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1. Introduction

management options. This work presents such insights from an agricultural
compound with 30 operational plots in Mafrag, Jordan using sensor
measurements, rainfall data, water use, and energy consumption information.
The annual water consumption was 20,000m3 at a carbon footprint of 3.47 kg
eCO2/m3. Smart irrigation corresponded to seasonal water savings of 30m3 per
single plot of 100m?, based on how often irrigation exceeded soil field capacity.
This scales to a net reduction of 5475.6 Kg eCO: of the water carbon footprint
across all plots, accounting also for imbodied carbon (0.09 Kg eCO2/m3) from
the electronic and electrical components needed in smart irrigation. Water
harvesting showed the least water saving potential (260.6 m3) due to the arid
nature of the region, but also the lowest carbon footprint (0.03 Kg eCO2/m3)
resulting from transportation to irrigation area. The feasibility of treated
wastewater reuse at the site was constrained by the requisite ancillary
infrastructure and the embedded carbon footprint of the treatment phase,
rendering it less competitive relative to other available strategies. The results
demonstrate how on-site techniques can have carbon-viable water savings, but
managing crop water demand, like reduced evaporation, could result in much
larger water-carbon reductions.

Climate change is expected to have significant impacts on agricultural production systems around the world, and
rainfall variability may have the most direct impacts on crop yields [1]. Under these conditions, it is expected that a
20% increase in the fraction of irrigated lands is necessary to meet global food demand [2]. Researchers in vulnerable
regions have largely focused on reducing the pressure on fresh water through exploring technological advancements
in non-conventional water resources such as treated wastewater reuse and desalination [3][4]. Research efforts have
also been directed towards improving monitoring of water resources and water accounting through novel techniques
[5][6].- However, improving water use efficiency and reducing losses remains to be a priority, particularly in arid
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regions with scarce water resources [7]. In this context, agriculture is a major focal point as the largest global water
consumer.

Over the past decade, studies have shown that smart irrigation systems, combining soil moisture sensing, weather-
based scheduling, and data-driven control can significantly reduce agricultural water use while maintaining or
enhancing productivity [8][9]. These technologies enable irrigation to be scheduled according to real-time crop needs,
thereby minimizing overwatering, runoff, and evaporation losses [10]. A substantial body of research published over
the past decade shows that smart irrigation can reduce water consumption by approximately 20-40% under typical
field conditions, with higher savings; sometimes exceeding 50% achieved in optimized or water-scarce environments
[11][12]. These gains are largely driven by the system’s ability to respond dynamically to changing environmental
conditions, such as rainfall, temperature, and soil variability, which are often overlooked in traditional irrigation
practices [12]. In addition to conserving water, smart irrigation can maintain or even improve crop yields by
preventing both water stress and excess irrigation, leading to better overall water use efficiency. Early studies on
sensor-based irrigation, with the integration of IoT and artificial intelligence, already showed notable improvements
in water-use efficiency compared to conventional scheduling, particularly through reducing over-irrigation and
matching application to crop demand, with typical water savings ranging from 20-40% under field conditions and
reaching 30-50% in optimized or drought-prone environments [13]. Experimental and modelling studies highlight
that real-time monitoring and adaptive control are key drivers of these gains, enabling systems to respond
dynamically to soil moisture deficits, evapotranspiration, and weather variability [14]. Advanced approaches using
machine learning, multi-sensor fusion, and predictive analytics have reported water savings of up to 30-50%
compared to traditional irrigation, alongside improvements in water productivity and yield stability [15]. Also, other
studies emphasize that smart irrigation reduces uncertainty in irrigation decision-making and minimizes losses due to
runoff and deep percolation [16]. However, research has shown that actual savings are context-dependent, influenced
by crop type, climate, soil properties, and system design. Overall, there is strong consensus that smart irrigation
represents a critical technological pathway for enhancing water-use efficiency and supporting sustainable agriculture
under increasing water scarcity and climate variability.

