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Executive Summary

In many countries, a significant portion of the food produced (J¥6) is lost before it reaches
the table. Forceehir evaporative cooling chambers have the potential to provide an effective,
low-cost solution for postharvest fruit and vegetable storagéoiw-income regions with hot and
dry climates. Our innovative design uses simple and widely available materials to create forced
air evaporative cooling chambers that are a lowest alternative to refrigerated cold rooms and
a better-performing alternaive to nonclimate-controlled environments. Access to improved
fruit and vegetable storage will reduce food loss, provide farmers with increased flexibility to sell
their produce during favorable market conditions, and improve access to nutritious fabe in
communities. This document outlines the design of innovative fomieavaporative cooling
chambers:

Portable chambers for use in stationary applications

Mobile chambers for use in transportation applications.
These chambers are specifically engineered for smallholder farmers and vendors to facilitate
postharvest storage of fruits and vegetables. With support from the Efficiency for Access
Research and Development Fund, several versions of these chambers wstricied, tested,
and deployed in India and Nigeria.

The portable chamber design that has been piloted in Zaria, Nigeria, is capable of cooling 500 kg
of vegetables by 10 °C in less than 6 hours, while requiring less than 200 Watts of electrical power.
The rapid cooling rates achievable with foresd evapaative cooling have significant potential

for providing value at the preooling stage, especially because this technology can be deployed
near the farm gate, reaching produce shortly after harvest. Evaporative coolers are less
expensive, more energgfficient, and easier to maintain than refrigeratidrased systems. As a

NB & dzf G /-gi foree8ait @@poratiVetcooling chambers cost about 60% less than
traditional cold rooms of similar size. By lowering the cost ofqmaling and storage of fristand
vegetables with an energgfficient, affordable, and effective technology, forcait evaporative
cooling chambers have potential for addressing an unmet need in the early stages of fruit and
vegetable supply chains in lemwcome regions.

[ 22t £S30Qa LHErsiapoativécodtirg bldantbBrs can be easily, quickly, and affordably
constructed using commonly available materials and are capable of rapidly cooling produce in
the critical hours after harvest. The portable version of thenshar can be easily carried by
several people and lifted onto a small truck for transportation to remote locations, providing a
O22tAy3 az2fdziAz2y AYYSRAIFGStE@ FFOUSNI KINBSaido
to rapidly cool produceluring transportation, filling a critical and underserved link in fruit and
vegetable cold chasin many countries.

CoolVegq is looking to build on the work presented here by commercializing these technologies in
Nigeria, India, and other arid regions in need of improved fruit and vegetable storage.
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Introduction

CoolVeg develops and disseminatesdvative forcedair evaporative cooling chambeiffsr
smallholder farmers and vendors to facilitate postharvest storage of fruits and vegetables.
Technical and financialupport from the Efficiency for Access Research and Development Fund
enabled CoolVeg to develop the next generation of portable and mobile evaporative eooling
based storage chambers for use on farms, at vegetable markets, and in transportation
applications Through this project, several versions of thekBarmbers were constructed, tested,

and deployed in India and Nigeria. This document describes the design of the chambers, the
results from this research project, and their potential for commercialization.

Need for Postharvest Storage Solutions

Across Susaharan Africa, 54 million tonnes of fruits and vegetables are lost or wasted per year,
accounting for 52% of the total production, the greatest percentage of food loss for any crop
category[1l]. These challenges are particularly pressing inahdtdry regions of the world
conditions where fruits and vegetables spoil the quickest. Improvements in cold chain
infrastructure are necessary in many regions to address fruit and vegetable losses; however,
suitable technologies are not available andoafiable for many lowincome farmers, retailers,

and traders.

One of the most critical and unaddressed stages in the postharvest supply chain for fruits and
@SASGlIoftSa Aa AYYSRAIF OGSt & | FECE2ND (KA yNIZES AciiHz8 dO 2! YYY 3
in leaving produce at field conditions, often 35°C, can leaalltuss in shelfife of about 1 dayg

even with optimal storage conditions later in the supply chain [3]. Technologies with the ability

to affordably and effectively preool fruits and vegetables will provide significant value and have

the potential to educe food losses.

Nigeria
The Sahel, with a population of over 400 million people, is one of the poorest regions of the
world, with most parts of the region experiencing hot and dry weather for over 8 months per

year. Of the estimated 180 million people living in rural;gftl canmunities within the dry
regions of Africa's Sahel, approximately ehed reside in the 12 states of Northern Nigeria.

In Northern Nigeria, there are over one hundred thousand smallholder farmers, retailers, and
wholesalers of fresh fruits and vegetables, aged betweefyA8ears. Women constitute a
majority of the small plot gardeners, providing 75% of the labor in prbolu@nd nearly 100%

of the labor in the sales of fruits and vegetables. Most of these small farmers and retailers are
food insecure, with an average monthly income of $60.

Revenue in the vegetable market in Nigeria is expected to amount to $27.10 billion in 2024. The
market is expected to grow annually by 13.53% resulting in a market of $45.02 billion in 2028 [4].
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The combined domestic production of fruits and vegetables in 2020 was 41.2 million metric
tonnes [5]. Currently, 40% of fruits and vegetables grown in Nigeria are lost between when they
are harvested and when they arrive at the market [6]. Additionallpd@guate postharvest
storage can disrupt supply chains, leading to lost time and money for farmers and limiting
consistent local access to higjuality nutritious food.

