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INTRODUCTION

Agriculture field is mainstay of the Indian budget. It
has 18% contribution in India’s Gross Domestic Product. It
is major source of livelihood for almost half of the popula-
tion. The agricultural sector supports pastoral development.
Agriculture field satisfies food and employment need of
growing population. It also plays a key role in international
trade. India is major exporter of onions. Onion belongs to
Amaryllidaceae family. Its scientific name is Allium cepa L.
Onion is having global importance. It is grown extensively
in different climatic settings[1]. India is the second larg-
est producer of onion. Onion is cultivated over an area of
16% and production of 10% in the world (FAOSTAT, 2022)
[2-4]. One of the most consumed vegetables in India, they
are an important condiment in Indian cuisine [5]. Onions
are appreciated not only for their use in the kitchen but also
for medicinal aids [6-10]. Onions are garnered generally in
Kharif (October-November, ~20% of total yield), Late Kharif
(January-February, ~30%) and Rabi (April-June, ~50%).
(Kharif and Rabi are seasonal farming patterns in India,
Kharif being the season crop and Rabi the winter crop.) It is
during the rabi season that most of the farmers grow onions.
Onion’s average monthly domestic consumption is about 1.1
million tonnes [11]. The inadequate and untenable storage
systems leads to seasonal supply gluts and high price volatil-
ity [12,13]. The onion supply chain in India suffers from huge
post-harvest losses due to poor storage infrastructure and
management procedures [14]. More than 40% of post-har-
vest losses are estimated to be due to inappropriate handling,
sprouting, decay, microbiological deterioration and lack of
storage facilities [15]. Microbial degradation contributes to
about 15-20% of the losses. Post-harvest rotting of onion
causes an estimated loss of INR 11,000 crore (~1.32 billion
USD) to the Indian economy annually [16-18]. Good stor-
age conditions are important to minimise these losses. The
optimal temperature for storing onions is 25-27 °C and the
relative humidity is 65-70% which helps to minimize mois-
ture loss, prevent sprouting and maintain the marketable
quality of the bulbs [19-21]. Good ventilation also enhances
storage by limiting the development of hot patches and water
accumulation [22,23]. Storage problems are more severe in
tropical and subtropical areas like as India where high tem-
perature and humidity increase the difficulties in storage
[24]. The cold storage is maintained at 0°C and 65-70% rela-
tive humidity to ensure good preservation. Significant initial
investment, high maintenance expenses required to achieve
this condition. Ventilated warehouse designs and aerated
storage systems also offer advantages but may still be inade-
quate under peak seasonal loads [12,23]. Conventional onion
storage suffers from considerable deterioration because of
poor ventilation, uncontrolled temperature, and excessive
energy usage. Various storage systems and architectures have
been investigated by researchers to overcome these problems.

A thorough assessment of available literature done in
order to identify the gaps and to guide further developments

in onion storage and post-harvest preservation. The past
studies analysis allows us to evaluate existing storage designs,
cooling techniques, and energy-saving approaches deployed
and proposed in distinct environmental conditions. It also
facilitates in assessing the performance of the emerging tech-
nologies like CFD based airflow optimization, indirect and
direct evaporative cooling, solar based cold storage and IoT
based monitoring. Moreover, a holistic analysis helps one
to understand the ground realities of small and marginal
farmers’ problems and ensures that the offered solutions are
affordable and scalable. Lawande et al. used ventilated build-
ings for onion storage and recommended structures having
dimension 9.14 m*15.24 m*3.65 m. These buildings have
two rows. The walking space of 1.21 m kept between them.
The authors also noted that the storage structure length
should not exceed 15.24 m. Bottom and top ventilated build-
ings provide better results than other arrangements [12].
Ventilated structures for onion storage can enhance shelf life
[25]. During April-May period, onions are produced in large
quantities, and due to insufficient storage facilities, they must
be sold immediately, causing farmers to earn lower profits
because of the abundance of onions at that time. A shortage
of onions occurs from November to January because no cul-
tivation takes place, leading to price increases in the market
[26]. Tripathi et al. suggested dual row, bottommost ventilated
building having dimension of 9.9 m*4.75 m*2.25 m, with 4
m central height. The storage capacity of 31 tons for normal
atmospheric conditions to minimize the losses [27]. Priyan
et al. in their studies showed that 80% of marginal farmers
did not have storage facilities, due to which they could not
preserve onions after harvest. Air-cooled technology could
be a feasible alternative for these farmers [28]. To increase
profits and prevent post-harvest waste, implementation of
a customized, self-sufficient and cost-effective cold storage
system near the farmers’ field using Android-powered tech-
nology for effective monitoring is aimed. This novel strategy
not only extends the shelf life of perishable foods but also
empowers farmers to have more control over their produce
by allowing them to sell at optimal pricing rather than under
pressure in peak harvest time [29]. Hourani et al. under-
took an interesting journey to find out a successful desiccant
dehumidification system which was smartly combined with
a two-stage evaporative cooling system that worked per-
fectly in hot and humid climates[30]. The unique hybrid air
conditioning solution proposed by them led to a significant
16.15% reduction in energy consumption and an excellent
26.93% reduction in water consumption than single-stage
evaporative cooling system with the same thermal comfort
[30]. Swati et al. studied the economic aspect of onion pres-
ervation and concluded that onion growers should use new
storage techniques after harvesting to increase their income
[31]. As per CTARA IIT Bombay, the design and develop-
ment of an integrated curing and storage structure for onions
is to reduce losses by around 80%-90% [32] Sipho et al. inves-
tigated the effects of IAC + EC in establishing a favorable
storage climate for temperature and relative humidity (RH)
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in tomato fruits compared to ambient storage. Their research
shows that evaporative cooling is excellent in maintaining the
optimal temperature and RH for storage, and can potentially
save roughly 75% of energy [33]. Jing Lv et al. performed flow
analysis to analyze the temperature at different locations, air
circulation, along with energy usage. They observed that
evaporative cooling cycle utilizes 80% lesser electricity than
normal VCC refrigeration system [34]. Sullivan L et al. con-
ducted an experiment utilizing a computational fluid dynam-
ics (CFD) model to chill palletized polyline kiwifruit bundles
with forced air. This led to greater chilling uniformity, which
might improve the product’s quality during refrigeration
[35]. A CFD investigation of a tiny desiccant-evaporative
HMX was performed by Cue et al. The HMX integrated the
advantages of regenerative indirect evaporative cooling with
liquid desiccant dehumidification, enabling the product air
inside the HMX to be chilled and dried at the same time [36].
Pinar et al. conducted detailed analysis of evaporative cool-
ing technologies and their applications in buildings, high-
light the benefits of evaporative cooling in terms of cost and
energy savings [37]. Porumba et al. concluded evaporative
cooling minimizes the energy consumption of air condition-
ing systems and recommends around 80% energy savings
for fresh air cooling compared to RVCC [38]. Bogdan et al.
provide useful information on indirect evaporative cooling
(IEC). Their results show that this cooling technique has
a great potential for future growth because of its very low
energy consumption and excellent efficiency for a wide range
of applications with a negligible global warming impact [39].
Nik et al. studied dynamic behaviour of air inside potato
storage. The latest advances in physical modelling, simula-
tion and management of ventilated bulk storage facilities are

fostering the use of CFD airflow analysis to enhance under-
standing [40]. Dani et al. looked at genetic features in onions
such as decaying, nascent, and weight loss using fast curing
(FC) technology. The testing period is of 9 days after harvest-
ing at 30°C and 98% RH. They suggested gamma irradiation
technology to reduce losses during storage [41]. Mishra et al.
developed an affordable, smart, and photovoltaic cold stor-
age system. It consists of inland split air conditioner. Their
discoveries reveal that the solar-powered refrigeration sys-
tem is a cost-effective, simple, and energy-savvy alternative.
Their research advocates for the application of IoT-based
technology for monitoring agricultural storage [42]. Serap
et al. looked at fluid flow analysis of two different cold stor-
age operated at ambient conditions and showed that it gives
better validation than experimental results [43]. Vala et al.
investigated the validation of the evaporative cooling system
through CFD analysis. The maximum reduction of air tem-
perature was 22.10 °C to 25.80 °C during the performance
test under the best operating conditions [44]. Bhamare et
al. suggested the use of direct evaporative cooling for hot
and desert climatic conditions[45]. Priyam et al. presented
a detailed study on the development of an adaptive comfort
model for buildings utilizing evaporative cooling in the com-
posite climate of India [46]. Literature study indicates that
post-harvest light treatment significantly affected querce-
tin levels in onions, where blue light resulted in the highest
quercetin concentrations [47]. Furthermore, the use of UV
light sources effectively doubles the quercetin concentration
by enhancing the levels of both quercetin and quercetin glu-
coside in onions post-exposure [47]. Table 1 compare tradi-
tional cold storage and evaporative cooling system.