Extensive advancements and insights have been revealed on the role of different management systems in water
conservation, such as wastewater treatment, water harvesting, and smart irrigation [17-19]. This also extended to life
cycle analysis of these various options, revealing insights related to their carbon footprint and environmental impacts
[20-23]. However, a knowledge gap remains on the tradeoff between these different systems. There have been no
experimental works comparing the potential for these water conservation pathways on a single site, or across sites
under similar conditions and management. Accordingly, this work explores the water conservation potential of smart
irrigation compared to alternative water conservation options at an agricultural compound in a semi-arid region in
Jordan. The agricultural compound hosts numerous cropping plots under similar management conditions. Such
experiments can support decision making on the choice of water conservation technology. Specifically, they can
promote improved understanding and commitment to targets related to several sustainable development goals (SDG)
including SDG 13 ‘Climate Action’ and SDG 15 ‘Life on Land’.

2. Material and Methods

2.1. Study area

This study was conducted at an agricultural compound in the rural areas of Mafraq, Jordan (Fig. 1). At this site, 30
farm plots are commonly operational, these comprise greenhouses and open fields at non-fixed ratios. The
arrangement of greenhouses and open fields changed every season based on the crops of choice for that season and
based on the production schedule for the operators. Different types of crops are grown at the site, which vary by
season, but are mainly comprised of vegetables. The region is characterized by a semi-arid Mediterranean climate
pattern, with wet cold winters, warm summers, and most rainfall occurring between November and March.
Meteorological records for the study site show that annual rainfall was around 215 mm, and average temperature was
around 18.3°C. National soil maps show that the area is dominated by Regosols; however, the soil at the specific site
for this study was reported as Calcisols. Water sources at the site included rainwater harvesting and purchased water
from local suppliers (licensed groundwater reselling points).
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Figure 1. Study area comprising the agricultural compound where the experiments and data
collection was done for this work (Satellite image taken during the site-preparation phase).

2.2. Soil and irrigation assessment

Data relevant to soil and irrigation assessments includes a wide range of physical and chemical properties such as
water-holding capacity, fertility, salinity, and texture [24]. However, obtaining all these variables for a specific site can
be costly, and are rarely readily available [25]. The current analysis included the minimal data needed to enable
precise irrigation scheduling, zone-specific water application, and identifying any notable soil issues. For that purpose,
soil samples were obtained from different points at the site. The samples were collected from the top layer (30cm) of
the soil, which was a suitable depth to represent root growth conditions for vegetables. Air-dried soil samples were
sieved using a 2 mm mesh and homogenized prior to analysis. Chemical properties were determined using a
standardized soil-water extract method (Fig. 2). Field capacity (FC) was determined as the amount of water remaining
in the soil after three days from saturation, while permanent wilting point was assumed to comprise 50% of FC for the
purposes of this work. Soil analysis that was done in the lab included texture, bulk density, pH, and salinity. Irrigation
water quality was done using samples from the emitters to account for any effects from the irrigation network, the
samples were collected during the irrigation uniformity test. The results of the soil and irrigation system assessments
are shown in Table 1 and Table 2, respectively.

Table 1. Physical and chemical soil properties determined for the study area
Parameter Range Notes
balanced texture that supports favorable water holding capacity,

Texture Silty loam workability, aeration, and drainage

Bulk density (g/cm?3) 1.1-1.2 Moderate values, consistent with medium texture

Field capacity (FC) (%) 33.37 Amount of water the soil can hold against gravity (Ideally not
exceeded)

Plant welting point (PWP) (%) 17-19 Estimated based on FC

pH 78_84 Relatively good compared to common soils in Mafraq which

range around 8.3
Salinity (uS/cm) 433-512 Low salinity; minimal risk to plant health and nutrient uptake.
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Table 2. Irrigation assessment report for the study area

Parameter

Value

Assessment details

Irrigation system type

Drip irrigation / inline

Excellent choice for the selected crop
High water conservation ability

Water storage system

Closed water tank at a
higher altitude

Excellent choice to avoid system failure risks
Avoids water losses from evapotranspiration

Water conservation options

Mulch application

Excellent choice to avoid pests and reduce water
losses

Irrigation layout

Lateral lines connected
(16mm) connected to a
subline (3 Inches)

Ideal for the production system

Excellent, ideal for implementing sensor-based

N . . o

Irrigation uniformity 87.7% irrigation scheduling

Pressure in the network <0.6 bar * Sut?optlmal, the .experlments were held following
maintenance to improve pressure

Flowrate ~41/h Ideal for the crop of choice (eggplant) at the

experiment plot.

