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ABSTRACT

A comprehensive analysis of the total energy distribution within an integrated design for sustainable
agricultural production in coastal climatic conditions. The system configuration consists of evacuated
tube collector, absorption cooling system, thermal energy storage, solar still, and greenhouse operating on
humidification-dehumidification principles, provides a fundamental model for evaluating energy flow and
utilization of the interconnected subsystems. Thermodynamic modelling, based on energy and mass balance
along with inverse technique of Levenberg-Marquardt method, evaluates greenhouse temperature, vapor
pressure deficit, and overall performance under varying solar irradiance between 275-972 W/m? for typical
ambient conditions of Indian coastal-areas. The obtained results presented, stable internal temperatures
of 24-28°C and relative humidity of 60-90%, with VPD maintained in the optimal 0.5-1.2 kPa range for
crops such as tomatoes and cucumbers by optimizing air (60-90 kg/s) and water (>0.7 kg/s) mass flow
rates. The greenhouse system demonstrates that 90% evapotranspiration water recovery, continuous year-
round operation without fossil fuels, and enhanced concentration yield (~1 m*/day per 100 m?) attained
through the heat integration. The integrated design addresses, key challenges using groundwater/saline
agriculture with water scarcity, overheating, and energy intensity for minimizing the energy losses and
enabling scalable, low emissions in food production.

Keywords: Solar-energy, Greenhouse, Thermal analysis, Sustainable agriculture, Coastal climatic
conditions, Thermal energy storage

In recent times, the water scarcity is one of the most challenging problems especially in dried and semi-
dry regions where the demand of the supplies has been exceptional at a startling percentage. Over the
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last decades, global water usage has been doubled than the rate of population growth, resembles in the
production of the agriculture output was holding the brunt of this strain. In this context, farming has
consumption of roughly 70% of the world’s freshwater, making the process for more efficient water
management not just for a necessity but also for the survival of the food security. Arid/Dry zones, which
has presence of about 40% of the land surface on the earth that includes,the hot dunes of the Arabian
Peninsula to the dehydratedareas of North Africa that aggravate the issues related to availability of water
resources. The farmers contend with not only limited rainfall but also saline groundwater, which was used
for irrigation that salinize the soils and reduce long-term productivity of the crops!'. With including all
the conditions, the extreme environmental temperatures that often exceeding 45°C have intense solar
radiation that accelerates evaporative conditions that results in low humidity levels that stress the crops,
leading to less yielding production that are 30-50% lower than the normal temperate areas.

Traditional open-field agriculture relies heavily on fossil fuel-powered pumps and irrigation systems, that
contribute significantly to greenhouse gas emissions that increasingly unsustainable in agriculture and
responsible for about 24% of global greenhouse gases. Moreover, these practices are helpless to climate
variability, results in shortening of the crop seasons and inconsistency in harvesting that loom economic
stability for rural communities. Henceforth, to protect the cultivation systems such as greenhouses have
gained importance as a pathway to resilient, for low-emission food production. With maintenance of a
controlled micro-environment, greenhouses can increase its crop yield nearly by 10-20% with reduction in
water and energy usage by 30% as compared to conventional methods® ). The institution of greenhouses
will protect against high temperature conditions, insects or pests, excessive evapotranspiration that allows
the crops extended for year-round cultivation of high required crops such as tomatoes, cucumbers, and
bell peppers.

Establishing the greenhouses in high dried regions that extant the climatic conditions which represent
its own set of complications. Maintaining the optimal conditions ranging from 18-30°C for temperature
and 60-90% of relative humidity (RH) for most of the vegetable crops involves substantial energy inputs
and particularly to maintain lower temperatures during peak summer months. Extended temperatures that
are above 35°C induces higher heat stress in plants resulting in reduction of photosynthesis and output
quality of the crops, where higher RH conditions can lead to fungal diseases or presence of excessive
transpiration extends to lifelessness. The system process of natural ventilation reduces rapidly when
outdoor temperature increases as the crops are unable to handle heat buildup!®!3. The arrangement of
nets or screens helps in reduction of the irradiance, whereas has the limitation for the photosynthesis,
which is critical fragment for the crop growth. The provision of evaporative cooling system provided
with fans and wet pads resist the higher temperatures by converting sensible heat into latent heat through
water evaporation. However, the effectiveness of the system decreases in peak summerwhere ambient
RH rises to some extent, uplifting the wet-bulb temperature that results in marginal cooling conditions
between 5—10°C below ambient the temperatures!'+!],