The tomato cold chain in Nigeria faces particularly significant challenges, with a total of 76% of
the tomatoes grown being lost without being consumed. Half of these losses (38% of the total
production) occur during the postharvest handling, transportatiand storage of tomatoes,
resulting in $1.2 billion of value lost and over 1.5 milliont€guivalent generated [6]. With only

10% to 15% cold chain utilization for fruits and vegetables [5], there is a huge market opportunity
for new solutions to redue food loss and increase profits for farmers and other actors along the
supply chain.

Our conversations with the CEOs fraddoldHubs Coldbox Storeand Alyx Limitedin Nigeria
indicate that the vast majority of produce is not handled through a proper cold chain. There are
relatively few businesses working to address these issues. This is highly problematic for tomatoes
and other perishable crops, as the hot and difnate in these regions is particularly unfavorable

for tomato transportation and storage. These companies also list access to capital and large
capital costs as the largest barriers to the growth of their cold storage businesses. With capital
costs 50% olower than refrigerated cold rooms, these conditions present an opportunity for
forced-air evaporative cooling chambers to enter this untapped market.

India

Gujarat and Rajasthan are among the most arid regions in India, making therautedl for
forced-air evaporative cooling. There are 3.6 million marginal or smallholder farmers in the state
of Gujarat [7] and 3 million marginal or smallholder farmersghia state of Rajasthan [8]. In
Gujarat and Rajasthan, the rural population living below the poverty line is 21.5% and 16.1%,
respectively [9]. In Gujarat, 21,250,000 metric tonnes of fruits and vegetables are produced
annually, on a land area of 1,035,488. This production amounts to $2.9 billion of annual value
[9]. In Rajasthan, 2,436,000 metric tonnes of fruits and vegetables are produced annually, on a
land area of 220,400 Ha. This production amounts to $278 million of annual value [9]. In India,
30%of the fruits and vegetables cultivated annually are lost due to insufficient availability of
effective postharvest storage [10]. In the state of Gujarat, annual postharvest fruit and vegetable
losses totaled $1.8 billion [11].

For farmers in Gujarat or Rajasthan, India, who need to sell their produce at certain times of the
day to receive a good price, the lack of adequate storage presents logistical challenges that need
to be overcome to avoid food loss. Vendors and wholesaléisout suitable storage often sell

their produce at the end of the day at discounted prices to avoid spoilage overnight. Improved
storage would allow these traders to keep produce fresh throughout the day and overnight,
allowing for fresh inventory to bavailable at all times. Additionally, inadequate postharvest
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storage can disrupt supply chains, leading to lost time and money for farmers and limiting
consistent local access to higjuality and nutritious food.

Existing Solutions for Fruit and Vegetable Storage

Current approachetor fruit and vegetable storagm low-income settingsncludenon-climate-
controlled storage options, evaporative cooling, and refrigeratvased storage options. Forced
air cooling is often used in industrialized settings, but is not commonly used Hnémme
communities.

Non-climate-controlled storage options

Inexpensive and readily available noimate-controlled storage solutions, such as sacks,
baskets, or crates placed in the shade, offer limited shifelffor many fruits and vegetables in
hot and dry climates. Despite being the most economical choies; thadequacy in preserving
produce in target regions makes them prime candidates for replacement.

Evaporative cooling

Evaporative cooling is the process where water absorbs heat when it evaporates, resulting in a
cooling effect. This phenomenon is the basis for how sweating cools the human body. Fhe wet
bulb temperature is the lowest temperature that can be achieved tgtouhe process of
evaporative cooling, and is dependent on the air temperature and relative humlditgirier
environments, where there is less moisture in the air, water evaporates more rapidly. This faster
evaporation leads to quicker cooling and a loweet-bulb temperature. Consequently, greater
temperature reductions; the difference between the ambient temperature and the wailb
temperature ¢ are possible in lovihumidity conditions.Evaporative cooling offers the most
significant advantages in hot and dry environments. This is due to two factors: greater
temperature reductions are achievable, and fruits and vegetables are more prone to degradation
under such conditions.

Passive evaporative cooling relies on natural convection or wind to drive the evaporation of
water, offering limited control and is highly dependent on the climate and architecture of the
cooling device. Active evaporative cooling uses mechanical systethsas fans to force air
through wet media. Active evaporative cooling provides more consistent and controllable
cooling, but requires electricity to operate the fans that generate the air fléov.both passive

and active evaporative cooling, continuousoting necessitates the relevant surfaces or media
to remain consistently wet. This can be accomplished either through manual wetting or by
employing a mechanical system equipped with a pump and a basic irrigation setup.

Passive evaporative cooling chambers such as clay pot coolers, brick evaporative cooling
chambers, charcoal cooling chambers, and Zemergy Cooling Chambers (ZECCs) function
through the evaporation of water from the wetted outer surface of the deviceducing the
temperature and increasing the humidity inside the chambers [12], see Figure 1. These
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technologies require little or no electricity, but are typically not welited for mobile
applications and are not able to deliver the rapid cooling rates required forcpoéng
applications [12, 13]. Larger devices with a smaller surfaesmlume rato have challenges with
achieving useful cooling rates for large volumes of produce. Charcoal evaporative cooling
chambers provide benefits over storage in ambient environments (lower temperature and higher
humidity), but rely on environmentally harmful @fcoal, consume large amounts of water, and
are limited in the cooling rates and temperature reductions they can achieve. Furthermore, after
being promoted for several decades, there has not been widespread adoption of these
technologies, likely due to ambination of the mediocre cooling performance and the inability

of businesses to centrally manufacture and distribute the technology.

