decarbonization goals (see
Table 7).

Sensitivity analysis of hydroponic tomato and cucumber production
under OHS and CHS across three electricity scenarios (20 %, 30 %, 40 %
clean energy). Results are presented for ReCiPe 2016 endpoint cate-
gories: Human health (DALY), ecosystem quality (species.yr), and
resource scarcity (USD, 2013).

4. Discussion

The results summarized herein confirm that CHS are more sustain-
able than OHS because of their more efficient use of resources. CHS
significantly reduced abiotic depletion (fossil fuels), global warming
potential (GWP), and nutrient runoff. These findings echo those of
Wimmerova et al. (2022) and Abd-Elmoniem et al. (2006), who reported
improved resource use efficiency and lower environmental pollution in
CHS. However, the higher initial investment costs for CHS (Sisodia et al.,
2021), despite their long-term benefits, such as biodiversity conserva-
tion and reduced health risks, can be a barrier to adoption.

Hydroponic systems such as the nutrient film technique (NFT) and
deep-water culture (DWC) use up to 90 % less water than traditional
soil-based agriculture, making them ideal for water-scarce regions. As
previously reported, CHS enhances water and nutrient efficiency,
reducing pollution and nutrient losses. (Abd-Elmoniem et al., 2006;
Rufi-Salis et al., 2020). Although these systems show outstanding per-
formance concerning water conservation, their energy demands remain
a significant challenge, as noted by Wimmerova et al. (2022 and Far-
vardin et al. (2024).

This study identified solar energy as the most sustainable energy
source for hydroponic systems, offering significant reductions in global
warming potential (GWP), abiotic depletion, and toxicity impacts.
However, the marginally higher ozone depletion potential during the
production and recycling of solar energy needs to be addressed. These
results align with those reported by Romeo et al. (2018b), which
emphasized the importance of renewable energy integration for
reducing the carbon footprint of controlled environment-agriculture
systems. In contrast, while reliable and supported by the existing
infrastructure, natural gas demonstrated higher impacts across most
environmental categories. This finding suggests that a transition to solar
energy is the optimal long-term strategy, supporting the conclusions of
Tewolde et al. (2016) and Farvardin et al. (2024). Combining solar

Table 7
Sensitivity of ReCiPe endpoint impact categories to clean energy scenarios.
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energy with controlled hydroponic systems (CHS) is the most sustain-
able approach because it reduces environmental impacts across key
categories. Similar conclusions were drawn by Saha (2021), who high-
lighted the synergistic benefits of combining resource-efficient systems
with renewable energy sources.

Despite the environmental advantages of hydroponic systems, some
challenges persist. In particular, energy intensity is a primary concern,
as the heating, lighting, and operational demands of these systems can
offset the environmental benefits. As highlighted by Chen et al. (2020)
and Naseer et al. (2022), integrating renewable energy and
energy-efficient lighting, such as LEDs, is essential for reducing
ecological impacts. Furthermore, economic barriers, including high
initial costs, severely hinder broader adoption. However, government
subsidies and supportive policies, as suggested by Sisodia et al. (2021),
can make these systems viable, particularly in urban and arid regions.

Future advancements should focus on scaling CHS through techno-
logical innovation, improving energy management, and utilizing
reclaimed water. As noted by Nadeem et al. (2024)Integrating hydro-
ponic systems into urban infrastructure can enhance local food pro-
duction, reduce dependency on imports, and improve food security.

This study highlights several strategies for making hydroponic
greenhouse cultivation more sustainable. Key recommendations include
integrating renewable energy sources, such as solar panels and wind
turbines, into power operations alongside energy-efficient technologies,
including LED lighting, advanced climate control, and automation.
These measures align with the findings of Casey et al. (2022) and Sousa
et al. (2024), which highlights the significance of renewable energy in
mitigating the environmental impact of controlled-environment agri-
culture. Optimizing greenhouse design and insulation further minimizes
heating and cooling demands, resonating with Chen et al. (2020), who
noted that infrastructure improvements can enhance the overall effi-
ciency of greenhouse agriculture. Water management remains critical,
and this study recommends implementing wastewater treatment and
recycling systems to reuse water for irrigation or cooling. Additionally,
smart sensors and data analytics can be utilized to optimize water use.
Similar findings were reported by Putra and Yuliando (2015) and
Rufi-Salis et al. (2020), who highlighted the potential of CHS for mini-
mizing water consumption and nutrient losses. Additionally, using
renewable, recyclable, or biodegradable materials in greenhouse struc-
tures aligns with the goals of sustainable agricultural development.
(Sanchez-Zarco and Ponce-Ortega, 2023).

This dual analysis underscores the trade-off between economic re-
turn and environmental impact. Cucumber under OHS offers the best
short-term profitability and eco-efficiency. However, CHS shows envi-
ronmental advantages for tomato cultivation, highlighting their poten-
tial role in climate-resilient horticulture.