To improve in the performance of the system, vigorous mechanical systems like heating, ventilation, and
air conditioning (HVAC) are essential and also this system requires a high energy which are generally
produced by fossil fuels in off-grid or from remote areas. Thid leads to increase in the operational costs
and also preserves carbon emissions that challenges the sustainability goals to protect agricultural
conditions. In this context, the integration of renewable energy arises as a logical correctness and thermal
technologies aligning in waterless climatic conditions provides abundant heat source for both desalination
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and cooling of the system. The integration of greenhouses with desalination processes having dual benefits
of turning waste heat into freshwater creation and evaporative cooling. Humidification-dehumidification
(HDH) desalination works on water cycle that humidifies air with evaporated saline water and in later
stage condensing processstances for its simplicity and adaptability. When the HDH system rooted in a
greenhouse, it utilizes the evaporation of saline water for heat absorption and during the condensation
process practices for the crop irrigation that completes the loop on water convention'*!'¥l. Submissive
devices like Solar stills that harness sunlight to distilled water through evaporation and/or condensation
to enhance the synergy by attaching directly into design of the greenhouse structure, such as the roof in
order to filter excess infrared radiation.

Recent studies suggest that the potential of the hybrid system integration in to the greenhouses has been
increased. Goosen et al."! developed a thermodynamic model for the HDH-greenhouse in more dry
regions, suggest the prescribed size of GH intensely stimuli the freshwater yields that produces the larger
structures nearly three times higher than the concentration. However, the numerical study emphasized the
summer overheating as a persistent blockade which compelling the operational breaks. Zamen et al.?%
suggested the incorporation of efficient solar heaters, results in attaining 6—22 m3/day in a 500 m? facility
though high ambient RH with reduction in cooling efficacy. The circulation of fluid passing through the
roof of the greenhouse, where ground/saline water circulates through the double layered coverings shown
a reliable load reduction. The partial solar absorption for the evaporation, while Abdel-Ghany et al.?!]
reported a temperature drop in field nearly by 5°C in aired dry conditions.

Mahmoudi et al.??! developed a prototype for solar-wind powered seawater greenhouse in gulf countries
produces a yielding of 297 L/day without using fossil fuels where the exergy inefficiencies were observed
for intermittence. Sajid and Bicer?! employed nanofluid based photovoltaic thermal (PVT) roofs in an
inclusive design shown drop of cooling demands by 26% through selective spectrum absorption. Several
authors reported the inclusion of light splitting solar stills by Mamouri et al.’s?* resolved the 85% of
tomato irrigation requirements, where Rabhy et al.*! transparent roof distillers were improving 37.5%
of water requirements while cutting the energy usage by 60%. Mahmood and Al-Ansari®! modelled an
HDH based solar greenhouse distributing 17.5-27.3 m?/day in conjunction with minimal micro-climatic
conditions that emphasizes the role of absorption chillers for stability. Many of the research studies focused
on the moderate or coastal areas with suitable crop conditions by overseeing the interior aridity®”’. Dry-
conditions prototypes or designs often depend on water intensive evaporative pads or fossil supplements
having a limited runtime of 8 to 9 months and enhancing of the production costs?*-%. The integration of
thermal storage to variation of solar radiation or to measure exergy losses in coupled HDH systems!-331,
However, evapotranspiration recovery of recirculating water and plant transpired water is unexplored by
many authors depending on adaptability of specific crops counting geographies.

The present research study addresses the existing gaps with an innovative, entirely solar-powered
greenhouse designed for extremely dry conditions, such as those found in arid /coastal areas. The structure
integrates a double-glazed roof that serves as a solar still, capturing approximately 20% of incoming
sunlight (usually between 250—-1000 W/m?) to desalinate saline groundwater while providing shade for
the canopy. The heated brine progresses the evaporation rates of humidified air, resulting in higher overall
outputs. A combination of an evacuated tube collector (ETC) and thermal energy storage (TES) powers
water absorption cooling system, which supplies chilled brine to condenser that collect condensate and
maintain a temperature of 18-30°C and relative humidity of 60—90% throughout the year. In contrast
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to earlier models, this system recovers more than 90% of water lost to evapotranspiration, operates
continuously without additional cooling support, and exclusively utilizes saline feedstocks eliminating
the need for freshwater resources. Thermodynamic modelling through first and second law evaluations
confirms efficiency during seasonal changes in dried/coastal regions (utilizing TMY 3 data 343%1), focusing
on crops such as tomatoes (optimal at 20-30°CP¢l) and cucumbers (25-30°CE"), This study promotes
scalable, zero-emission agriculture by showcasing the cooling capacity using the inverse techniques to
estimate the temperatures and VPD for freshwater water supply within a 1,000 m? enclosure. It guarantees
economic sustainability by maintaining continuous operations and provides a model for areas with limited
water, promoting food independence despite climate challenges.