Wet cloth
Water
Outer clay J‘l
pot _____%- Heat transfer
Inn;:)?ay g ‘ Waterevapoa
Sand : ? .
Stored food
Figure 1. a) A charcoal evaporative cooling chamber in Karurumo, Kenfyad 2 1y 26y & | &S«
OKF ND2Ff 022tSNJ 69/ /0% 00 | ONKOV ta@ M¥RIBYA BSH O2

9y SNHe& /22t Ay 3 /[ KI Y0 S NihNidmey, Migert £ 30 {V20f F& L2 i .08 AL
schematic showing the evaporative cooling principle of clay pot coolers. Water evaporates creating a cool

and humid environment inside the inner pot where vegetables are stored. The photographs ere ta

by Eric Verploegen and the clay pot cooler schematic is based on work by Peter Rinker, Movement e.V.

and redesigned by Melissa Mangino.
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commercially available in many arid regions for residential and commercial use. The key
component of these ofthe-shelf devices consists of a cooling pad that has l#ssigned to

allow air to flow through the wetted media, a water pump to irrigate the water over a cooling

pad, a fan to blow air through the cooling pad, and a casing to hold the components described,

along with a water reservoir, in the proper configuaati(see Figure 2).

—~ O I

by
\_~

WATER
PUMP

WARM AIR

:%\
WATER
SUPPLY HOSE

Figure 2. Left: schematic of active evaporative cocliagair passes through the porous corrugated
cellulose cooling media, water evaporates and cools the air [14], and right: a common commercially
available evaporative cooler available for $160 inar{d5].

Refrigerated cold rooms

Refrigerationsystems, functioning through a vapor compression cycle or mechanical
refrigeration,are effective in providing a controlled let@mperature environmenthat
provides significanshelflife extensions for many fruits and vegetables. Refrigerators or
freezers for household use are typically not large enough to meet the needs of farmers, and
walk-in refrigerated cold rooms are better suited for storing crates of produce. With most
refrigeratedcold rooms having a capacity of more than 2 metrienes and costing more than
$20,000they are often unaffordable for individual farmers or vendok/hen deployed in off
grid settings, the energy consumption of the refrigeration equipment requires a significant
investment in solar panels, batteries, and other electrical components. Additionally,
maintaining imported refrigeration equipment often provelallenging in many rural, low
income areas due to the need for specialized parts and skilled technicians.
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To increase the affordability ohis technology for smallholder farmers in lemcome

communities, businesses operating refrigerated cold rooms typically rent space to farmers for
storing fruits and vegetables (storages-a-service). The typical fee charged by businesses
ranges from $0.260 $1.00 per crate per day, depending on demand, the value of the produce
being stored, and the customer type. However, businesses operating with a stasage

service model often struggle to make this service both affordable to their customers and
profitable for their business due to the costs asat®il with typical vapocompression
refrigeration equipment, staffing the chamber to manage inventory and collect payments, and
electricity to power the system.

The high costs and energy consumption associated with refrigerated cold rooms create a
barrier to deploying these technologies in lamcome communities, regardless of the business
model being used.

Forcedair cooling

In the context of fruit and vegetable storage, foreau cooling is the process of rapidly pushing
or drawing cool air through containers of produce, which significantly speeds up the cooling
process compared to traditional room cooling. It is well estdigld that forceehir cooling is
advantageous for preooling applications, as the high airflow rates increase the cooling rates of
the produce being stored [1]. The rapid cooling rates achievable with feazesl/aporative

cooling have significant poteial to improve fruits and vegetable shdifie at the precooling

stage, especially near the farm gate, reaching produce shortly after harvest.

In developed regions, forcegir cooling iutilized in manyarge cold rooms. However, in lew
income regions, most refrigerated cold rooms rely on room cooling. This method involves
passive and active air convection within the storage space, rather than directing air through
produce containersThis is a missed opportunity to provide faster cooling rates with a relatively
small increase in energy consumption. However, implementing featedooling requires

careful arrangement of produce to maximize theflaw through the crates or other packaging
where produce is stored.

User Profiles and Needs

Forcedair cooling technology is besuited in markets with an unmet need for fruit and
vegetable storage and a hot, dry climate where evaporative cooling will be effective. Key markets
include the African Sahel, East Africa, the Middle East, Pakisté, any RA I @ 2 A (i K
mission of providing solutions to lelwmcome communities, we narrowed our focus to markets in
these regions, where we would be able to test the technology, and upon scale, would provide
maximum benefit to the local communities ofdbe regions.
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From the outset, we aimed to get an understanding of the value chain for fruits and vegetables
¢ from harvest to sale; to define our users. This would then help us to design the chamber
according to their needs and constraints, both in Nigeria and India.

