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ABSTRACT: Small-scale cold-chain infrastructure remains difficult to deploy in resource-constrained
agricultural settings because cooling equipment, photovoltaic capacity, insulated construction and
monitoring are commonly procured at full design capacity before field demand is verified. This study
develops a phased solar-assisted cold-room concept that reduces conditioned volume from 27.0 to 22.5 m?
and replaces an initial two-unit, 6 kWp configuration with one 2-ton inverter air-conditioner, 3.5 kWp grid-
tied photovoltaics, fire-retardant insulation and an ESP32-based monitoring layer. A bottom-up thermal
model and capital-cost comparison were applied to two design scenarios. Under the stated analytical
assumptions, the phased configuration reduces planned capital expenditure from INR 9.975 lakh to INR 6.60
lakh, corresponding to 33.8%, while retaining future provision for a second cooling unit and photovoltaic
expansion. Envelope transmission is estimated at approximately 0.31 kW under the selected design
temperatures, and total mean load remains below nominal equipment capacity for staged warm-product
loading; nevertheless, the use of comfort air-conditioning at 16—18°C requires manufacturer approval and
experimental validation. The proposed system is best interpreted as a 3—5 tons, short-term holding and
research demonstrator rather than a conventional long-duration potato store. A 72-hour loaded
commissioning protocol is presented to validate temperature uniformity, humidity, energy use, solar
contribution and commodity response. The work contributes a replicable decision framework that separates
essential safety and envelope measures from deferrable capacity, thereby reducing initial financial risk
without claiming unverified storage performance.

KEYWORDS: solar-assisted cold storage; decentralized cold chain; techno-economic analysis; Internet of
Things; thermal insulation; postharvest loss; phased investment, Agricultural cold chain, Small-scale cold
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L. INTRODUCTION

Cold storage is a modern facility used to store fruits, vegetables, grains, and other farm products at low
temperatures. It helps farmers keep their produce fresh for a longer time after harvesting. In normal
conditions, many agricultural products get spoiled quickly due to heat, moisture, and microorganisms. Cold
storage reduces these problems by slowing down the growth of bacteria and maintaining proper temperature
and humidity. With the help of cold storage, farmers can avoid immediate selling of their produce at low
prices during peak seasons. They can store crops safely and sell them later when market demand and prices
are better. Cold storage also reduces post-harvest losses, improves product quality, and support better
income for farmers. Thus, cold storage plays an important role in strengthening agriculture and improving
the economic condition of farmers

Postharvest temperature management can slow deterioration, reduce water loss and improve the marketable
life of horticultural commodities. However, conventional cold-chain assets are capital intensive, electricity
dependent and often sized for centralized throughput. These features can limit access for smallholders and
institutions that need a compact, flexible facility for short holding, aggregation, teaching or field validation.
Reviews of decentralized solar cooling show that photovoltaic refrigeration is technically promising in
developing regions, but system economics depend strongly on utilization, insulation, product loading,
control strategy and service capacity [1-4].

Digital monitoring is equally important. Temperature, relative humidity, door status and energy
measurements can reveal inadequate airflow, excessive door opening, equipment cycling and abnormal
conditions before spoilage becomes visible. loT-based cold-store studies have demonstrated remote
environmental monitoring and control, but cost, calibration, connectivity and fail-safe local alarms remain
practical barriers [5-7].

The design problem addressed here is therefore not merely how to install refrigeration and solar power, but
how to avoid premature overinvestment. The original planning case used a 27 m* room, two 2-ton inverter
air-conditioners and a 6 kWp photovoltaic system. A subsequent low-cost revision reduced room height,
installed only one cooling unit and reduced photovoltaic capacity while preserving insulation, electrical
protection, monitoring and expansion pathways. This paper formalizes that revision as a phased techno-
economic framework.