Methodology

The methodological approach for estimating the temperature conditions for the greenhouse from conceptual
design with ensuring a rigorous, replicable trail to assessing the proposed system’s feasibility has been
discussed in the section. The emphasis has been considered for transparency in model formulations and
parametric evaluations to facilitate future adaptations.

T

Canopy
Condensor Evaporator
T2 TGH T3
> —+» <4 »
Air in T, 4 T T > Airout
- Plantation area | * T

| L4

|
Ground /Saline water Watersup

supply

Fig. 1: Representation of the renewable energy driven greenhouse

The system of the engineering process for the greenhouse establishment is illustrated in Fig. 1. The
estimation of the temperature conditions have been furnished for the dimensions of the greenhouse
for 100 m? floor area, 50 m length x 2 m width, polyethylene covering with a feasible heat transfer
coefficients (U= 5-7W/m?-KB¥), for the cultivating crop of tomatoes with leaf area index ( LAI = 3-4),
for the temperature range of 20-30°C with deliberation of relative humidity (RH = 60-90%*") through
maintaining mechanical cooling efficiency and collector type of ETCs for high-temperature output up
to 473 K at 60% efficiency™® 4.
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Groundwater or saline water serves as the primary input of the water system which is passed through the
condenser before entering to the greenhouse (8—10°C) and the water supply is routed through the roof
solar still. The canopy a double-pane glass assembly (emissivity € = 0.88, transmissivity T = 0.754>4])
absorbs approximately 20% of beam irradiance, and conducted heat through the circulated water at 50—
60°C for distillate collection while transmitting photosynthetically active radiation (PAR, 400—700 nm)
to the system. Preheated seepage enhances HDH humidification, targeting specific humidity conditions.
Airflow, fan-driven at n = 0.1-1 kg/s, flowsthroughthe condenser(UA = 500 W/K*), yielding ~1 m*/
day initial condensate for irrigation storage. Passing through the canopy itadvances the sensible/latent
heat from evapotranspiration (E, = 300-1500 W/m?*)"** before passes through the evaporator contact and
exit to the ambient conditions for the total harvest. Electricity for the auxiliaries such as fans, pumps
shoulderfor the photovoltaic supplementation or grid associationto minimize the thermal needs for the
continuous working conditions of the system!*6-4],

Estimation of greenhouse temperature

The temperature of the inlet air reduces when passes through the condenser at the entry into the canopy
area of the plantation. The air enters with the lower temperature conditions varies while roving through
the plantation area leads to increase in temperature and water vapor in the form of evapotranspiration
and the water balance of the canopy is followed ast%>3;

Mmas X M2 +mEvap0transpiration =Maz . O3 o (1)

The energy balance of the greenhouse is given as follows:

a2 hy + mEvapotranspiration'hGH +QGH =ma3. h; .- (2)
Where, M yapotsanspiration is the amount of water vapor present in the plantation region,
g = ETX Aci Canopy, Where, ET =% e
19
2.LAl.p C
SR, +| Z=EPr | (ypp)
n 1 RH;y
re r; = 200 (1 + ) .
E, = (0.05.(Tcoper1s-50)) ) * 100
S\ |n
yi|1+— [+] +
v T,
0 on 18 the total amount of heat generated from the greenhouse explained as follows:
QGH :QSun +Qcover .. (4)

where Qsun ~Teover x I « AFloor, u and Qeover ~Ucover x ASurf ace, GH (Ta—Tan)
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By equating the equations 1 and 2, and provided with the necessary equations to energy balance. Hence,
the equations are rearranged and formed to the unknown parameters in the equation and it followed as:

1005 x T2 x 1, + 1880 x T, 10, x (o, + /1) + thyhy, + Q= 1005 x Ty x 1, — 25 % 10°x 1, —
1880 x T, x 1, * (@, +/ 101,) ~1880 x T, X 712, = 0