The Kaduna region of Nigeria, where part of this project took place, is one of the major tomato
producing states in Nigeria. Here, our partner ColdHubs, which would construct the chambers, is
also the user of the chamber, which meant our user researchdotext and design constraints
was limited to members from the ColdHubs team working on this project. ColdHubs currently has
58 walkin cold rooms in 28 states, serving 11,000 customers, with each
3-tonne cold room having a storage capacity of 150 crates. Additionally, ColdHubs has
constructed two 10@onne facilities with the ability to store 5,000 crates of produce. They
described the supply chain as shown in Figure 3 and as follows:
0 Individual smallholder farmers harvest their crops, with tomatoes being one of the most
harvested crops
The produce is then bought by different distributors who consolidate it and take it to the
/ 2t R dzaoh toolimytacility that serves as an aggregation point. The distributors
hire transporters to pick up the produce from the smallholder farms usiognabination
of refrigerated and nosefrigerated trucks. The produce is typically stored in
wooden/woven baskets, which often damage the skin of the tomatoes. Farms can be up
to 100 km away from the cooling facility
Once the produce arrives at the ColdHubs-1@9 facility, distributors pay a fee of ~200
Naira per crate per day of produce stored (~$0.14/crate/day)
From the ColdHubs 16@n facility, the produce is transported to markets in Lagos in
ColdHubs' refrigerated trucks

Payment for

produce

e

Small-
holder
farmers

Buyers [ distributors

b

Payment for
produce

4

Produce

Service fee

Transporters
(refrigerated / non-
refrigerated trucks)

Service fee

Cold Hubs'
100-ton cold
storage facility

lService fee

~
Cold Hubs' refrigerated

trucks, other refrigerated

and non-refrigerated trucks )

Vegetable
markets:

local,
Lagos,
other...

Figure 3. A graphical representation of the supply chain relating to smallholder farmers who use
/| 2 f R1 dzdoa Q) Zakiay Kaduna, Nigeria.

Together, we decided that for this project, we would concentrate on Kaduna state as it has a
well-suited climate for evaporative cooling and farms close enough to the cold room so as to test
a mobile chamber design. The tomatoes currently arrive at thd ombm at ~35 °C, at which
point they are cooled to 12 °C. This not only adds load to the cold room, but there is a lot of
spoilage during transport. The mobile chamber would be able to reduce the temperature from
35 to 25 °C, thus decreasing spoilage atgb lowering the cooling burden on the cold room.
ColdHubs would be the operator of the mobile chamber and charge a service fee for the
transportation of produce. We could thus test two different desigagortable chamber for cold
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storage at the farms, and a mobile cooling chamber for-goeling produce during
transportation from the farm gate to the 16@n cold room.

In India, more specifically Gujarat, during the harvest season, farmers harvest their produce two
to five times a week on average. They sell their produce on the same day, either by transporting
it themselves to the local market, or have transporters wickpp and drop their produce at

the market. The local market is run by the Agricultural Produce Market Committee (APMC),
established by the government of India for fair trade between farmers and buyers. They buy from
the farmers and then sell to local véors as well as distributors/exporters through auctions held
either on the same day or the next day. During the auctions held twice a day, once at 4 am for
produce from the previous day and once at 3 pm for same day produce, vendors come to the
APMC to bughe fruits and vegetables. Most of the local vendors buy during the morning auction,
whereas the bigger distributors buy in the evening. The vendors then transport the produce to
their local shops, where they sell it to the final customers. These shopsitter be actual full

sized stores, permanent stationary carts, or smaller transport vehiclesalikarickshawsor
tempos.

We gathered this supply chain information by speaking to the following people:
Multiple staff members at Artisana
Different kinds of farmers¢ organic, regular, trustoundationbased farming
organization, largescale (10eacre+ farming area), and smaltale (110 acres)
5 APMC agents
7 local vendors who operated out of physical stores, stationary carts, movable carts, and
smalktransportation vehicles

We were thus able to identify our three distinct userarmers, vendors and APMC wholesalers.
Apart from some very largscale farmers (farming area of 100 acres or more), our target users
did not have access to any kind of cold storage solutions. They &l used to dealing with their
produce on the same day and discarding spoiled produce within two days. On average, the
farmers lost about 15% of their produce, the vendors abouB2% and the wholesalers about
20%. We clearly recognized that there waageed for cold storage, but an important question
was whether the behavior change needed to move them from dealing (harvesting, telling, and
discarding) with their produce on a daily basis to storage was feasible. Another key factor we
realized was thaall these users had very different storage needs, ranging from 15 crates to 40
crates, which guided our chamber designs.
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Forced-Air Evaporative Cooling Chamber Desig n

The chambers developed for this project aim to combine the cool and humid environment
provided by evaporative cooling and the rapid cooling rates of feaiedcooling, while
maintaining relatively low energy consumption and equipment costs. The desigegsréor both

GKS LER2NIIFIoftS IyR Y20AfS OKFY0oSNR RS@GSt2LISR T2
work at MIT with support from theAbdul Latif Jameel Water and Food Systems L&#BABS)

where they developed a forced A NJ S @I L2 NI GA PGS 022t Ay3 OKIF YoSH
container [16], see Figure 4. Detailed design documentation is available on the weélisiteép

Build a Fruit & Vegetable Cooling ChambEhnis documentation includes dimensional design
schematics; diagrams for the airflow, plumbing, and electrical systems, along with a bill of
materials, guidance for sourcing, and a recommended order of construction.

i SRR o S 5 S A A T e S LN Ly

Figure 4. A forcedir evaporative cooling chamber constructed by MFLdb and Solar Freeze, near
Kibwezi, Kenya. This chamber has a storage capacity of 168 vegetable crates (> 3,000 kg of produce) and
is fully powered by the solar PV panels (above thader) and a battery storage system. This chamber

is used by farmers and vendors who pay a fee to store their produce in the chamber.