Table 1. Assessment of conventional cold storage and evaporative cooled storage

Operational Parameter Cold Storage Evaporative Cooling system
Humidity 65-70% 65-70%

Capital investment High Low

Temperature range ~0°C 25-27°C

Operational cost High (continuous electricity consumption) Low (can use solar energy)
Energy consumption High 75-80% less than cold storage

Suitability for rural/ small
farmers

Limited (cost prohibitive)

High (affordable and scalable)

Spoilage Reduction

Excellent (long shelf life, low spoilage)

Good (significantly better than ambient, but less
than cold storage)

Environmental impact

High (due to electricity and refrigerants)

Low (eco-friendly)

Climate dependence

Works in all climates

Best in hot and dry climates;

Precision in maintaining
conditions

Very high (tight control over temperature/RH)

Moderate (dependent on ambient conditions)

Technology adoption in
India

Low among small farmers due to cost

Growing interest for small-scale applications

Research gaps

Well studied, but lacks CFD-based airflow
optimization for onion storage

Limited studies using CFD for airflow and
temperature distribution
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Extensive research in the open literature highlights
the importance of post-harvest onion storage technol-
ogies for reducing spoilage, improving shelf life, and
stabilizing market prices. The ventilated warehouses,
aerated bins and conventional cold storages have
focused on temperature distribution airflow dynamics,
and humidity management and energy consumption
[13,27,29,35,43]. Despite the growing study on onion
storage systems, there are certain important gaps still
remain in dark. Firstly, abundant research on either cold
storage or evaporative cooling but very few have pro-
vided a direct comparison of both the systems under the
same operational settings for Indian climate. Secondly,
previous studies have mostly focused on energy effi-
ciency or economic analysis, but there is a lack of deep
insight into airflow uniformity, temperature gradients
inside the storage areas, and their impact on post-harvest
onion preservation. Third, many experimental research
were based on empirical measures that are typically
expensive, time-consuming, and limited by spatial res-
olution. Technologies like as direct and indirect evapo-
rative cooling, solar-powered refrigeration, loT-enabled
monitoring and CFD-based airflow optimisation have
showed promise in improving the storage performance.
Computational fluid dynamics (CFD) modelling has
been successfully used to other crops such as potatoes,
tomatoes and kiwi fruit [33,35,40]. To bridge these gaps,
this study uses CFD-based simulations to comprehen-
sively analyse airflow and temperature distribution in
evaporatively cooled and traditional cold storage setups
built specifically for onion storage in the climatic condi-
tions of India. The work is targeted at affordability and
scalability for marginal farmers and is intended to offer
practical insights for the development of sustainable and
cost-effective storage options.

The present work intends to compare two-stage indi-
rect-direct evaporative cooling system performance over
the cold storage. The investigation involves manual design
calculations, CFD simulations, EvapCal software model-
ling and experimental endorsement for a storage term of
30 days. The EvapCal program ensures the trustworthiness
of the CFD model which provides independent estimates
of cooling performance unique to evaporative systems.
The benchmarking process also involved cross-compar-
ison with experimental results. This hybrid methodology
enhanced the accuracy of the simulations and provided a
robust basis for evaluating and optimizing the proposed
evaporative cooling system in comparison with conven-
tional cold storage. The primary objective is to assess the
capability of evaporative cooling structures in reducing
energy consumption, minimizing sprouting, weight loss,
and maintaining product quality, to provide sustainable
alternative for post-harvest storage in energy-constrained
regions.

MATERIALS AND METHODS

Methodology

Figure 1 show methodology adopted for present study.
The methodology is specifically structured to systemati-
cally investigate airflow distribution, spatial temperature
distribution and humidity, energy efficiency, and post-har-
vest product quality. The workflow developed based on
existing CFD modeling practices, evaporative cooling sys-
tem design standards, and post-harvest storage protocols to
ensure simulation accuracy and experimental validation.

Storage Structure

The experimental setup is one kind of storage structure.
It has dimension of 9.144 m*4.26 m*4.26m as shown in fig-
ure 2. It has sloped roofing on both sides. The entire volume
of the structure is around 165.941 m?. The wall of storage is
made from 60 mm thick polyurethane foam (PUF) panels.
The side wall hight is 1.21 m, and the middle height is 4.26
m from the ground. The top roofing is composed of 50 mm
PUF panels. Floor is constructed using plain cement con-
crete coated with 0.1 m thick PUF insulation. The structure
equipped with wooden stacks. Each stack has dimension of
2.43 m*1.21 m*1.52 m. These stacks are made of wooden
floorings of 0.15 m width and 0.018 m thickness. Each row
contains three stacks with 0.60 m gap and 0.30 m clearance
from walls and floor for better ventilation. The structure
comprises two rows of stacks with 1.21 m aisle between the
rows for access. This design can hold 25 tonnes of onions in
economical way.

Polyurethane foam (PUF) insulation possesses supe-
rior insulating properties, hence, commonly used in stor-
age development. Thermal resistance of the material is an
important selection factor. Thermal resistance to heat is the
ability to restrict heat. The thermal resistance value deter-
mines insulation quality. The warmth of the base is encased
by polyurethane foam insulation. The ground level base
is made of portland cement concrete with 0.1 m of PUF
insulation on top of it. PUF has low heat conductivity of
0.024 kcal/m/h °C, which makes it best insulation material.
The insulated walls made from cold-rolled close-annealed
sheets of 60 mm thickness. Roof insulation with 50 mm
PUF roofing panel.

Heat Load Estimation

Accurate estimation of heat load is critical for design-
ing both cooling systems. Cold storage heat load calcula-
tions make sure the refrigeration unit is sized (in tons of
refrigeration) to maintain desired storage temperature
despite outside and inside heat gains. The entire cooling
load includes the heat transfer rate through insulated wall,
ceiling and floor, the product load due to initial cooling of
onions, heat of respiration, infiltration, lighting and equip-
ment load through door openings and air leaks. The other
hand, the heat load calculations for the evaporative cooling
system are mostly related to the sensible heat gains from
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Figure 1. Experimental methodology.
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Figure 2. Storage structure layout.

the structure and respiration as the latent heat is continually
drained in this one pass airflow system. The objective here
is to determine the required airflow capacity (measured in
cubic meters per minute, CMM) and select an appropriately
sized indirect-direct evaporative cooler.

a) Conventional Cold Storage

The entire heat load was computed for structure oper-
ated at 26 °C and 70% RH. The heat load calculation is
accomplished using equations1-11. Equation 1 and 2 used
to calculate surface area and volume of cold storage occu-
pied by onion. Equation 3 and 4 used to calculate size of
wooden stack and number odf wooden stack. The volume
of cold storage has been determined as follows:

Surface Area calculation

Wall area:

Apan =2 X (LXH)+2x (W x H)
=2 % (9.144 x 2.43) + 2 x (4.26 X 2.43)
Awan = 2 X=65.12m?