With assumption of the inlet temperature of the greenhouse (T2), the temperature of the green house for
the particular solar radiation can be estimated using the Levenberg-Marquardt method®™+>¢,

The maximum vapor pressure can be hold by the air passing through the plantation area for the particular
temperature conditions during the evaporation process is presented as follows

Vapor Pressure Deficit (VPD) = P - P (kPa) ...(5)

where, P, is the Saturation vapor pressure and P is the Air vapor pressure and relative terms expressed
as shown in below equations;

P, = 0.61121% exp (18 678 — —an ) Ton b —p *RH ©
7 ' 2345)\ 25714+ T,,) Py =P Rlia

The air temperature moving through the greenhouse rises after it passes through the canopy zone, while
the decrease in relative humidity is observed. Hence, the air retains the capacity to hold moisture, an
evaporator is placed after the canopy to raise the relative humidity. The solar still provides heated with
the necessary water supply to the evaporator.

RESULTS AND DISCUSSION

The estimation of an acceptable operatable temperature of the greenhouse for the respective mass flowrates
of the air/water and the relative change in temperatures along the daylight heat rate O, in consideration
of variation in relative humidity conditions were demonstrated using the inverse techniques. Primarily, the
variation of the vapour pressure deficit (VPD) to the suitable temperature conditions of greenhouse (TGH)
for varying relative humidity conditions were presented in the Fig. 2(a). With increase in the temperature,
the increase in VPD is observed, whereas with increase in RH of the air the significant reduction in the
VPD is evident. Hence, the mass flow of the air entering the greenhouse and the relative RH conditions
that certain the possible estimation of the temperature conditions of the greenhouse.

In general, the power consumption of the fan required for the flow rate of the air to extent of pressure drop
is subjected to efficiency of the fan to maintain the air and water flow conditions of the green house. As
VPD depends on both saturation pressure for water (Pg) and water vapor pressure in the air (Pv), VPD
is a function of relative humidity and temperature. Low water flow increases the temperatures, which
leads to higher TGH, which is considered as the average of temperatures of inlet and outlet. Similarly,
the relative humidity decreases which reduces the water vapor partial pressure. Therefore, low water
flow rates result in higher VPD’s as the difference between Pg and Pv increases. As mentioned, a VPD
between 0.5 kPa and 1.2 kPa is deemed ideal for tomato growth.
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Fig. 2: (a) Variation of VPD for the relative humidity conditions for the greenhouse temperatures, (b)
Power consumption required for the fan to maintain certain mass flow rates for the greenhouse

To a warmer inlet temperature, a higher QO  , increases the overall temperature in the greenhouse across
the whole air flow range drastically drops the necessary airflow to maintain VPDGH. Simultaneously, the
humidity RHGH decreases. However, this will result in a significant increase in greenhouse temperature.
Greenhouses rely on a steady climate for their plants. High water throughput is also a goal of the current
system to maximize drainage water and salt disposal. Rather than reducing air flow, water flow rate can
be increased to operate at the desired VPDGH while maintaining lower greenhouse temperatures. In order
to maintain the necessary airflow and/or the water flowrates for maintaining the suitable temperatures in
the greenhouse by equating the thermodynamic and evaporation model equations into a temperature based
unknown equation for estimating the necessary temperature and VPD using the Levenberg-Marquardt
method. The results for the heat generation of the sun at three different time instants for solar radiations
of O, = 275,972 and 500 W/m* comparatively at the atmospheric temperatures of 28°C, 34°C and
29°Cfor the coastal regions of the Indial®”..

The estimated temperatures and the vapor pressure for the variation of mass flowrates of air and water for
three different solar radiance are shown in Fig. 3. As, the water flowrate conditions are at lower capacity
for the GH system, with increase in the flowrate the reduction in temperature is evident from all the
given conditions as presented in results for higher mass flowrates of the air. For instance, to maintain
the greenhouse at temperature of 26°C for a proper yield of the plantation throughout the day time, the
greenhouse should be given constant input of mass flowrate of water at 0.7 kg/s and as the temperature is
increasing the fan speed should be maintained within the range varying from 60-90 kg/s and contrariwise
for the airflow system. The estimated data useful for the year-wise variation of the ambient conditions
and accordingly adjusting for the required air and water flowrates of the greenhouse system. The analysis
also showed that a better understanding of the inner workings of a greenhouse is needed. Currently, the
range of solar intensity used in the model is at higher end of the solar radiation and depending on the
measurement error with intensity of Q, , the system could either be operating far beyond the acceptable
range of VPD or exactly within the system range.
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Fig. 3: Comparison of temperature fields with the vapor pressure deficit at different solar radiations (a)
275W/m?(b) 972 W/m?and (c) 500 W/m?.