The key innovation in each of these foread evaporative cooling chambers is the carefully
designed airflow pathway to maximize the cooling rate, maximize the energy efficiency, and
minimize heat intrusion when the evaporative cooling system is turnddlofthis system,

ambient hot, dry air is pulled into the chamber by a fan and forced through a wetted pad,
producing cool, humid air. The cool, humid air is then directed through stacks of vegetable crates
inside the container, removing heat from the mduce¢ and then vented out of the chamber.
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including the airflow rate of the evaporative cooler, minimizing air bypassing the crates, having
sufficient openings at the bottom of the crates, and avoiding flow constriction in unintended
f20FGA2yad ¢KSasS AGSYa ¢ A tEvapodafive Boblar SpréifisefidRs Ay Y
FYR ! ANFt2g tlIGKgleéé¢ {SOUGA2YyO®

Five portable chambers were built for use in stationary applications, along with one mobile
chamber for use in transportation applications (see Table 1). Images of the portable chambers
deployed in India and Nigeria are shown in Figure 5.

The portable chambers are designed for use at settings including small farms, local produce
aggregation points, farming cooperatives, and in retail settings (either individual or groups of
retailers). Although they do not have buitt wheels for transpdation, they can be deployed in

a wide range of locations, including rural areas with poor road networks. Weighing between 100
and 150 kilograms when empty, these chambers can be lifted by ~ 6 people onto a truck or carried
for short distances for preciggacement. This flexibility also allows for the chamber to be moved

to different locations at various times of the year, where the need for improved storage is the
greatest.

The mobile chamber built in Nigeria for this project was constructed on a cuistaitrtrailer and

can be towed by a farm tractor, van, or truck. While the approach gives versatility, there is
potential to retrofit an existing vehicle, such as a cargytle or small truck, which may be more
costeffective, particularly if the mobile chamber will be in use for the majority of the year.

Table 1. A list of the 6 chambers that were constructed as part of this project. The portable chambers are
designed for use in stationary applications, and the mobile chamber is designed for use in transportation
applications.

Chamber type| Application | Storage capacity Location Power system
Portable Research 25 crates Cgmbridge, Ongrid
United States
Portable Wholesaler 25 crates Anjaar, Gujarat, Indig  On-grid
Portable Farmer 20 crates Kodki, Gujarat, India Ongrid
Portable Vendor 15 crates Bhuj, Gujarat, India Off-grid
Portable Farmer 25 crates Zaria, Nigeria Ongrid
Mobile Transportation 32 crates Zaria, Nigeria Off-grid
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Figure 5: Top left: Portable cooling chamber with a storage capacity of 25 crates in Zaria, Kaduna, Nigeria;
Top right: Portable cooling chamber with a storage capacity of 25 crates in Bhuj, Gujarat, India; Bottom
left: Portable cooling chamber with a seaye capacity of 15 crates in Bhuj, Gujarat, India; Bottom right:
Portable cooling chamber with a storage capacity of 20 crates in Bhuj, Gujarat, India.

Best practices for use

Below are some key considerations when determining if the type of feate@vaporative
cooling chamber discussed here is appropriate for your context.

1. Climate: Where these chambers work
The chamber provides the most value in hot, dry climates where the process of evaporative
cooling can deliver the largest decrease in temperature. Ideal conditions for this type of cooler
are a typical maximum daily temperature of greater than 30°C aradivel humidity of less than
50% during the hottest times of the day. The fora@adevaporative cooling chamber provides an
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environment with over 80% relative humidity, average temperatures as much as 10°C below the
ambient temperature, and it can decrease the maximum daily temperature by up to 15°C.

2. Storage suitability: What benefits from storage in these chambers
Fruits and vegetables such as tomatoes, eggplants, peppers, carrots, mangoes, and leafy greens
have a short shelife in hot and dry climates and benefit from the cooler and more humid
environment provided by the forcedir evaporative cooling chamber. daultural products like
cereal grains and onions will rot in the humid conditions present in these chambers and should
be stored using other methods.

3. Need: Who will benefit from these chambers
The target users for these chambers are anyone who regularly faces food (fruits and vegetables)
loss or degradation due to the lack of adequate storage solutions. Furthermore, fruits and
vegetable farmers, vendors, and wholesalers who are forced to tlawegl distances or travel
more frequently to avoid food loss would also benefit from having a local storage option that
allows them to have greater flexibility and control over how they manage their inventory.

Comparison with competitive technologies

Below is a comparison of forcedr evaporative cooling with competitive technologies,
highlighting the key features motivating the use of this approach. Designed for use in hot, dry
regions for fruit and vegetable storage, foreant evaporative coolingnambers provide a lower

cost alternative to refrigerated cold rooms and a betparforming alternative to passive
evaporative cooling systems and nolimate-controlled environments. By directing cool air
through stacks of vegetable crates inside the eamer, forcedair evaporative cooling is able to
achieve faster cooling rates than passive evaporative cooling or refrigefiadised systems
relying on room cooling. These rapid cooling rates are particularly beneficial to avoid degradation
in the criticd hours after harvest.