*Increased to 0.9 following maintenance prior to conducting experiments.

Figure 2. Soil sampling (A) and analysis (B and C), and irrigation assessment (D and E) done for the study site
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2.3. Sensor assessment

Prior to selecting a sensor to conduct the irrigation
experiments, several types were evaluated to determine
the most suitable choice. Previous researchers have
shown that different soils can have different sensor
performances [26]. Thus, site-specific assessment is
crucial in selecting a proper sensor.

Overall, three types of sensors were evaluated: SMT100,
T-Higrow, and TZT Module. Each model has a unique
price range, measurement mechanism, and dimensions,
but they are all widely available in the market. For each
sensor type, 3 sensors were tested to confirm sensor-to-
sensor variability. The SMT100 is a time domain Figure 3. Soil moisture sensor types tested for this study:
transmission (TDT) sensor manufactured by Truebner the SMT100 sensor (A), the T-Higrow sensor (B), and the
GmbH in Germany (Fig. 3 A). The T-Higrow sensor is a TZT conductivity sensor (C)
capacitance-based soil moisture probe developed by

LilyGo in China (Fig. 3 B), which integrates an ESP32 microcontroller, allowing for wireless data transmission and
easy integration into IoT systems. The TZT soil moisture module (Fig. 3 C) is a resistivity-based sensor produced by
TZT, a Chinese electronics supplier.

The sensors’ readings were assessed based on actual soil moisture in samples prepared in the lab. Three samples with
10%, 20%, and 30% soil moisture were prepared by adding controlled volumes of water to dried soil samples from
the experimental site. For each assessment run, three sensors were used to examine repeatability and reproducibility
across different moisture ranges. Evaluation criteria included measurement error, correlation, repeatability, and
reproducibility. Measurement error was represented by mean absolute error (MAE), which expresses the average of
the absolute differences between the sensor readings (yi) and actual soil moisture (¥i) across the samples (n), is
calculated based the following equation:

n
1
MAE=—Z S
n_1Iyl 7l
i=

Correlation refers to the statistical relationship between the sensor’s readings (x) and the actual soil moisture content
(v)- Correlation was represented by Pearson’s correlation coefficient (r) based on the following equation:

=2 05057
r= .
n—1 Sx Sy
Repeatability refers to a sensor’s ability to produce consistent measurements when the same procedure is repeated
under identical conditions. High repeatability indicates more reliable readings in controlled environments, which is
crucial for detecting small changes in soil moisture over time. Reproducibility, on the other hand, assesses how

consistent the sensor’s measurements are when conditions vary (different operators, different instruments of the
same model, or different locations), reflecting the sensor’s robustness and reliability across broader applications.

2.4. Water carbon assessment

This assessment included a breakdown of all operations and relevant energy consumption related to irrigation. The
entire process (from the water source to irrigation) was identified, and the energy and fuel use associated with all
pathways was identified. The contribution of smart irrigation to water conservation was done using a data-driven
approach. Smart irrigation would conserve water by avoiding the addition of excess water beyond field capacity (FC),
after which water is not retained in the rootzone and not beneficially used by plants. Thus, soil moisture
measurements were used to calculate the impact smart irrigation would have in conserving water. Excess irrigation
(Excir) from a single irrigation application, which would have been saved through smart irrigation, was estimated
through the following equation:
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recorded during a day in which irrigation was applied, and
ABirr is the amount of soil moisture increase from adding
1m3 of irrigation (Fig. 4). A preliminary controlled
experiment showed that adding 1m3 of irrigation water to
the experimental site increased 6v sensor measurement by