Roof Area:
Apoop = L X W = 9.144 X 426 = 38.94 m?

Floor Area:
Arioor = L X W = 9.144 X 4.26 = 38.94 m? 1)
Weight of onion
Total Volume of storage sructure= ————————  (2)

Onion density

All Dimensions are in meter

Internal dimension of wooden stack = 1xbxh (3)

onion Weight

No. of den stack =
o-of wooden stac Weight of onion in each stack  (4)

The overall heat transfer coefficient

Outside heat transfer coefficient (h,) is 15 W/m*K,
inside heat transfer coefficient (h;) is 10 W/m*K, Thermal
conductivity of PUF (k, ) is 0.028 W/m-K, and Thickness PU
wall 0.06 m (wall), 0.05 m (roof), 0.1 m (floor). Equation 5
is used to calculate heat transfer coefficient considering
inside and outside heat transfer coeffient.

. 1.163
1l x5, 1 (5)
A L

Heat Gain Through Walls, Roof, Floor

Assuming steady state heat flow and external temp
40°C, internal 26°C, AT = 14 K. The heat flow is calculated
by equation 6.

Q = hA(Toye — Tin) (6)
Wall
Quu = 0.503 x 65.12 x 14 = 458.3 W = 0.458kW
Roof

QRoof= 0.56 x 38.94 x 14 = 305.5 W= 0.306kW
Floor
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Qpioor = 0.36  38.94 x 14 = 196.1 W = 0.196kW

Product Load
Total onion inside storage is 25000kg. Assume onions
harvested at ambient 35°C, storage at 26°C, so AT =9 K.
Cooling load required from the product exchange cal-
culated by equation 7.

m Cp (Tenter - Tstore)

3600 7)
25000 x 3.34x9
————————= 20875 kW

3600

Product Load (Qp) =

Product Load (Qp) =

Product Respiration Load
Assumed respiration rate of onion as 1.9 kJ/kg, product
perspiration calculated by equation 8.

m x Respiration rate
3600

25000 x 1.9
3600

Product respiration (Qg) =
(8)

Product respiration (Qg) = = 13.19 kW

Lightning Load
Assuming n=5 lights, each of 40 W and operating 10
hours/day, the lightning load calculated by equation 9.

. . nxtxp
Lightning Load (Q;) = EETE
o 5x 10 x 40 ©)
Lightning Load (Q.) = T 2 kWh/day
Total Cooling Load

Total cooling load is algebraic summation of heat gain
from wall, roof floor, respiration load and lightning load.
Total heat load is calculated equation 10.

Total Cooling Load (Q7)= Quqy + QRoaf +Qrioor + Qr +Q,
Total Cooling Load (Q;)=0.458+0.306+0.196 + 13.19
+0.2 = 1435kW

(10)

Tonn of refrigeration
Tonn of refrigeration provides a simple, relatable fig-
ure to compare the effectiveness and size of different cool-
ing units, helping in the selection of the right equipment.
Equation 11 gives TR value.
14.35

R =

—— = 4.08 TR

11
3.517 (1

The thermal load based steady state cooling load for the
storage structure is the sum of heat loss through the walls,
roof and floor (1.11 kW), respiration heat load from 25
tons of onions (13.19 kW) and lighting load (0.2 kW) and
is approximately 14.5 kW or 4.1 TR (1 TR = 3.517 kW).
Additionally, an initial pull-down product load of approxi-
mately 17.4 kW is required to reduce the product tempera-
ture from ambient (35°C) to storage conditions (26°C),
particularly during the first 12 hours of storage operation.

To ensure continuous operation under varying ambient
conditions, system cycling, compressor efficiency factors,
and to accommodate startup transients and peak loads, an
engineering safety margin of 1.8-2.0 times the steady-state
load is typically adopted in practice for agricultural cold
storages. Therefore, the cumulative design load require-
ment is estimated at approximately 7.5-8.2 TR., The capac-
ity of the refrigeration unit was selected as 8.5 TR which
provides appropriate leeway for operating variation, load
variation and to ensure optimum temperature & relative
humidity regulation for the entire storage time, to further
ensure reliable operation. This capacity is fully justified by
the calculated loads and practical engineering design con-
siderations for such storage structures.

b) Design of Evaporative Cooling System

The design of EC structure was carried out using the
heat load method. Heat load method ensures effective tem-
perature reduction and air distribution within the onion
storage facility. The total sensible (Qs) and latent heat loads
(QL) were calculated based on internal and external heat
gains. The heat gain includes solar radiation through the
roof and walls, infiltration, product respiration, equip-
ment load, and lighting. Equation 12 and 13 gives sensible
heat load (Qs) and latent heat loads (QL). The two-stage
indirect-direct EC system was selected to optimize energy
efficiency and uphold the mandatory temperature and
humidity condition. V is volume of cold storage=165.941
m?®, ACH is air changes per hour= 86, specific heat of air
(Cp)= 1.02 Kj/kgK, temperature difference(AT). Equation
14 used to compute total heat load.

1.2 XV X ACH x Cp X AT

Qs = 3600
_ 1.2X165.94 X 86 X 1.02 x 13.4

PO. =
Qs 3600
= 22,161BTU/hr

12XV X ACH X Wy;rs X Ly
Q= 3600

= 6.49kW
(12)

1.2 X V X ACH X Wyipp X Ly

L= 3600
12X 165.94 X 86 X 0.07 X 2450 _

L= 3600
Qrotar = Qs +Q,

Qrotar = 6.49 + 0.4 =6.84 kW = 23,328 BTU/hr

0.4kW =

(14)

The calculated total sensible heat load was 22,161 BTU/
hr (6.49 kW), and the total heat load reached 23,328 BTU/
hr (6.84 kW). The aim has an interior temperature of 26-27
°C and 70% RH; the supply air temperature is about 23 °C.
The required air circulation demand computed using fol-
lowing equation.
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MM = RSH
T 1.944 x AT
6.84

CMM = 84.96

T 1944xATx35 (15)

The air flow demand is at 84.96 CMM. The system used
a high efficiency indirect-direct evaporative cooler con-
suming 2.1 kW of power that greatly lowered the opera-
tional energy demand. The CFD simulations were carried
out to verify the air velocity, the uniform temperature dis-
tribution and the thermal comfort in the entire storage area.
In this study, design calculations and CFD results for the
evaporative cooling structure were validated using EvapCal
software. EvapCal software is developed by ISHRAE. It is
dedicated estimate of reliable cooling loads, airflow rates
and energy performance of evaporative cooling systems
based on climatic conditions and building factors. The
analysis was carried out using EvapCal, using the following
boundary conditions: exterior dry bulb temperature 40.4
°C, wet bulb temperature 25.9 °C, goal room temperature
27 °C, relative humidity 70%, and two-stage indirect-direct
evaporative cooling strategy. The EvapCal software com-
puted sensible heat load and total heat load of 22,161 BTU/
hr of 23,328 BTU/hr respectively. The required airflow rate
was 84.95 CMM with 86 air changes per hour (ACH). The
cooling capacity was estimated as 8.5 TR while maximum
power consumption was 2.1kW. Additionally, EvapCal
showed 82% reduction in the peak power demand com-
pared to the results of traditional cold storage which were
in accordance with the manual and CFD-based results. The
EvapCal software used validate the system performance
under varied climatic conditions.

CED Analysis

The Computational Fluid Dynamics (CFD) was
adopted to provide to investigate temperature gradient, air-
flow distribution, and humidity patterns within the onion
storage structure. These parameters are difficult to capture
by experimental results. CFD allows virtually optimized
critical design elements such as air intake layout, diffuser
placement and airflow rates. It saves time and cost in itera-
tive physical prototyping. The CFD study in this work was
accomplished by using ANSYS Fluent 2021 R1. There are

Table 2. Mesh independence test results

three stages of CFD analysis. The analysis starts from design
and meshing of the geometry. The next stage is solution for
thermodynamic parameters and end with post-processing
to visualize the airflow and heat fields.