Solutions based on passive evaporative cooling provide a cool and humid environment, but are
inefficient in their water use. The large wetted surfaces of these devices are exposed to the
ambient environment and must be constantly kept wet to prevent heétusion through the
thermally conducting walls of the chamber if they were to become dry. In contrast, by using an
insulated chamber with a forcedir evaporative cooling system, water consumption can be
reduced significantly compared to a passive evapweacooling system. When a target
temperature has been reached, a foread cooling system can be turned off with minimal heat
intrusion, saving both water and energy. Furthermore, the water irrigating the walls of a charcoal
cooling chamber cannot be cgcled due to the presence of abrasive charcoal dust that would
damage the water pump, leading to a significant waste of water.

Commercially available evaporative cooling technologies designed for household or industrial
use typically use four times less energy than vapmmpression refrigerators and are less
expensive to build. Refrigeration equipment and replacement parts tilpicgeeed to be
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imported, and skilled technicians are necessary for the maintenance of the systems. In contrast,
the key components of the forcealr evaporative cooleg fans, water pumps, and evaporative
cooling padg; are locally available in most arid regions and @b require specialized tools or
skilled technicians to repair or replace. By replacing the refrigeration unit of a cold room with an
evaporative cooler, the cost and energy consumption of the system can be significantly reduced,
particularly in offgrid setings.

The minimum temperature that can be achieved with evaporative cooling is highly dependent on
the relative humidity. Lower relative humidity allows for more effective cooling, while higher
humidity limits cooling potential. In hot and dry regions, temperatdrops of greater than 10°C

can be expected and are walliited to keeping many fruits and vegetables fresh. Provided that

a sufficient power supply is available, refrigerated cold rooms can be designed to achieve specific
setpoints for temperature below0°C if desired. Due to their ability to achieve lower
temperatures, efrigerated cold rooms offer greater versatility than evaporative cooling, as they
can safely store a wider array of perishable goods, including dairy products, meats, and certain
medicines.

Systems based on evaporative cooling generate cool and humid air, whereas refrigeration
systems remove moisture from the air, creating adowmidity environment. Most fruits and
vegetables including leafy greens, tomatoes, eggplants, okra, mangoesireahonst prefer
high-humidity environments to avoid dehydration, making evaporative cooling an attractive
storage option. However, it is important to note that microbial and fungal growth can be
accelerated in higthumidity environments. Thus, it is imparit to carefully control the humidity
when storing foods such as onions, garlic, and cereal grains.

While evaporative cooling cannot provide temperatures as low as a refrigerated cold room, most
fruits and vegetables do not require storage temperatures beloWC1and greatly benefit from
cool and humid environments provided by foreail evaporative cooling.
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Evaporative Cooler Specifications and Airflow Pathway

The most critical aspect of this chamber design is optimizing the airflow of the system in order to
maximize the cooling rate and the energy efficiency. To maximize airflow through the crates
storing the produce intended to be cooled, it is important tsare:

1) The evaporative cooler is appropriately sized

2) Areas where air can bypass the crates are minimized

3) Unnecessary airflow restrictions are avoided

It is important that the area of greatest flow restriction is the crates filled with produce. If any
other parts of the airflow pathway provide greater airflow resistance, the cooling rate and the
energy efficiency with both be reduced. Figure 6 highligineskey areas of the air flow pathway.

Gaps on the side ATFITILER Evaporative cooler
of the crates (behind)

Exhaust outlet /

Chamber door
(open)

Vertical exhaust

channel Crates filled

with produce

Gap underneath
the crates

CAIdzNBE c @ { OKS Y| (alr évapdrativel cBoling £hSraber AThiF elgiidh Rhows the
chamber with the door in the open position, exposing the crates from the side and the front. The key
components of the system are labeled (red arrowsy the air flow pathway is shown in blue arrows: air
entering the chamber from the evaporative cooler, being directed downward into and through the stacks
of crates, air existing from the bottom of the crates and flowing up the vertical exhaust channetiaind
the exhaustoutlet on the rear éthe chamber.
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Evaporative cooler

The flow rate of the air exiting the evaporative cooler will be determined by the fan power and
the resistance provided by the evaporative cooling pads and elements in the downstream air
path. The chamber designs for the portable and mobile cooling chasmdescribed here both
specify the use of ofthe-shelf evaporative coolers, and these devices typically list the volumetric
airflow rate in cubic meters per hour (CMH) or cubic feet per minute (CFM) range. These listings
are for the airflow rates when theris no resistance and the airflow rate in practice will be less
than these listings when used in an application such as this fruits and vegetable cooling chamber.

As a rough guide, for a chamber capable of storing 25 ctaesmnged as 5 stacks of crates, each

5 crates higlt the target listed airflow rate for an evaporative cooler is in the range of 4,000
8,000 CMH (2,3004,700 CFM). Evaporative coolers wpitwer consumption between 150 and

300 Watts generally have airflow rates in this range. If the storage capacity is altered, the airflow
rate should be adjusted by the same magnitude to achieve the same performance. These ranges
are general guidance, not&at the greater the airflow rate the faster the cooling rate and the
greater the power consumption. Evaporative coolers with lower airflow capabilities will use less
power and cool the contents more slowly. Given these considerations, an evaporativeamaler
chamber size can be designed to find the appropriate balance between cooling rate and power
consumption for a given context.