The choice of greenhouse cover material can significantly influence
life cycle impacts, especially in controlled-environment agriculture.
Polycarbonate, with its higher initial embodied energy, offers long-term
benefits in terms of durability and insulation. The material trade-off may
favor polycarbonate for systems with extended use or perennial crops.
However, for short-term or lower-tech systems, polyethylene remains a
viable option.

Endpoint System Electricity (desalination) Electricity (cooling, pumps, miscellaneous)
Categories Type R R
Baseline 20 % 30 % 40 % Baseline 20 % 30 % 40 %
% Change % Change % Change % Change % Change % Change
Human health OHS 15 14 5% 13 16 % 12 23 % 61 59 5% 52 16 % 48 23 %
CHS 17 16 9% 14 16 % 13 23 % 60 54 9% 50 16 % 46 23 %
Ecosystems OHS 14 13 5% 12 17 % 11 24 % 57 54 5% 47 17 % 43 24 %
CHS 16 15 8% 13 17 % 12 24 % 55 51 8% 46 17 % 42 24 %
Resources OHS 16 15 3% 14 9% 13 14 % 64 63 3% 58 9% 56 14 %
CHS 18 17 3% 16 9% 16 14 % 63 60 3% 57 9% 54 14 %
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Hydroponic systems, especially closed types, are sensitive to up-
stream energy sources. Transitioning to cleaner electricity reduced im-
pacts in all ReCiPe endpoint categories, reinforcing the climate-policy-
agriculture linkage. Human health and resource depletion were the
most responsive categories, indicating potential co-benefits from
decarbonizing the energy mix. These results highlight the need for in-
tegrated planning between the energy and agriculture sectors to maxi-
mize environmental efficiency.

5. Conclusions

Hydroponic systems represent a sustainable alternative to traditional
agriculture, offering significant benefits in terms of water use efficiency
and land conservation. When integrated with renewable energy solu-
tions, they become even more environmentally friendly, aligning with
global efforts toward sustainable food production. However, their high
energy demands present a critical challenge, highlighting the impor-
tance of significant advancements in energy-efficient technologies and
supportive policies to mitigate their impacts.

This study highlights the environmental and economic advantages of
CHS, particularly when combined with renewable energy sources. These
systems exhibit superior performance in reducing emissions, preserving
ecosystems, and conserving resources, reinforcing their potential for
addressing global sustainability challenges and food security. These
findings also align with previous research, underscoring the importance
of innovations in energy efficiency, water management, and material
sustainability to minimize the environmental footprint of hydroponic
farming.

Although closed systems showed clear environmental benefits, their
higher initial investment costs and operational complexity remain crit-
ical barriers to widespread adoption. Further research is needed to
optimize the cost-benefit ratios and ensure these systems are accessible
and economically viable. Strategic investments and ongoing assess-
ments, such as life cycle assessments (LCAs), can provide valuable in-
sights into improving the sustainability of hydroponic practices.

Continuous innovation, collaborative stakeholder efforts, and sup-
portive policies are crucial for unlocking the full potential of hydroponic
farming. By addressing these challenges, hydroponics can play a pivotal
role in transitioning to a more sustainable and resilient global food
system. Hydroponic systems promise to conserve natural resources and
contribute to food security in arid regions, such as the UAE. Further-
more, a comparison between Controlled Environment Systems (CHS)
and Open-Field Systems (OHS) using Life Cycle Assessment (LCA)
analysis showed that CHS requires a higher initial investment; however,
this type of system reduces the negative environmental impacts of
agricultural production under controlled environments. OHS are
economically superior for cucumber production, while CHS are envi-
ronmentally advantageous for tomato cultivation. The eco-efficiency
framework reveals important trade-offs between profitability and envi-
ronmental impact, guiding crop-system decisions in sustainable agri-
culture. These insights support policy and farm-level strategies for
climate-smart horticulture in arid regions.

Economic analysis showed that, based on net return, the options are
ranked in order from most preferred to least preferred: 1) Cucumber
Open, 2) Cucumber closed, 3) Tomato open, 4) Tomato closed. This
appears to be different from environmental preferences, showing the
presence of a trade-off between the environmental and the economic
benefits of CHS and OHS under the two different crops. The trade-off is
evident: this ranking differs from the LCA ranking.

Material sensitivity analysis reveals that greenhouse design choices,
such as cover type, are critical in environmental performance. Poly-
carbonate presents a promising option for reducing maintenance and
long-term ecosystem impacts; however, its selection should be context-
specific, balancing durability, upfront costs, and operational lifespan.

Using endpoint categories in sensitivity analysis provides a
comprehensive view of how clean energy policies affect food production
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systems. The UAE’s progress toward cleaner electricity can significantly
enhance the environmental performance of hydroponics, especially for
closed-loop operations. This underscores the role of cross-sectoral syn-
ergies in achieving sustainable food systems.
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