Geometric modelling

Figure 2 depicts three-dimensional geometry of the
indirect-direct evaporative cooling structure was devel-
oped using SolidWorks 2023. The model accurately rep-
resents louvers, air duct, storage racks and dimensions of
cooling chamber. The geometry was constructed to reflect
the actual experimental setup, ensuring realistic simulation
of airflow and thermal characteristics. The CAD model was
then exported in STEP format. Same step file imported into
ANSYS Space Claim for minor adjustments and prepara-
tion for computational analysis. The finalized geometry was
subsequently used in ANSYS Fluent to perform detailed
Computational Fluid Dynamics (CFD) simulations.

Meshing

Meshing is also called as discretization. Discretization
of the geometry is performed using ANSYS ICEM 2021
module. Figure 3 shows meshed geometry. The hexahe-
dral elements are preferred for meshing. Hexahedral ele-
ments are especially used in the structured grid systems.
The hexahedral elements show better alignment with the
principal flow direction. Hexahedral element accurately
captures the velocity changes along the length and bound-
ary layer formation. These elements provide better numer-
ical stability and computing efficiency than unstructured
meshes. Structured meshing techniques produce a uniform
and ordered grid. Hexahedral element produce structured
meshes as seen in the figure. This hierarchical structure
tolerates to effectual mesh refinement near wall boundary
layers and geometric obstacles to improve overall solution
accuracy [48]. The unconventionality of the mesh was con-
firmed to ensure that the results are independent of mesh
size. Various meshing arrangements were tested from rough
to fine grids to study the effect of mesh density on the key
performance indicators [48].

A comprehensive mesh unconventionality assessment
was steered to confirm the accuracy of the simulation
results with computational efficiency. Based on test results

Meshing Type No. of Elements Avg. Temperature(°C) Observations
Coarse 2,50,000 26.15 Course mesh,
fast simulation but less precise.
Medium 5,00,000 26.1 Fine mesh, Improved results near intricate portion.
Fine 10,00,000 26.08 Mesh refinement,
insignificant alteration in temperature.
Very Fine 18,00,000 26.06 No significant improvement, computational cost

increases.
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final mesh size selected for the cold room simulation.
Table 2 summarizes mesh independence test parameters.
The grid was gradually refined from course size. The air
diffusers, shelf interior/exteriors, and doors are considered
as critical regions. These locations are expected to be more
pronounced for flow separation and temperature gradi-
ents are [48]. The temperature values at these points were
used for the study of mesh quality and solution conver-
gence. The difference in average temperature between the
fine and refined mesh was less than 0.1 °C, indicating that
additional refinement had minimal influence on the results
[48]. Therefore, a mesh containing nearly 1,000,000 ele-
ments was selected as an optimum balance between numer-
ical accuracy and computational time. This mesh provided
stable prediction of airflow and thermal behaviour inside
the storage chamber without excessive computational
requirements [48]. Figure 3 illustrates the computational
mesh generated for the storage structure. Further mesh
refinement produced only negligible changes in the simu-
lation results, confirming grid independence. The adopted
mesh configuration provided sufficient resolution for cap-
turing the important thermal and airflow characteristics
within the computational domain [48]. The structured
grid around critical region provides sufficient resolution in
terms of temperature and flow behaviour [48].

Boundary condition

Boundary condition is essential to solve governing equa-
tion in computational domain. The ambient conditions for
the CFD analysis were an inlet air DBT of 40.3 °C, WBT of
25 °C. The inlet air flow rate was maintained at 84.95 cubic
meter per minute. A 4-way air diffuser of size 600 mm x
600 mm was used for air supply in both the cold storage and

Figure 3. Storage structure meshing.

evaporative cooling structures. Each diffuser supplied air at
26 °C with a flow rate of 28.31 CMM. Three diffusers were
installed at the top side of each storage structure. Low-level
return risers of size 550 mm x 450 mm were provided at the
bottom side as outlet boundaries. Each riser handled an air
flow rate of 16.99 CMM, and five risers were used in total.
The applied heat flux values were 17.22 W/m? for the north
wall, 28 W/m? for the south wall, 37.43 W/m? for the east
wall, and 32.34 W/m? for the west wall. Adiabatic thermal
conditions were assigned to the end walls. The CFD bound-
ary conditions are presented in Table 4.

Computational analysis

In this study, a steady state model of incompressible air-
flow is developed to simulate the actual storage conditions
inside an onion storage chamber. The model has been used
to study the airflow behaviour, ventilation characteristics
and heat transfer within the storage space. The onion bulk
has been treated as a porous medium with specified ther-
mal properties to represent the resistance to airflow and
heat exchange. The volumetric heat source of respiration
heat generated by onions was considered in the simulation.
The heat generation values ranged from 2 to 10 W/mA3
depending on the onion type and storage conditions [27].
A second order upwind discretization scheme was used to
improve accuracy of the numerical solution and decrease
the errors of interpolation, which improved the stability
and convergence of the solution. The standard k-¢ turbu-
lence model was applied to predict turbulent airflow and
energy dissipation inside the storage structure. The model
was able to predict the airflow distribution and the tempera-
ture variation in the storage chamber well. Convective heat
transfer between the onion surface and surrounding air
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Table 3. Boundary condition

Parameter CFD Simulation

Ambient dry bulb temperature 40.3°C

Ambient wet bulb temperature 25°C

Indoor air temperature 26 °C

Indoor relative humidity 70%

Cooling arrangement Air supplied through diffusers with return risers
Air velocity in occupied zone 0.2-0.5m/s

Total inlet air flow rate 84.95 CMM

Air flow rate through each diffuser

28.31 CMM (three diffusers installed in each structure)

Supply air temperature 26 °C
16.99 CMM (five risers provided in each structure)
550 mm x 450 mm

Return air flow through each riser
Dimensions of return riser

walls Thermal boundary condition

Individual wall heat flux values applied

Heat flux at north wall 17.22 W/m?
Heat flux at south wall 28 W/m?

Heat flux at east wall 37.43 W/m?
Heat flux at west wall 32.34 W/m?

Boundary condition at end walls

Adiabatic condition applied

was also considered to obtain realistic thermal behaviour.
In addition, latent heat released due to moisture evapora-
tion during onion respiration was incorporated into the
analysis. Suitable boundary conditions were imposed for all
simulations. The energy equation was coupled with the heat
evolved from onions and the airflow pattern was modified
to effectively evacuate the heat from the storage space. The
developed CFD model was able to accurately predict the
heat accumulation and dissipation inside the chamber. The
computational study also provided detailed information
regarding airflow distribution, heat transfer characteristics
and evaporative cooling performance, which are important
in improving the post-harvest storage efficiency and reduc-
ing the spoilage of onions.

EXPERIMENTATION

Experimental Setup

In this study, two types of storage systems were designed
and implemented within identical thermally insulated stor-
age structures to enable a direct performance comparison:
(i) a conventional vapor compression-based cold storage
system, and (i) an advanced two-stage indirect-direct
evaporative cooling system.