|

Excess irrigation

12% (*1%). Accordingly, it was possible to link sensor
measurements from irrigation monitoring experiments to
the amount of excess water that was added. Four SMT100
sensors were then installed in the monitoring plot, one at = !
each row. The experimental plot was under greenhouse
conditions and normal irrigation management done at the
site by the same team that normally manages it. This
approach was used to determine the contribution of smart | NN NN (RN CHNNN TR NN (RN N S (RN [
irrigation over existing management. This procedure of
examining water added beyond FC would show the amount
of water saved assuming an ideal smart irrigation
application, since the water saved from smart irrigation
could be low on the first tests after installation, but would
be much higher after repeated tests, optimization, and
integration into existing management.
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Figure 4. Illustration of the protocol sensor
measurements interpretation to derive excess water from
applied irrigation “Excir” (FC: Field capacity).

To assess the contribution of water harvesting to water conservation and reducing the related fuel and energy use, the
seasonal rainfall for the past 3 years was obtained for Mafarq. The seasonal rainfall was multiplied by the total surface
area of the rooftop designated for rainwater harvesting (~1500m?), assumed to be 90%. These assumptions were
based on feedback from the maintenance team to avoid overestimation. The water conservation from potential
wastewater treatment was determined based on the amount of freshwater used for non-irrigation purposes. This was
the fraction of water that can be retrieved as grey or black water, while irrigation was assumed to be non-retrievable
due to lack of drainage or other recovery systems. Besides smart irrigation and non-conventional sources, the amount
of water saved from using greenhouses was also considered to show how all these systems compare to a reduction in
evaporation and reduced crop water needs. The amount of water saved from using greenhouses (Reduced
evaporation) was determined based on existing records of irrigation consumption at greenhouses and open fields. The
fuel consumption associated with transporting 1m3 of fresh water from local suppliers was calculated based on
distance from the water source (D), fuel consumption per trip (Fuelwip), volume of water delivered per trip (Waterde),
and transportation efficiency (Effis) as follows:

Fuel ter (L/m?) 2 XD X Fuelgp
HelperwateriL/me) = Waterge X Effip

Water-energy use (WEU) (kW.hr/m3) at the delivery site (selling point) was calculated using the hydraulic power
formula based on the density of water (p), gravitational acceleration (g), total dynamic head (TDH), and pump
efficiency (n):

p X g x TDH

3y —
WEU (kW. hr/m?) =X 3.6 x 10°

The local water supplier was estimated to have a pumping efficiency of 70% and a water depth of 400m, based on an
assessment by local expert engineers and utilizing information such as pump model and date of most recent
installation.
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The carbon footprint as equivalent CO2 in kg (eCO:) for different components was calculated using national
conversion factors for each water, energy, and fuel type and based on values reported in the literature (Table 3).
Wastewater treatment, as a potential option, was assigned values reported from previous works due to lack of values
reported for small-scale decentralized treatment systems in Jordan.

Table 3. Carbon footprint conversion factors used in this study
Factor

Parameter Unit (kg eCO2) Notes
This is an average value reported for
1 m3 of freshwater from the the carbon footprint resulting from
Freshwater Jordanian national water 3.47 water pumping, treatment, and supply
grid. through the Jordanian national water
grid [27].

Equivalent CO2 emission factor for 1

1 kWh.hr from the Jordanian KkW.hr used from the national energy

Electrical 54
ectrical energy national gridline. 05 grid as reported in national reports
[27].
Equivalent CO2 emission factor for 1 L
Fuel consumption 1L of diesel 2.6 quivaien emission factor for

of diesel in Jordan [27]

Based on a previous life cycle analysis
in the literature. This number would be
200 divided over the lifespan of the plastic
(3 years) and the amount of water a
single greenhouse saves [28][29].
Average value estimated from the
literature, assuming primary and
secondary treatment sufficient to meet
irrigation standards [30-33].