Linear airflow velocity rate at the crates

In addition to considering the volumetric airflow rate listed for the selecte £
evaporative cooler, the linear velocity of air flowing through the crates |
a useful metric for understanding the rates of cooling that can be achieve
An airflow meter, pictued on the left [17], is a relatively inexpensive tool *
that can provide valuable information on the airflow rate at various point
Ay (GKS OKIFYOSNR& ANFt2g LI Kol &
air being directed downward and entering the craises~0.5 meters per
second (m/s). As noted above, a wide range of airflow rates can be us
with the knowledge that the cooling rate and power consumption will be
impacted.

Entrance into the chamber

When attaching the evaporative cooler to the main chamber, avoid having any blockage of the
air exiting the evaporative cooler. For example, the hole cut in the side of the chamber where
the evaporative cooler will be mounted should be larger than the edutf the evaporative
cooler. The evaporation cooler should be mounted on the side of the chamber with the fan
blowing directly into the chamber.
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Gaps on the sides of the crates

To ensure that as much of the air flows through the crates storing the vegetables, the gaps
between the crates and the inner walls of the chamber should be minimized. Unnecessary space
around the crates can allow air to bypass the vegetables, reducingaihiing rate and wasting
energy. From a practical perspective, there must be some gap between a stack of crates and the
chamber wall, or between adjacent stacks of crates, so that the crates can be easily placed in the
chamber and removed. However, whereie gaps are more than 2 cm, a significant portion of
the air coming from the evaporative cooler is able to bypass the crates and exit the chamber. We
recommend that the horizontal space between a given crate and adjacent crates or the chamber
walls shouldbe less than 1 cm in each direction. For example, the interior of the chamber
intended to hold five crates, each measuring 60 cm long, and 40 cm wide, could be designed as
follows:

61 cm front to back, for a 60 cm long crate (0.5 cm gap on each side)

202 cm interior width, for a chamber holding 5 crates, each 40 cm in width (0.33 cm gap

on each side of each stack of crates)

Openings at the bottom of the crates

It is important that the crates being used have openings (holes, gaps, or cutouts) in the bottom
that allow for sufficient airflow. If the openings are too small or there is too little open €ross
section, then the airflow will be unnecessarily restrict€te goal is to have the openings restrict
the airflow less than the vegetables in the crates. As a rough guide, if the totalsgossnal

area of the openings at the bottom of the crate is more than 50% of the area of the bottom of
the crate, this shod be sufficient. Note that fewer openings or holes that are large in size
provide less airflow resistance than a greater number of small openings.

Space under the crates and the vertical channel on the rear of the chamber

The rack supporting the crates should be sufficiently high to keep the crates at least 20 cm from

the bottom of the chamber. The cutout at the bottom of the rear panel should be at least 20 cm

from the bottom of the chamber to the start of the panel. Teisould roughly align with the

metal rack supporting the crates. If following the designs provided (see appendix), this will not
YySSR G2 06S FOGdzrtfteée &Odzi 2dzié¢ Fa GKS LI yYySt RA
exhaust channel running up thear of the chamber should be at least 15 cm deep and run the

full length of the chamber from left to right (~200 cm), giving a total ceesgional area of 0.3

m?. If following the designs provided (see appendix), this channel is created by securing a simple
metal sheet to the rear of the chamber.

Exhaust outlet

The final exhaust locationwhere the air exits the chamber will be determined by the distance
from the top of the rear metal sheet and the bottom of the ceiling panel. To prevent debris,
insects, or animals from entering the chamber through the exhaliahgel, a screen covering

the exhaust location should be installed. This distance should be at least 30 cm to allow for a
screen to cover this area without restricting air flow.
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Chamber Materials and Construction Guidance
Materials for construction

The portable chambers were designed to be as simple as possible using materials that can be
readily sourced in many locations. The 2 most critical components are 1) dheefhelf
evaporative cooler and 2) insulation panels to form the chamber body.

The following is a full list of materials and components needed for constructing a faiced
evaporative cooling chamber:
An evaporative cooler to provide cool and humid air (details described above).
Insulation panels:
* Material: expanded polystyrene (EPS), extruded polystyrene (XPS), and
polyurethane foam (PUF) are all suitable.
Clad in aluminum or galvanized steel on the inside and outside to prevent rust.
Thickness: 50 mm. The panels can be thicker if desired, but thinner panels are not
recommended as the structural integrity and thermal performance will be
negatively impacted.
Color: The panels should be white or reflective to minimize the heat absorbed
through radiation from direct sunlight and the surrounding environment.
Brackets to hold panels together.
Right angle brackets for most junctions.
Hinges for the doors.
Metal rack to support the crates inside the chamber.
© 40 mm steel square tube.
Galvanized, polymeroated, or painted for rust protection.
Metal rack to support the chamber off the ground.
© 40 mm steel square tube.
Galvanized, polymeroated, or painted for rust protection.
Sealant for the insulation panel junctions.
There are several options that can be used to seal the panel junction, but the high
humidity environment must be considered. Given this consideration, caulk or
other sealants that are intended for wet or humid environments is preferred to
duct tape.
Weather stripping or refrigerator door gasket to seal the chamber door.
The adhesive used to secure the gasket should be able to withstand getting wet
and repeated opening and closing of the doors.
Screens to protect the air outlets.
Metal or plastic mesh.
Openings 22 mm in size.
Yy The opening supporting the screen should be oversized relative to the air
outlet channel to prevent the screen from restricting airflow.
A coarser support structure (e.g., chicken wire) is recommended to support the
finer screen and prevent damage to the finer screen.
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For a mobile chamber, the same materials listed above will be needed, and the chamber
dimensions can be designed to fit on a selected trailer or vehicle. In addition to the trailer or truck
bed on wheels, a metal shell is recommended to protect the evdpaa@ooler and insulation
panels from damage while in transit. More details are provided in the next section.