A conventional cold storage system was fitted with
8.5 ton Daikin vapour compression refrigeration unit and
worked at a target room temperature of 26 + 0.5 °C with
70 + 2% relative humidity. The room was fitted with three
4-way diffusers (600 mm x 600 mm) at ceiling level that
disseminated air to achieve uniform cooling within the

chamber. Five low level return air risers (550 mm x 450
mm) were provided at floor level for effective recircula-
tion of air and to ensure homogeneity of temperature. In
contrast, the evaporative cooling system used a high-per-
formance HMX IDECool 6 two-stage indirect-direct evap-
orative cooling unit. The system was designed to furnish air
at 23 °C in a room maintained at a steady state of roughly
26.5 0.5 °C with relative humidity values of 68-70%. The
evaporative cooling unit was operated at the airflow rate of
84.95 CMM and maximum power consumption of 2.1 kW.
It was developed to work in a single-pass ventilation sys-
tem with 100 percent fresh air for effective removal of latent
heat and moisture and improvement of indoor air quality.
Importantly, the internal arrangement of the wooden stack-
ing units and the loading patterns of the product were the
same for both storage systems, so that any changes in per-
formance could be traced only to the technique of cooling.

Experimental Procedure

A study was conducted experimentally to assess and
compare the efficiency of two post-harvest storage sys-
tems viz. Conventional Cold Storage and an Evaporative
Cooling-based Storage System for onion preservation for a
duration of 30 days. The experimental system was designed
for operation under regulated realistic settings. Well-cured
and freshly harvested onions (Panchganga variety) were
obtained from a local commercial farm in [Sambhajinagar,
India] at 85-90 days maturity. The onions were condi-
tioned initially at ambient temperature for 24 hours before
being placed in the storage chambers. Each storage system
was charged with a similar quantity of onions (25 metric
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Table 4. Experimental results: Conventional cold storage

Day Room Temp Room RH Onion Core Cumulative Weight ~ Sprouting Decay Power Consumed
(°C) (%) Temp (°C) Loss (%) (%) (%) (kWh/day)
1 26 70 27.5 0.1 0 0 38
2 26 70 27.2 0.25 0 0 38
3 26 71 27.1 0.45 0 0 38
4 26 71 27 0.65 1 0 38
5 26 71 27 0.9 1 0 38
6 26 70 26.9 1.1 2 0 38
7 26 70 26.8 1.3 2 1 38
8 26 70 26.8 1.55 3 1 38
9 26 70 26.8 1.8 3 1 38
10 26 70 26.7 2.1 4 1 38
11 26 70 26.7 2.4 5 2 38
12 26 71 26.6 2.7 5 2 38
13 26 71 26.6 3 6 2 38
14 26 70 26.5 3.25 6 2 38
15 26 70 26.5 3.5 7 3 38
16 26 70 26.5 3.8 7 3 38
17 26 70 26.4 4.1 8 3 38
18 26 70 26.4 4.4 8 4 38
19 26 70 26.4 4.75 9 4 38
20 26 70 26.3 5.1 10 4 38
21 26 70 26.3 5.45 10 5 38
22 26 70 26.3 5.8 11 5 38
23 26 70 26.2 6.1 11 5 38
24 26 70 26.2 6.45 12 6 38
25 26 70 26.2 6.8 13 6 38
26 26 70 26.2 7.1 13 7 38
27 26 70 26.1 7.4 14 7 38
28 26 70 26.1 7.7 14 8 38
29 26 70 26.1 8 15 8 38
30 26 70 26.1 8.3 15 9 38

tonnes) evenly split among wooden stacking units, each
with dimensions of 1.21 m x 2.43 m x 1.52 m, and with
sufficient airflow clearance between and around stacks.
The experiment was carried out continuously for 30
days under controlled field circumstances. Throughout this
period, a full suite of physical parameters was recorded at
regular intervals. Ambient outdoor conditions comprising
dry bulb temperature and wet bulb temperature were taken
at three times daily (08:00, 12:00 and 16:00 hours). Internal
storage chamber temperature and relative humidity were
continually monitored using calibrated digital tempera-
ture-humidity data loggers (accuracy: +0.5 °C for tempera-
ture and +2% RH). In addition, the core temperature of
randomly selected onions was monitored on a daily basis
using fine gauge thermocouples inserted at the geometric

center of bulbs. The weight loss was determined by weigh-
ing a selected sample lot of onions daily (beginning weight
accurately recorded) using an electronic precision scale
(accuracy £0.01 g). The onions were visually inspected for
sprouting and microbiological decay every three days and
expressed as a percentage of the total onions sampled. The
electrical energy consumption of each system was mea-
sured by dedicated Class-1 accuracy energy meters and the
airflow rates were verified by comparing with EvapCAL
software created by ISHRAE. Also, heat load and cooling
capacity were determined as per ASHRAE standards and
airflow characteristics and thermal distribution were fur-
ther assessed with Computational Fluid Dynamics (CFD)
simulations performed in ANSYS Fluent. All the experi-
ments were done in triplicates to ensure repeatability and
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Table 5. Experimental results: Evaporative cooling

Day Room Temp Room RH Onion Core Cumulative Weight ~ Sprouting Decay Power Consumed
(°C) (%) Temp (°C) Loss (%) (%) (%) (kWh/day)
1 26.5 68 26.8 0.08 0 0 14
2 26.5 68 26.5 0.18 0 0 14
3 26.5 68 26.4 0.28 0 0 14
4 26.5 69 26.3 0.38 0 0 14
5 26.5 69 26.3 0.5 0 0 14
6 26.5 68 26.2 0.65 0 0 14
7 26.5 68 26.1 0.8 0 0 14
8 26.5 68 26.1 0.95 0 0 14
9 26.5 68 26 1.1 0 0 14
10 26.5 68 26 1.3 0 0 14
11 26.5 68 25.9 1.5 0 0 14
12 26.5 68 259 1.7 0 0 14
13 26.5 68 25.9 1.9 0 0 14
14 26.5 68 25.8 2.1 0 0 14
15 26.5 68 25.8 2.3 0 0 14
16 26.5 68 25.8 2.55 0 0 14
17 26.5 68 25.7 2.8 0 0 14
18 26.5 68 25.7 3.05 0 0 14
19 26.5 68 25.7 33 0 0 14
20 26.5 68 25.6 3.55 0 0 14
21 26.5 68 25.6 3.8 0 0 14
22 26.5 68 25.6 4.05 0 0 14
23 26.5 68 25.6 4.3 0 0 14
24 26.5 68 25.5 4.55 0 0 14
25 26.5 68 25.5 4.8 0 0 14
26 26.5 68 255 5.05 0 0 14
27 26.5 68 25.5 53 0 0 14
28 26.5 68 255 5.55 0 0 14
29 26.5 68 25.5 5.8 0 0 14
30 26.5 68 25.5 6 0 0 14

to minimise the effect of experimental variability. Statistical
analysis of the recorded data was performed to compare the
performance of the two systems and to quantify their effects
on storage temperature uniformity, onion quality preserva-
tion and energy efficiency. The experimental results of con-
ventional cold storage and evaporative cooling system are
separately given in Table 4 and 5.

COMPUTATIONAL RESULTS

Cold Storage

The CFD simulation for the conventional cold storage
system was performed at a storage temperature of 26 °C.
Figure 4 presents the temperature contours and airflow

distribution inside the storage chamber. The colour scale
represents the temperature change, where blue areas cor-
respond to lower temperatures. The flow streamlines illus-
trate the transport of the cold air into the storage area. The
storage racks affect the flow path and produce local cooling
regions. The air is supplied from the diffusers and flows
towards the central region, which leads to a more uniform
temperature distribution in the chamber. The predicted
temperature field confirms the effective cooling perfor-
mance with only few localized hot spots inside the storage
room.

Figure 5 illustrates the temperature profile and airflow
pattern along the vertical centre plane of the storage system
using evaporative cooling. The dominance of blue shades in
the vicinity of the cooling inlets indicates effective cooling
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Figure 4. Temperature and air movement inside conventional cold storage.

performance; marginally higher temperatures are observed
near the walls and upper parts of the structure. The air-
flow streamlines show that the cool air supplied through
the ceiling diffusers is evenly distributed over the storage
chamber. The circulation pattern is instrumental in min-
imizing temperature gradients within the storage space.
The simulation results validate that the evaporative cooling
system can maintain relatively uniform thermal conditions
throughout the onion storage structure.