Average value estimated from the
literature, assuming less intensive
treatment sufficient to meet irrigation
standards [30-33].

Amount of plastic to cover a

Greenhouses 200m? greenhouse

Wastewater treatment Per 1m3 of wastewater 1

Grey water treatment Per 1m3 of greywater 0.4

3. Results
3.1. Sensor selection results

Sensor assessment results considered accuracy, represented by correlation, and reliability, represented by
repeatability and reproducibility (Table 4). Correlation for all sensors was excellent, showing that all sensors
responded well to changing soil moisture levels.

However, standard error, deviation and variance for the TZT sensor were substantially higher across both
repeatability and reproducibility. This means that the same TZT sensor resulted in different measurements under the
same conditions, and that different sensors of the same model also produced inconsistent readings. The high
correlation shows that the readings of the TZT sensor increase with moisture level, but were not precise or
reproducible. While the SMT100 and T-Higrow sensors showed acceptable performance across all previous indicators
when the experiment was replicated using the same sensor or using different sensors. This was followed by an error
assessment, i.e. sensor readings compared to lab-measured values (Fig. 5), which demonstrates the suitability of
SMT100 calibration settings and its measurement principle (time domain transmission) over the T-Higrow
capacitance principle. Based on these results, SMT100 was selected for further experiments on the contribution of
smart irrigation for water conservation under the investigated conditions.
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Table 4. Sensor assessment conducted to select the suitable sensor type for irrigation monitoring experiments

Test Sensor Standard Standard Sample Confidence Correlation
Error Deviation Variance level (95%) test
Repeatability SMT100 <0.001 <0.001 <0.001 <0.001 0.999
test T-Higrow 0.006 0.01 <0.001 0.02 0.991
TZT 491 8.5 72.33 21.13 0.984
Reproducibility SMT100 0.014 0.024 <0.001 0.06
test T-Higrow 0.019 0.032 <0.001 0.08
TZT 16.05 27.79 772.33 69.04
3.2. Smartirrigation prospect 0.45
The potential water savings from smart irrigation were determined 0.4
through a data-driven approach based on sensor measurements of soil
moisture. The readings were used to identify the excess moisture added 0.35
to the soil through manually controlled irrigation (Fig. 4). Soil moisture ~ _ 4 X
level was considered in excess if it surpassed FC, which was identified E
based on previous soil analysis for the same site where the experiments E 0.25
were conducted. £ 02
The results demonstrate that soil moisture was generally below FC, but ‘:’
never decreased to reach welting point (~18% on average) (Fig. 6). This w05
meant that only a limited amount of water was lost to drainage, and crops 0.1
would generally remain safe from water stress under the current
management (Irrigation without sensor assistance). The time series 0.05
overall indicate proper irrigation management, despite the absence of any o

feedback mechanisms for the irrigation managers, who did not have
access to sensor readings. To estimate the volume of water that could
potentially be saved through smart irrigation (defined as irrigation that
avoids exceeding field capacity while also preventing the soil from
reaching the wilting point) the time series were used to calculate the
amount of water corresponding to soil moisture exceeding FC. Since the
rootzone depth had not been previously determined, a straightforward

[0 smT100 [ T-Higrow

Figure 5. Measurement error of the SMT100
sensor compared to the T-Higrow sensor

physical calculation was not feasible. Instead, an experiment was conducted to determine the contribution of each
cubic meter of irrigation water to increasing volumetric soil moisture (Fig. 7).