Main objectives are to develop a compact 22.5 m* solar-assisted cold-room architecture for staged
implementation. Compare the capital requirement of a full-capacity baseline and a phased low-cost
configuration. Estimate envelope and product cooling loads using transparent engineering equations and
sensitivity assumptions, define a monitoring, safety and commissioning protocol that can generate
publishable experimental data after construction, identify limitations related to commodity compatibility and
the use of comfort air-conditioning at reduced set-points. India is having a unique geographical position and
a wide range of soil thus producing variety of fruits and vegetables like apples, grapes, oranges, potatoes,
chilies, ginger, etc. Marine products are also being produced in large quantities due to large coastal areas.
The present production level of fruits and vegetables is more than 100 million MT and keeping in view the
growth rate of population and demand, the production of perishable commodities is increasing every year.
The cold storage. facilities are the prime infrastructural component for such perishable commodities. Besides
the role of stabilizing market prices and evenly distributing both on demand basis and time basis, the cold
storage industry renders other advantages and benefits to both the farmers and the consumers. The farmers
get opportunity of producing cash crops to get remunerative prices. The consumers get the supply of
perishable commodities with lower fluctuation of prices.
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The principal contribution is a design decision method in which conditioned volume, cooling redundancy
and photovoltaic capacity are separated into essential and deferrable investments. The method retains safety-
critical envelope and electrical provisions while postponing redundant cooling and excess generation until
measured utilization and thermal performance justifications.

II. LITERATURE SURVEY

The classification of vegetable crops was studied by Dhaliwal [1]. He classified the vegetables as per various
parameters like botanical, hardness or temperature, usage of a plant part, culture, and life cycle. Click et al.
[2] described good revolution to be the next big thing on earth. Individual description of food wastage gives
more quantities than a whole was the conclusion made by them. Martindale [3] studied food preservation
and its impact on reducing the wastage of food. Antonio Raffo et al. [4] evaluated the tomatoes eating
quality with that of refrigerated tomatoes using the passive refrigeration system. They stated that chilling
induced loss of taste but the skin layer remained the same even after seven days. Seng et al. [5] in their paper
“Low-cost cold storage of tomato in modified atmosphere packaging” compared the fruit quality by storing
under refrigerated source and under ambient conditions. The results proved the existence of freshness even
after a month which was stored under refrigeration and the fruit kept under atmospheric conditions lost its
ripening property and became soft within 12 days of storage. Kumar et al. [6] in their paper, described cold
storage for storing fruits and vegetables. Initially, they classified the perishable products as not sensitive,
moderately sensitive, and very sensitive to cold as per the temperature dependence like (0-4) °C, (4-8) °C,
above 8 °C. The items included in the list were apples, onion, carrot, and grapes as not sensitive to cold;
potato, orange, tomato, and mango as moderately sensitive; and pumpkin, okra, pineapple, and banana as
sensitive to cold. For these various items, the design of cold storage was made. Resources from India
government [9] stated the various factors affecting the storage of tomatoes and Singh [7] describe various
preservation technologies for fresh fruits and vegetables. The findings stated the review from various
sources about reducing the post-harvest losses using various methods like modified atmospheric packaging.
Vellederrian et al. [8] describe using ultraviolet and modified atmospheric conditions to preserve the life of
fresh-cut fruits. Then, Ji et al. [9] in their work stated some modern and chemical methods can be used to
keep the nutritional values and the flavor in a proper state. However, perishable food storage technology in
the form of cold storage increases product costs to compensate for electricity or fuel, depending on the
refrigeration system used [10]. Therefore, low-cost, or even no-cost refrigeration systems need to be
developed to help store perishable agricultural products for domestic farmers. The absorption refrigeration
system was chosen by utilizing sunlight as a heat supplier. In order to generate sufficient heat, a parabolic
through is applied to collect solar energy as a heat supply for the system.

III. METHODOLOGY

The principal contribution is a design decision method in which conditioned volume, cooling redundancy
and photovoltaic capacity are separated into essential and deferrable investments. The method retains safety-
critical envelope and electrical provisions while postponing redundant cooling and excess generation until
measured utilization and thermal performance justify expansion
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Phase 1 system architecture with reserved provision for AC-2 and PV expansion

PV array Grid-tied Protected 2-ton inverter AC 22.5m?
3.5 kWp inverter cold-room DB + circulation fans insulated room