Figure 6 illustrates the temperature distribution and
airflow pattern in the vicinity of the diffuser section of
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the conventional cold storage system. The figure indicates
that the cooled air supplied through the diffusers enters
the storage chamber and spreads over the available space.
While circulating, the cold air gets mixed with the relatively
warmer air present inside the chamber. The airflow moves
downward near the diffuser outlets and then spreads across
the storage area leading to better air circulation inside the
chamber. The results demonstrate that proper diffuser posi-
tioning plays an important role in achieving uniform cool-
ing and maintaining the required storage conditions inside
the cold storage system.

Figure 5. Temperature and air movement inside conventional cold storage at vertical middle plane.
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Figure 6. Temperature and air movement inside conventional cold storage diffuser plane.

Evaporative Cooled Structure

The CFD analysis for the evaporative cooling storage
structure was performed at an operating temperature of
27 °C. Figure 7 presents the airflow and temperature dis-
tribution at the floor level and compares it with the con-
ventional cold storage system operating at 27 °C. The
temperature contours indicate that the evaporative cooling
system maintained lower temperature zones throughout
most of the storage region. However, in some locations,
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the temperature was slightly higher and which could be
attributed to comparatively less air circulation. The air flow
pattern also indicates non-uniform cooling near some stor-
age rack regions which might result in localized tempera-
ture variations inside the storage chamber.

Figure 8 shows the temperature distribution along the
vertical direction and the motion of air inside the stan-
dard cold storage system. The temperature gradient is
more extreme than in the evaporative-cooled system with

Figure 7. Temperature and air movement inside evaporative cooled storage floor level.
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Figure 8. Temperature and air movement inside EC storage vertical middle plane.

warmer zones near the walls and ceiling. The air circulation
is not as even, and there are clear warm spots where there is
less air movement. This implies that the evaporative cooled
system is more efficient in attaining uniform temperature
distribution than the typical cold storages cooling system.
Perishable products may be stored under unstable condi-
tions due to temperature changes.

Proper air flow and a continuous supply of fresh air are
important in maintaining post-harvest quality of onions
in storage. Good air circulation controls interior tempera-
ture and relative humidity avoiding the creation of local-
ised hot patches and helps the elimination of ethylene and
other spoiling gases. Evaporative cooling systems also use
100% fresh air once through as opposed to recirculated
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air in conventional cold storage. This improves the storage
environment by continuously removing heat and moisture
generated by product respiration. This airflow method
decreases the possibility of microbial development, sprout-
ing and physiological deterioration. The present study
shows the effectiveness of the system in keeping constant
heat and humidity profiles by the optimised air distribution
obtained by CFD-guided diffuser placement and validated
by experimental data. Thus, the evaporative cooling system
provided better storage conditions and significant reduc-
tion in spoiling than the typical refrigerated storage.

Figure 9 demonstrates conventional cold storage sys-
tem temperature distribution and airflow pattern around
the storage stacks and walls. The temperature variations are

Figure 9. Temperature and air movement inside EC storage near wall.
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Figure 10. Psychrometric analysis in evaporative cooling at
27°C.

especially significant near the walls where air movement
is very slow. The flow streamlines of the airflow indicate
a reduced flow in some areas leading to temperature strat-
ification. The regions close to the storage stacks showed
slightly higher temperatures indicating poor distribution
of cooling effect. This demonstrates the risk of damage the
quality and shelf life of the stored items because of non-uni-
form cooling in standard cold storage.

Figure 4-9. Comparison of temperature distribution of
evaporative cooled cold storage system and conventional
cold storage system Figure 4-9 shows that the evaporative
cooled cold storage system has a better temperature dis-
tribution than the conventional cold storage system. The
evaporative cooled cold storage system has flow patterns
which enhance the mixing of the cooled air thereby reduc-
ing the temperature gradient and ensuring a uniform stor-
age condition. The conventional cold storage system has
temperature variation especially at the walls and in storage
racks thus indicating a poor cooling distribution. Such a
comparative analysis shows the advantages of an evapora-
tive cooling system in improving the thermal performance
and energy efficiency of cold storage applications.

The comfort analysis of the evaporative cooling sys-
tem at 27 °C depicted in figure 10. It gives information
about thermodynamic behaviour of air when cooled and
humidified. The chart shows indicate ambient air, room
stream air, indoor air, and stages of air treatment. The
blue region enclosed shows the range of air temperatures
generated by the cooling system, which maintains the air
within the comfortable indoor conditions (shown by the

green area) and avoids the uncomfortable zone in pink.
The psychrometric research shows that the evaporative
cooling system is able to keep the indoor air conditions
within the comfort zone and achieve significant energy
efficiency benefits compared to conventional refrigeration
based cold storage.

Assessment of Spoilage, Weight Loss and Decay

The appropriate storage conditions are used to avoid fun-
gal development, weight loss and deterioration. Controlled
temperature and relative humidity (RH) within the storage
structure are considered are effective storage condition.
Data from the present study showed that the evaporative
cooling system was able to maintain a constant storage tem-
perature of 26.5°C with 68% RH. Meanwhile, the conven-
tional cold storage maintained similar temperatures (26°C)
and RH (70%) due to practical restrictions in the field.
The comparison of weight loss, sprouting and decay over
the 30-day storage period clearly shows the advantages of
evaporative cooling. Onions stored under evaporative cool-
ing showed decreased cumulative weight loss (6% vs 8.3%)
and interestingly over the duration neither sprouting or
fungal rot was noted. Whereas, onions under traditional
cold storage exhibited a continuous sprouting (up to 15%)
and decay (up to 9%) to the 30th day. This is due to greater
air circulation (increased ACPH), a more uniform RH, and
elimination of localized condensation patches, which are
frequent drivers of fungal outbreaks in cold storage systems.
In addition, the evaporative system was able to maintain a
constant moderate RH (68%) that prevented both extreme
dehydration and conditions conducive to fungus develop-
ment a common problem when RH is >75% or variable.
Stable onion core temperatures in evaporative cooling
(~25.5 °C) similarly favoured metabolic balance, reducing
respiration rates without stimulating sprouting, as in the
cold storage where oscillations caused stress reactions. In
terms of energy consumption, evaporative cooling used
substantially lower power (14 kWh/day against 38 kWh/
day) and hence is a cost effective alternative for small and
marginal farmers while giving better overall storage results.
Thus, evaporative cooling under Indian climatic conditions
provides not only the optimum temperature and humidity
for onion storage but also reduces the weight loss, sprouting
and fungal spoilage significantly as compared to conven-
tional cold storage with far lower operational energy and
cost.

Comparative Analysis and Validation

The performance of conventional cold storage and
evaporative cooling systems for preservation of onions
was evaluated by comparing the results of manual heat
load calculations, CFD simulations, EvapCal software and
experiments in detail. Manual computations produced
first-order estimates of the cooling requirements, air flow
rates and energy consumption based on thermodynamic
principles. The CFD simulation provided spatially resolved
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Table 6. Comparison of performance parameters (manual, CFD, and experimental results)

Parameter Conventional Cold Storage Evaporative Cooling
Manual CFD Experimental Manual CFD Experimental
Calculation Results  Result Calculation  Results Result
Cooling Load (kW) 14.35 kW 14.5 kW Confirmed 6.84 kW 6.5 kW Confirmed
(14.5 kW) (6.8 kW)
TR (Tons of Refrigeration) 4.08 TR 8.5TR 8.5TR N/A N/A N/A
(design: 8.5 TR)
Supply Airflow (CMM) Estimated 86 CMM 86 CMM 84.95 CMM 85-86 CMM 85 CMM
Room Air Temperature (°C) 26 26 26 26.5 26.5 26.5
Relative Humidity (%) 70% 70% 70% 68% 68% 68%
Power Consumption (kWh/day) Estimated 35-38  35-38 38 14 14 14
Weight Loss after 30 days (%) Theoretical 8% 8.30% 6% 6% 6%
Sprouting after 30 days (%) NA 15% 15% 0% 0% 0%
Decay after 30 days (%) NA 9% 9% 0% 0% 0%
Energy Savings Compared to NA N/A N/A 82-86% 82-86% 86%

Cold Storage

information on the airflow distribution, temperature gra-
dient and humidity control, which were also confirmed
by 30-day practical trials. The overall cooling load for the
traditional cold storage structure at 26 °C and 70% relative
humidity was calculated manually to be around 14.35 kW
(4.08 TR), but it is recommended by realistic design guide-
lines to select an 8.5 TR refrigeration system to take care
of transient and peak loads. Conversely, the indirect-direct
evaporative cooling structure design provided a total heat
load of 6.84 kW and an air flow rate of 84.95 CMM, indicat-
ing the much-reduced cooling demand of the evaporative
method.