Analysis of the full time series demonstrated that a total of 5m3 could potentially be saved monthly within the
experimental plot (100m?2). This corresponds to 10-15m3/month for other plots, which range between 200 and

300m?2.
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standing for an irrigation similar to the visualization in Figure 4)
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Figure 7. Volume of irrigation water corresponding to soil moisture measurements and
irrigation events (data shown for a 3-week duration)

3.3. Other water conservation approaches

Total seasonal water usage was recorded to be 20,000m3, Irrigation usage was estimated to comprise 18,000m3 and
the rest was allocated for other usage such as cleaning and hygiene maintenance. This provided the first potential
pathway for water conservation, which was treated wastewater reuse (Fig. 8). Another possible supplementary water
source is water harvesting. The storage tank designated for collecting rooftop rainfall is also used for storing water
from other sources, and so, the amount was estimated using seasonal rainfall in the area (Fig. 9).
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rainfall for collection

The utilization of greenhouses in the study area was not particularly intended for water conservation, but rather to
achieve ideal temperatures for growth conditions, avoiding genetic contamination of the desired breeds, and
minimizing biotic stress. The main utilization for greenhouses in the region is to avoid the risk of cold stress, due to
minimum temperature dropping below 5°C at nighttime. However, greenhouses also affect water consumption by
limiting evaporative factors, mainly solar radiation and wind speed, which increase evaporative demand in
accordance with the Pennman-Monteith energy model. While a significant temperature increase is noticed inside
greenhouses, this increase is somewhat buffered by scheduled ventilation around 12:00 pm to avoid heat stress.

Irrigation water applications did not have a dynamic feedback mechanism
to optimize water addition, i.e. there was no specific mechanism for the
workers to identify crop water demand and apply water accordingly.
Instead, the workers relied on experience, i.e. limiting or increasing water
applied and monitoring the crops’ physiological responses. Thus,
monitoring water consumption on greenhouses and open fields provides
insights into the contribution of greenhouses to water conservation at the
site (Fig. 10). Water consumption was different based on crop type,
growing season, plot area, amongst other factors. The results indicate that
agricultural production in greenhouses requires on average around
160m3, while open fields required around 315m3 on average. This
indicates that greenhouses require almost half the water requirement on
average, this would vary based on crop type, season, plotting area, and
other factors. However, this observation is not necessarily a consistent
water conservation approach, since greenhouse crops should be tested in
open-field conditions at the site, and greenhouses are used based on
designated experimental plans.

All the possible options can be compared when considering that 30
agricultural plots are usually active within the company perimeter. This
means that the total water harvesting volume and total treated
wastewater would be separated between these plots. Conversely, water
savings from the greenhouses and smart irrigation (determined at plot

10

600

500

400

300 X

200

Seasonal water use (m?3)

100

0

[ Open field O Greenhouse

Figure 10. Seasonal water consumption for
the period 2023-2025 in different
greenhouses and open fields at the study
site for different crops for plot sizes of
250mz. Upper and lower limits represent
upper and lower quartiles.
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level) would be multiplied by the number of plots for their common operational duration in the study site (6 months)
(Fig. 11).

Water saved per plot (m3)
0 100 200 300 400 500

Water harvesting

Smart irrigation

Treated greywater reuse
Treated wastewater reuse

Greenouses

0 1000 2000 3000 4000 5000
Total volume of water saved (m3)

Total m Per plot

Figure 11. Volume of water saved from different water conservation options (assuming 30
operational plots)

3.4. Carbon footprint

The carbon footprint associated with each cubic meter of water savings was determined based on the energy and fuel
consumption corresponding to its use. While this is not holistic, it provides a general idea on the variations between
different water conservation options. The carbon footprint of the water supply from the national grid (3.47 kg
eC02/m?3) was considered as the benchmark.

The carbon reduction from each water conservation method was estimated based on its ability to reduce water
consumption and the embodied carbon footprint of conserved water (Table 5). Water harvesting resulted in moderate
water savings but required transporting the water from the harvesting and storage site to the irrigation tank, which
requires diesel-fueled delivery tank. Smart irrigation potentially allowed for reducing irrigation water consumption
but was associated with using electricity-operated sensors, controllers, and pumps. Energy consumption from
pumping was attributed to smart irrigation because the site did not normally use pumps to maintain pressure. The
pressure was maintained in the network through the hydraulic head of the irrigation storage tank being higher than
the cultivation plots. This hydraulic head is concentrated by a network of valves which deliver the water to one zone
at a time by keeping only that one zone’s valve open, a process which is done manually based on a fixed schedule.
However, with regards to smart irrigation, the process would be triggered and stopped based on sensor readings and
so a dedicated pump would be needed for each zone. With regards to potential savings from wastewater treatment, it
was based on the amount potentially generated on site, while carbon footprint was based on average values obtained
from previous studies. The carbon footprint values for wastewater reuse have the highest uncertainty in this work,
but the volumes were determined for the site, so they can be considered reliable for this work.