For optimum operation condition, low airflow rate and high-water throughput are desirable. This would
keep the cost for the fan low and allow farmers to maximize the usage of their drainage water. However,
exact predictions of actual operating conditions are difficult, as the sun intensity varies with location and
time throughout the day. An adaptive system that automatically regulates the water input to maintain
a specific air flow and VPD is the best way to compensate for those changes. The models also serve
to guide design of the cooling systems how that the footprint required by the evaporation chamber is
mostly influenced by the droplet size. As larger droplets require longer estimated evaporation time, the
footprint needs to be bigger to slow down the air stream and provide sufficient resident time. It can be
seen that changes in inlet humidity and temperature have a minuscule effect on evaporation time and
have significant results in obtaining the crop yields.

The current work presents the theoretical modelling for stable microclimatic conditions for the crop
system. Future efforts should prioritize establishing the long-term testing of scaled prototypes (e.g.,
100-500 m?) under actual coastal climatic conditions either in coastal and/or dry regions. This will extent
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invalidation of the model predictions and quantify real evapotranspiration recovery rates across crop cycles
of tomatoes and/or cucumbers. Furthermore, it assesses the comprehensive techno-economic analysis and
life cycle assessments for the component deprivation such as fouling, solar still scaling with saline feed,
measurement of year-round performance of the green house. The real-time adaption and development
of model predictive control (MPC) algorithms that dynamically adjust air/water flow rates, fan/pump
speeds, and thermal energy storage discharge based on forecasted irradiance conditions will optimize
the energy usage and maximize the yield stability of the crops. High water recirculation is a significant
strength for the maintenance of the green house, but brine concentration increases along with the time.
Hence, future works should also address,the insights of zero-liquid-discharge (ZLD) strategies and salt
crystallization for the industrial usage.

CONCLUSION

Thepresent study demonstrates the thermodynamic analysis and simulation-based evaluation of a fully
renewable energy supported greenhouse model for higher temperature climatic conditions near coastal
regions. The integration of the systems of evacuated tube collectors (ETC), thermal energy storage (TES),
an absorption cooling system (ACS), a double-glazed roof solar still, the proposed configuration achieves
stable year-round microclimate control conditions for the greenhouse and minimizing the usage of energy
inputs. The results establishes that the system effectively maintains greenhouse air temperatures in the
suitable yielding range of 22-28°C and with a relative humidity of 60-90% for high-value crops like
tomatoes and cucumbers, even under high solar irradiance (up to 972 W/m?) and ambient temperatures
exceeding 34°C. Vapor pressure deficit (VPD) can be reliably controlled within the ideal range of
0.5-1.2 kPa by adjusting air mass flow rates (60—90 kg/s) for the water flow rates >0.7 kg/s. The higher
water convention preferred for lower energy consumption and better conservation of the system. The
condensation of the air flow and evapotranspiration recovery enable over 90% of the water recirculation
that significantly reducing the freshwater demand and enhancing the usage of hard water which yields
compared to conventional systems.

The unknown parameter analysis deliberates the greenhouse robustness that the lower temperature water
flowing through the condenser and evaporator, coupled with preheated groundwater/brine from the solar
still. The system effectively moderates overheating while employing the waste heat streams for increased
concentrate production (~1 m?day initial condensate for a 100 m? greenhouse). The implementation of
inverse modelling (Levenberg-Marquardt method) provides a practical tool for predicting greenhouse
temperatures and optimizing flow rates under varying solar radiation and ambient conditions. The
methodology for estimation of temperature conditions according to the modification of mass flowrates of
air/water comforts the solving of the thermodynamic and evaporation models. As a result, an estimated
evaporation chamber footprint can be predicted per 100 m?of GH. A higher area of GH’s can be cooled
by a system that ranges by the duplication factor of the desired system. The size marginally changes if
different inlet conditions are provided and serve as guidance rather than absolute required size. More
accurate information regarding the solar intensity will narrow the size range even further. Parametric
insights guide practical implementation, including evaporation chamber sizing and adaptive flow control,
offering a viable framework for resource-constrained regions.
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