The results were also verified using CFD analysis with
a detailed spatial resolution of temperature profiles and
airflow patterns. In operation of evaporative cooling, CFD
revealed homogeneous dispersion of air with minimum
temperature gradients (room temperatures ~26.5-27 °C)
whereas the conventional system showed more severe
stratification and uneven cooling. The regularity of the
airflow and the temperature gradient anticipated by our
CFD analysis are in agreement with the results reported
by Serap et al.[43] for cold storage and by Vala et al. [44]
for evaporative systems, thereby confirming the efficiency
of the optimisation based on the CFD approach for the
storage design.

These numerical results were confirmed by experimen-
tal testing during a 30-day storage period. The evaporative
cooling system maintained lower onion core temperatures
(25.5-26.0 °C), reduced cumulative weight loss (6.0% vs.
8.3%) and eradicated sprouting and decay, compared to
the conventional cold storage which showed 15% sprouting
and 9% decay after 30 days. The reduction in onion rotting
(15%) found compares favourably with ventilated storage
systems reported by Lawande et al. [12] and Tripathi et al.

[27], showing the extra benefits of regulated airflow in EC
systems. Additionally, the energy consumption of the evap-
orative system was 14 kWh/day compared with 38 kWh/
day for cold storage, a reduction of 76.14% as opposed to
the 82% save projected by EvapCal. The energy consump-
tion decrease obtained is in agreement with the findings
of Lv et al. [34] who reported 80% reduction with EC and
Sipho et al.[33], showed 75% energy savings with the use
of indirect cooling system + EC system. Table 6 presents
the comparison of performance parameters of conventional
cold storage and evaporative cooling system (manual, CFD
and experimental findings). Overall, the comparison study
indicates a good agreement between the manual calcula-
tions, CFD simulations, EvapCal outputs and experimental
findings. The results confirm the suitability of the proposed
evaporative cooling design is energy-efficient and techni-
cally effective solution for the post-harvest onion storage.
Evaporative cooled storage becomes sustainable alternative
to the conventional refrigeration systems.

COST ANALYSIS

The cost of major components used in both the stor-
age systems was estimated using prevailing market prices
in India. The total cost of two-stage indirect-direct evapo-
rative cooling system was estimated to be around 31,49,996
and the conventional cold storage system costed around
%1,51,636. The estimated values exclude the construction
cost of the storage chamber and ducting network because
these components were identical for both systems. Although
the initial investment of the two systems was comparable,
a considerable difference was observed in their operating
energy consumption and running cost.
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Air Handling Unit Power Requirement
The conventional cold storage system employed an 8.5-
ton air conditioning unit with a rated power of 9.5 kW [20]

Power for AHU = (CMM X P,)/(6356 X 1], X 1],)

p AHU = 84.95 x (16)
ower for AHU = 4356 % 085 x 0.8
Total Power = Power for Air Condensing Unit

+ Power for AHU + Humidifier Power (17

Total Power = 9.50 + 2.238 +1/

The power requirement of the air handling unit (AHU)
was estimated using Equation (16) Taking into account
airflow rate of 84.95 CMM, motor efficiency of 0.85 and
blower efficiency of 0.8, the calculated power of AHU was
2.238 kW. In addition, a humidifier load of 1 kW was con-
sidered. Therefore, the total power requirement of the con-
ventional cooling system was determined using Eq. (17).

Evaporative Cooling Energy Requirement

Power for Evaporative Pump = 3 HP
=3 X 0.7457 kW = 3 x 0.7457 X 16 = 35.79 kWhr per day

Cost Calculation

Energy rate in India for power consumption is consid-
ered as Rs 7.34 per kWhr. Total cost required per kWhr is
calculated as

Total Cost for Air Conditioning = Total power X Cost per unit (18)

Total Cost for Evaporative Cooling = Total power X Cost per unit (19)

The specifications and cost of the components of
the conventional cold storage and evaporative cooling
systems are given in Table 7. The storage systems were
designed for a storage volume of 165.94 m®. The cooling

Table 7. Components and cost details

load analysis showed that the conventional cold storage
system needs an 8.5 TR refrigeration unit to maintain the
desired storage conditions. In contrast, the evaporative
cooling structure required only an airflow rate of 84.95
CMM for effective operation. To ensure uniform air circu-
lation inside the storage chamber, a circulation fan rated at
22 W with an air delivery capacity of 240 m® was installed
in the cold storage unit. In addition, four LED lamps of 20
W capacity were provided for internal lighting. The total
energy consumption of both systems was estimated by
considering 16 h of daily operation. Table 8 summarizes
the comparative evaluation of the performance and cost
characteristics of the conventional cold storage and evap-
orative cooling systems.

A comparative study of performance between tra-
ditional cold storage (CS) and two stage indirect-direct
evaporative cooling (EC) system was performed over sev-
eral operational parameters. The EC system resulted in a
significant reduction of 77.2% in heat load from 102,000
BTU/hr to 23,328 BTU/hr. Similarly, the daily energy
usage was reduced by 76.14% from 150 kWh/day in CS to
35.79 kWh/day in the EC system. This demonstrates the
great potential of EC systems to reduce operational costs in
post-harvest storage. The EC system displayed improved
ventilation performance with an air change rate of 86
ACPH, which was 115% higher than the CS’s 40 ACPH,
hence improving airflow homogeneity and lowering local-
ised temperature gradients. Onion spoilage post-harvest
was also reduced with rotting rates dropping from 25%
to 15% suggesting a 40% increase in product preserva-
tion. The EC system was marginally economical in terms
of operational costs (31,49,996/year versus 31,51,636/
year) and reduced the annual maintenance costs by 60%
(38,000/year versus 320,000/year). The EC system (8-10
years) was anticipated to have a little shorter lifespan than
that of CS (10-12 years) but this is compensated by lower
maintenance and energy requirements. Furthermore,

Sr. No. Storage System Equipment Details Technical Features Estimated Cost
(INR)
. 8.5 TR capacity, Daikin unit with 9.50
Condensing system KW rated power 114955
Conventional 3 HP blower, airflow rate of 84.95
1 refrigeration-based Air circulation unit CMM, Daikin DM 1-10-13 model, 50,215
storage 380-415 V supply
Moisture control unit Inf “Str.lal hum.ldlﬁer, ! kW load, 180 4,150
m®/h air handling capacity
Overall system cost 169320
Indirect-direct Evaborative coolin 3 HP HMX IDECool 6 unit, 84.95
2 evaporative cooling P J CMM airflow capacity, suitable for 65.03 167474
assembly 2 .
storage m? cooling area, power demand 2.1 kW
Overall system cost 167474
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Table 8. Comparative cost analysis for conventional cold storage and evaporative cooling system