The results demonstrate that rainwater harvesting had the lowest contribution to reducing the carbon footprint, while
smart irrigation had the largest potential impact on carbon footprint reduction (Table 5). Despite rainwater
harvesting having the lowest embodied carbon footprint, its contribution to carbon reduction was small due to its low
water savings potential on the site. Wastewater reuse had a larger water savings potential; however, its high
embodied carbon footprint resulted in smaller net reduction compared to smart irrigation option.

11
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Table 5. Embodied carbon footprint and footprint reduction from different water conservation methods

. Reduced footprint Estimated reduced Net emission
. Carbon footprint . .
Conservation method (kg eCO/m?) per m3 water consumption reduction
& 2 (kg eCO2/m?3)** (m3) (Kg eCO2)
Smart Irrigation 0.09 3.38 1620 5475.6
Wastewater treatment 1.00* 2.47 1800 4446
Rainwater harvesting 0.03 3.44 260.6 897

* Estimated based on average values from previous works [31-33].

** Estimated by subtracting carbon footprint from the carbon footprint of the national water supply (3.47 kg eCO2/m3).
The carbon footprint from greenhouses was not considered in this section, since its construction carbon footprint can
complicate the calculations.

4. Discussion

Limited works have explored the water-carbon tradeoffs between different water conservation approaches. This work
compared smart irrigation to two non-conventional water options, rainwater harvesting and wastewater treatment
and reuse, at a commercial agricultural compound in Northern Jordan. The study utilized soil moisture sensor
measurements and water use and management information to derive reliable estimates. The carbon footprint of each
water conservation method was driven mainly by pumping energy, not by treatment chemistry or materials.
Wastewater treatment and reuse was assigned the highest footprint (1.00 kg eCO2/m3), largely due to energy-
intensive aeration during treatment; conventional activated sludge processes require far more energy than anaerobic
alternatives, which operate at 0.01-0.05 kWh/m3 [34]. Smart irrigation's footprint (0.09 kg eCO2/m3) was calculated
from powering sensors, controllers, and pumps. Rainwater harvesting had the lowest footprint (0.03 kg eCOz/m3),
derived mainly from transportation, since collection relied mostly on gravity rather than pressurized pumping. This
matches previous findings that pumping operations can produce around 6.5 times higher CO2-equivalent emissions
than mains water delivery, and that pumping accounts for roughly 70% of the net life-cycle impact of rainwater
harvesting systems where a pump is used [35]. Recycling water through non-pumped rainwater harvesting has been
shown to cut global warming impact by 19-51% relative to full life-cycle emissions [35], consistent with the low
footprint observed here.