/

ESP32 + T/RH sensors + door switch
energy meter + local alarm + data log

(Figure.1. Phase 1 solar-assisted cold-room architecture and monitoring layer)
The steady transmission load was estimated using Eq. (1):
Q trans =2(U 1 A 1 AT i) (1)

where U is overall heat-transfer coefficient (W m= K™), A is surface area (m?), and AT is the temperature
difference (K). For screening calculations, wall U = 0.42 W m2 K™, ceiling U = 0.33 W m2 K™ and floor U
=0.70 W m2 K™! were adopted. The wall area is 30 m?, roof and floor areas are each 9 m?, outdoor-to-room
AT is 17 K (35°C to 18°C), and ground-to-room AT is assumed as 8 K. These are design assumptions, not
measured properties. The revised internal volume is 22.5 m?®. The reduced clear height decreases conditioned
volume by 16.7% relative to the baseline. A separate sorting/service zone is recommended to reduce door-
open duration and prevent weighing, controls and sanitation activities from obstructing the storage aisle.
Figure 2 and Fig 3 are conceptual and must be converted into site-specific structural drawings.
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(Figure.2.Conceptual cold-room and service-bay layout Not for construction)
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The mean sensible product load was estimated from Eq. (2):
Q product=mc p(T in—T s)/t 2)

where m is daily product mass, ¢ p is product specific heat, T in is entry temperature, T s is storage set-
point and t is pull-down time. A screening value ¢ p = 3.6 kJ kg™ K™!, entry temperature 30°C, set-point
18°C and 24-hour pull-down were used. Infiltration, lighting, fans, occupants, respiration and uncertainty
were represented by a combined allowance of 0.68 kW for the sensitivity plot.

IV. FEASIBILITIES AND PROTOTYPE 3-D MODEL

Detailed design must replace this allowance with measured door-opening and commodity data. Annual
photovoltaic yield was calculated as E PV =P_PV x H x 365, using a planning specific yield H = 4.25 kWh
kWp! day. Thus, the 3.5 kWp and 6 kWp cases produce approximately 5,429 and 9,308 kWh year™’,
respectively, before site-specific shading, inverter and curtailment adjustments. At an illustrative aV01ded
tariff of INR 9 kWh™', the corresponding annual bill offsets are about INR 48,900 and INR 83,800. These
values are scenarios rather than guaranteed generation or savings. Commissioning should include at least 24
hours no-load testing followed by 72 hours loaded testing. The chamber should initially be operated at 40—
50% of target capacity, with staged loading and documented ambient conditions.

5,0 m (Overall length) A

3D VIEW - CONCEPTUAL COLD ROOM AND SERVICE BAY LAYOUT |

(Not a construction drawing)

Figure: 3
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Comparison of the baseline and proposed phased solar-assisted cold-room configurations

Design parameter

Baseline configuration

Proposed phased configuration

Internal dimensions (m)

3.0x3.0x3.0

3.0x3.0x2.5

Conditioned volume (m?)

27.0

22.5

Cooling system

2 x 2-ton inverter AC units

1 x 2-ton inverter AC unit; provision for
second unit

Solar PV capacity (kWp)

6.0, grid-tied

3.5, grid-tied; expansion-ready

Wall insulation

75-100 mm FR-grade EPS

75 mm FR-grade EPS

Ceiling insulation

75-100 mm FR-grade EPS

100 mm FR-grade EPS

Monitoring and control

Controller, sensors, and data logger

ESP32-based monitoring and control

Temperature (2 points), RH, door status,

Monitored parameters Basic environmental parameters .
and energy consumption

Alarm provision Not specified Included

Planning budget (INR lakh) 9.975 6.60

Capital-cost reduction

Reference case

INR 3.375 lakh (33.8%)

Expansion provision

Full initial capacity installed

Provision for second AC wunit and
additional PV capacity

Notes: AC = air conditioner; PV = photovoltaic; EPS = expanded polystyrene; FR = fire-retardant; RH =
relative humidity. Planning budgets are design-stage estimates based on stated assumptions and quotations
and should not be interpreted as experimentally measured costs.