Parameter Conventional Cold Storage  Evaporative Cooling % Reduction/
System Improvement
Heat Load 102,000 BTU/hr 23,328 BTU/hr 77.2% Reduction
Energy Consumption (kWh/day) 150 35.79 76.14% Reduction
Air Changes Per Hour (ACPH) 40 86 115% Improvement
Spoilage Rate (%) 25 15 40% Reduction
Operational Cost (INR/year) 31,51,636. 31,49,996 1.08 % Reduction
Annual Maintenance Cost (INR/year) 20,000 28,000 60% Reduction
Estimated System Lifespan (years) 10-12 years 8-10 years Slightly lower

Electricity Price Sensitivity

High (100% grid dependent)

Moderate (Potential solar
integration)

Environmental Impact

High (refrigerants, CO,

Low (water-based cooling,

emissions) eco-friendly)
Initial Capital Investment (INR) % 1,69,320 (condensing 3 1,67,474 (IDE Cooler) 1.10 % Reduction
+ AHU + humidifier)

the EC system is moderately sensitive to electricity rates,
because it can be compatible with solar energy, whereas
the CS system is completely dependent on the grid. The
EC system is much more eco-friendly as it uses water-
based cooling and no refrigerant, thus reducing CO2
emissions. Lastly, the EC system also had a slightly lower
initial capital expenditure of 31,67,474 in comparison to
the CS system that needed ¥1,69,320, making it a more
affordable and sustainable solution for small scale farmers.
Other economic aspects were also evaluated, in addition
to the original capital and operational energy expenses
provided above. Annual maintenance expenditures for
conventional cold storage systems (including refrigerant
refills, compressor service and annual equipment tests) are
generally in the region of 8-10% of the initial equipment
cost per annum. On the other hand, evaporative cooling
systems require less maintenance typically 4 to 6% per
year, mainly for pump maintenance, cooling pad replace-
ment & water control.It is also important to consider the
volatility of electricity rates as energy tariffs in India vary
according to location and season. The study assumes an
average electricity cost of ¥7.34/kWh. However, the sensi-
tivity analysis indicates that a £10% variation in electricity
prices can lead to a change of about £8-10% in the annual
operating cost for conventional cold storage, and +4-6%
for evaporative cooling systems due to the latter’s lower
dependence on energy. System lifespan also impacts total
cost-effectiveness. Conventional cold storage systems can
last 12-15 years with appropriate maintenance and repairs,
whereas evaporative cooling systems normally last 8-10
years depending on the location and water quality. These
elements should be addressed in any long-term economic
review or life-cycle cost analysis (LCCA).

CHALLENGES AND OPPORTUNITIES FOR ECS
DEPLOYMENT IN DIVERSE CLIMATES

It is essential to explore the scalability and limitations of
EC in various climatic regions to bring more practical sig-
nificance to this work. Although EC has proved to be very
energy efficient and cost effective in hot and arid conditions
where the ambient humidity level is low, it cannot work well
in hot and humid areas where the moisture-holding capac-
ity of the air is already saturated. In such environments the
temperature drop that may be achieved is restricted and
may not be enough to preserve perishable goods effectively.
In addition, the scale-up of EC to larger storage capacity
requires careful design considerations related to airflow,
water usage, and system maintenance. Water Availability
is also an important element affecting scalability, especially
in water-scarce locations. Also, connection with existing
cold-chain logistics, and change of performance over sea-
sonal climate variations, need to be addressed for consis-
tent and reliable operation. Future research should focus on
the development of adaptable and scalable hybrid cooling
systems to improve the applicability of evaporative cooling
in various climatic conditions for commercial applications.

CONCLUSION

Onion cultivation and storage is considered as major
aspect of India’s agriculture and is essential for its economy
and food security. However, the supply chain continues to
face challenges from continuous post-harvest losses due
to limited storage capacity, spoilage and energy-intensive
preservation methods. The study offers a deep dive into
the performance of storage methods and shows that while
conventional cold storage (CS) gives good preservation, its
high capital and operational costs hinder access for small



2024

Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2005-2026, June, 2026

and marginal farmers. On the contrary, the two-stage indi-
rect-direct evaporative cooling (EC) system evolved as an
energy-efficient, cost-effective and sustainable alternative.
The study verified the use of EC systems is able to maintain
favourable storage conditions (~26.5 °C, 68% RH) to ensure
the quality of the product for a 30-day storage period, using
CFD-based modelling, experimental validation and ener-
gy-performance analysis. The system attained remarkable
enhancements in airflow homogeneity, thermal stability
and operating efficiency. Key quantitative discoveries are:

o Heat Load: decreased from 102,000 BTU/hr (CS) to

23,328 BTU/hr (EC) - 77.2% reduction
» Energy Consumption lowered from 150 kWh/day (CS)

to 35.79 kWh/day (EC) - 76.14% reduction
o Air Changes per Hour (ACPH): 40 (CS) to 86 (EC) -

115% improvement
o Spoilage Rate: 25% (CS) to 15% (EC) - 40% decrease
o Weight loss at 30 days: 8.3% (CS) vs 6% (EC)

o 30 days sprouting: 15% (CS) vs 0% (EC)
o 30-day decay: 9% (CS) vs 0% (EC)
o Operational Cost: marginally cheaper - 31,49,996/year

(EC) vs %1,51,636/year (CS)

o Annual Maintenance Cost: 60% less — 38,000 (EC) vs.

320,000 (CS)

o Initial Capital Investment: somewhat lower - Rs.

1,67,474 (EC) vs Rs. 1,69,320 (CS)

o Electricity Sensitivity: EC system allows for possible solar
integration, but fully grid reliant cold storage does not

o Environmental Impact: EC has low environmental
imprint (water based, refrigerant free) vs. CS (refriger-
ants, CO2 emissions)

The diffuser placement and the airflow velocities (0.2-
0.5 m/s) were adequate to maintain the storage quality. The
results of manual calculations, CFD simulations and exper-
imental trials were compared and showed excellent agree-
ment. The trustworthiness of this approach was proven. The
EC system was proven to be functional but its dependence
on the relative humidity level restricts its efficiency in par-
ticularly humid places. Future study should be addressed
towards adaptive hybrid systems (combination of EC with
auxiliary dehumidification), water efficient designs and IoT
enabled smart control for broader applicability in varied
agro climatic zones of India. The study shows a potential
of well-designed evaporative cooling systems, coupled with
verified CFD models and energy efficient methodologies
to provide scalable, inexpensive and sustainable options
for post-harvest onion storage. The wide-scale adoption of
these technologies can contribute in significantly reducing
post-harvest losses, stabilizing market prices and increasing
the income of smallholder farmers across India.

NOMENCLATURE

EC Evaporative cooling

CS Conventional cold storage

U Overall heat transfer coefficient (W/m? °C)

FAOSTAT Food and Agriculture Organization Corporate
Statistical Database

T ndian Institute of Technology

CATARA Centre for technology alternatives for rural areas

IACS indirect air-cooling system

EC Evaporative cooling

A Surface area through which heat is transferred
(m?)

Tout Temperature of outside air in °C

Tin Temperature of inside storage space in °C

ho Heat transfer coefficient on outer surface

hi Heat transfer coefficient on inner surface

X, X, Thickness of wall, ceiling and insulating material
respectively in meter

Ki Thermal conductivity of wall and insulating
materials (W/m°C)

Qp Product load in kwh/Day

mp Mass of product in kg

cp Specific heat of product in kj/kg °C

Tenter  Entering temperature of product in °C

Tstore  Storing temperature of product in °C

QR Respiration load in kwh/Day

QL Lightning Load

n Number of equipment’s

t Running time in hours

P Power consumption in Watt

CMM  Air volume in cubic meter per minute

RSH Room sensible heat in BTU/hr

AT Room temperature-supply air temperature in °C

1.944 Constant based on air density under standard
condition

AHU Air handling unit

Ps Total static pressure

N Motor efficiency

ny Blower efficiency
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