Smart irrigation, on the other hand, showed potential savings of 5m3 of water per month per 100mZ2. Over the site's 6-
month operational season, this corresponds to roughly 30m3 per 100m? per season. This demonstrates how savings
per plot can be modest, but it accumulated substantially once extended across a full farm or estate. It is important to
note that these numbers are site-specific and only reflect the water management conditions at the site. However, some
aspects would likely be reflected in other similar sites, such as how smart irrigation gave the largest net reduction in
carbon footprint, even though its per-m3 footprint was not the lowest. This agrees with a previous study on solar-
powered smart irrigation, which reported a 28.1% reduction in combined water and energy consumption compared
to conventional irrigation, along with a drop in carbon footprint from 0.252 to 0.181 kg COz/m?/year [36]. This
suggests that water savings, not the footprint of the technology itself, mainly drives the climate benefit. Rainwater
harvesting's small contribution to overall carbon reduction reflects the same pattern: even where a commercial
rainwater harvesting system was shown to outperform municipal water supply in nearly every environmental impact
category, its advantage depended on the system's energy intensity staying below a specific threshold (an energy
saving of at least 0.86 kWh/m3 relative to the municipal baseline) [37]. This highlights how sensitive its benefit is to
water volumes and system design rather than to the technology's inherent footprint. Wastewater reuse had greater
water-saving potential than rainwater harvesting, but its higher footprint reduced its net benefit. This is similar to
previous reports showing that demand-side water conservation could improve wastewater treatment plant eco-
efficiency by up to 189%, reducing GHG emissions by 1.67 million tons CO2-equivalent nationally compared to relying
on treatment-technology improvements alone [38].

Several uncertainties should be noted regarding the findings presented in this work. The wastewater reuse footprint
was based on published average values rather than site measurements, making it the largest source of uncertainty;
treatment energy use varies with technology, influent load, and electricity mix, ranging from as little as 0.01 kWh/m3
for anaerobic systems to substantially more for conventional aerobic treatment [34]. Recent advancements have also
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shown that treatment process can be optimized to produce minimal environmental impact through circular
applications [39]. Smart irrigation water savings were based on sensor estimates, which may not capture seasonal or
crop-specific variation. Additionally, performance and calibration functions will vary according to soil type and sensor
module [40], highlighting the importance of site/plant type calibration in each case. Rainwater harvesting estimates
depended on assumptions about catchment area, rainfall, and transport emissions, which are also site-specific. The
national grid baseline factor also reflects Jordan's current electricity mix, which will shift as renewable energy use
grows. Greenhouses were left out of this comparison because their main role is agronomic, not water conservation;
allocating their embodied footprint to water savings alone would not reflect their overall function on site.

5. Conclusions

There is a lack of field-based studies that compare smart irrigation with other non-conventional water conservation
options under the same farming conditions and within a shared water-carbon framework. This study assessed the
possible contribution of smart irrigation to sustainable water conservation compared to other options within a
commercial agricultural compound in Northern Jordan. The results indicate that smart irrigation can improve
irrigation efficiency even where water management is already reasonably maintained. In the present case, soil
moisture slightly exceeded FC several times during the monitoring period. However, converting these losses into
water volumes throughout the season and across all growing plots resulted in significant potential water savings. This
point is important because it shows that, in well-managed semi-arid systems, the benefit of smart irrigation may lie
less in dramatic savings at the plot level and more in the steady reduction of small, repeated losses. While the volume
saved within a single plot was modest, the cumulative effect became far more meaningful when considered across the
larger number of operational plots within the agricultural compound. From a managemental perspective, this
observation gives smart irrigation practical significance as a tool for improving overall efficiency at farm scale rather
than only as a plot-scale intervention. Wastewater reuse and rainwater harvesting showed contrasting profiles.
Wastewater reuse showed greater water-saving potential, estimated by the fraction of water consumption not
directed towards irrigation. However, it also carried a potentially high embodied carbon footprint. Rainwater
harvesting had the opposite profile: the lowest footprint, but the smallest saving potential, given the site's arid
environment. This demonstrated how water demand management can offer a substantially higher reward compared
to technology integration and non-conventional water sources. Together, these results show that the most carbon-
effective conservation option is context-dependent. It is shaped as much by pumping energy and system design as by
the technology category itself. For farm managers and policymakers in Mafraq, and in similar semi-arid parts of Jordan
and the wider region, this has a practical implication. Conservation strategies should be selected based on local energy
demand and realistic water-saving potential. They should not be chosen based on assumed environmental
performance alone. Smart irrigation offers a particularly accessible entry point in this regard. It required minimal
infrastructure investment compared to options like wastewater treatment. Despite this lower investment, it still
demonstrated a significant potential carbon footprint reduction in this study.
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