The phased configuration reduces the planning budget from INR 9.975 lakh to INR 6.60 lakh. The absolute
reduction is INR 3.375 lakh and the relative reduction is 33.8%. The largest reductions arise from deferring
the second AC, reducing PV from 6 to 3.5 kWp, simplifying the controller and using an existing structurally
suitable room where available. The cost comparison shows that capacity can be deferred without removing
the thermal envelope, protected electrical distribution or monitoring required to learn from operation. This is
important because utilization uncertainty is a major financial risk in decentralized cold-chain projects. A
future AC-2 connection and PV expansion path convert the low-cost unit from a permanently undersized
design into a performance-gated modular design.
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Temperatu | Two calibrated digital sensors at | Mean, range, maximum deviation and
re representative locations time within band
Relajm./e Calibrated RH sensor Mean, range and time above condensation
humidity threshold
Door status | Magnetic switch Openings/day and cumulative open time
Electricity | Dedicated true-energy sub-meter kWh/day and kWh tonne™ day™
Solar . Inverter meter kWh/day and solar fraction
generation
Prodpct Mas;, V1.sua.1 ity e, conming iy Mass loss %, rejection %, quality score
quality specific indices
System . .

s Alarm and fault log Downtime and alarm response time
reliability

The proposed architecture is consistent with literature emphasizing decentralized solar cooling, sensor-
assisted control and the importance of matching technology to smallholder operating constraints [1-7]. The
present study differs by explicitly quantifying the cost of staged procurement against a defined full-capacity
baseline and by treating monitoring data as the decision gate for expansion rather than as an optional
dashboard feature. The reduced-cost approach must not expose combustible EPS or remove vapor control,
insulated door sealing, condensate management, electrical protection or emergency release. Fire-retardant
insulation should be fully concealed behind non-combustible protective finishes. Final foundation, roof,
solar mounting and electrical work require licensed professional review. The floor plan in this manuscript is
conceptual only. The most important technical limitation is the proposed use of a comfort inverter AC near
the lower edge of its normal operating envelope. A dedicated refrigeration unit is required if consistent
operation below the manufacturer-approved set-point is needed. The chamber also cannot be described as a
universal multi-commodity store because each crop has distinct temperature, humidity, ventilation and
ethylene requirements. Commodity-specific protocols and separate trials are essential.

No constructed prototype or measured chamber data were available at the time of writing. Cost inputs are
planning estimates and exclude some site-specific taxes, approvals and grid work. The thermal model is
steady-state and uses a lumped infiltration and auxiliary allowance. PV yield and tariff savings are scenario
values rather than monitored results. Storage-life and capacity statements require validation with defined
variety, maturity, packaging and loading patterns. A future AC-2 connection and PV expansion path convert
the low-cost unit from a permanently undersized design into a performance-gated modular design and it will
be very much essential for agriculture field.

V. FUTURE SCOPE

Future work should focus on experimental validation of the proposed solar-assisted cold-room under actual loaded
conditions and across different seasons. Commodity-specific trials can evaluate temperature uniformity, relative
humidity, cooling performance, energy consumption, and post-storage quality. The 3.5 kWp photovoltaic system may
be expanded with additional PV capacity, battery or thermal-energy storage, and intelligent energy management. The
ESP32 platform can be enhanced with cloud-based monitoring, remote alarms, fault detection, and predictive
maintenance. Further studies should compare alternative refrigeration technologies and evaluate measured life-cycle
cost, payback period, and scalability across different rural agricultural locations and operating conditions. Our goal is to
maintain the temperature between 16-18 degree centigrade and in future after making a few modifications we can
maintain the temperature range of 8-18 degree centigrade.
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VI. CONCLUSION

A phased solar-assisted cold-room design was developed by combining a full-capacity concept with a reduced-cost
implementation strategy. Reducing room volume to 22.5 m?, installing one 2-ton AC and 3.5 kWp PV initially, and
substituting a low-cost IoT layer lowers planned capital cost by approximately 33.8% while preserving expansion
provisions. Analytical screening indicates a modest envelope load relative to nominal equipment capacity, but it does
not validate low-set-point AC performance or commodity shelf life. The design is therefore positioned as a 3—5 tonne
short-term holding and research platform. Its scientific value will depend on transparent commissioning, calibrated
sensing, loaded energy tests and commodity-specific quality measurements. The proposed framework provides a
practical basis for converting an institutional demonstration project into a reproducible experimental study without
fabricating performance claims.
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