Dimensional Diagrams and 3D Renderings

The dimensions of both the portable and mobile chambers are based on the outer dimensions of
the crates being stored. The most common vegetable crates used in Nigeria have a length, width,
and height of 60 cm x 40 cm x 23 cm. The mobile chamber construttliiheria was also
designed for carts of this size. In India, the most common vegetable crates have a length, width,
and height of 54 cm x 36 cm x 29 cm. The dimensions of the insulating panels were adjusted to
accommodate this crate size. Dimensionalgiams and renderings can be found in the appendix

for these various chamber configurations discussed.

Mobile ForcedAir Evaporative Cooling Chamber

In addition to the portable forceair evaporative cooling chambers for stationary applications, a
mobile cooling chamber was constructed for use in transportation applications in Nigeria. This
chamber used the same core design principles as the portdialmiber and was mounted on a
custombuilt trailer, shown in Figures 7, 8, and 9. Dimensional diagrams and renderings can be
found in the appendix for the mobile traildrased forceehir cooling chamber.

Figure 7: A trailebased mobile forcegir evaporative cooling chamber, with the steel exterior side
doors visible. The insulation chamber is housed inside the exterior metal shell and can be seen through
the exhaust vents at the top of the side doors.
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Figure 8: A trailebased mobile forced
air evaporative cooling chamber with
the front and right side visible. Two
evaporative coolers are located in an
enclosed front compartment, visible
through the square windows in the front
of the chamber.

) ——

Figure 9: Vendors loading produce into a tratbeised mobile forcegir evaporative cooling chamber.
The chamber has a storage capacity of 32 crates, or 640 kgs of produce.
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Results and Discussion
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features that are attractive for deployment in lenwwvcome, rural, and arid regions, including:
Can be constructed using materials that are locally available in most target markets
A construction process that is simple and requires few specialized skills
A portable chamber capable of storing 500 kgs of produce can be constructed by
two people in 23 days.
Skills required include:
Yy Simple metal working (cutting and welding).
Yy Basic electrical knowledge, if installing a solar + battery power system.
The portable chamber is light enough to be easily deployed in rural areas
100 to 150 kgs when empty (crates, interior metal rack, and evaporative cooler
removed)
Can be lifted by ~ 6 people onto a small truck for deployment in rural areas and
carried for short distances for precise placement.
Utilizes the evaporative cooling effect to provide a cool and humid storage environment
when used in hot and dry regions.
Carefully designed airflow pathway to maximize the cooling rate and energy efficiency.

This section will discuss data collected regarding the following topics:
Thermal performance of the cooling chambers and refrigeraiased solutions
The storage environment that can be provided.
The cooling rate that can be achieved.
Energy efficiency of the cooling chambers and refrigerabiased solutions.
" The energy requirement to achieve the improved storage environment and
cooling rates.
Fruit and vegetable shelife
" Comparison of the shelffe of fruits and vegetables when stored inside the
forcedair evaporative cooling chamber and storage in ambient conditions.
User research and feedback
t 20SYGAlI T dza SNA Q -didewdfiodtivitichding chariberst KS  F 2 NO
¢CKS AYLI OO0 2F dzaAaAy3d GKS 022fAy3a OKI Yo SN
Cost and scalability
The cost to manufacture and operate the cooling chambers.
The potential for commercializing the cooling chambers.

Because the primary features of the evaporative cooler and the airflow pathway are nearly
identical between the portable and mobile cooling chambers, the sections covering the thermal
performance, energy efficiency, and impacts on fruits and vegetabld-lflieetio not make a
distinction between the two applications.
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Thermal Performance

The evaluation of the performance of the forcad evaporative cooling chambers begins with
determining the temperature and humidity of the storage environment, followed by the time it
takes for the produce being stored to reach this temperature, i.ee,dboling rate. A cool and
humid storage environment is known to provide significant shifimprovements compared to
hot and dry storage conditions [3].

Testing and monitoring equipment

Electronic sensor systems were used to monitor the temperature and relative humidity in the
storage area of the chambers and the ambient air outside of the chambers. The data logging
platforms used are all capable of storing data locally and transmitting the cloud when a
cellular signal is available:

Cambridge, United Statest{ps://docs.particle.io/boron)

Zaria, Nigeria:hitps://www.ubibot.com/ubibot-ws1pro/)

Gujarat, India:ttps://en.wikipedia.org/wiki/ESP32

For all ofthe systems, two types of sensors were used:
BME20 temperature, pressure, and relative humidity:
(https://www.sunfounder.com/products/bme28@arometricpressuresensormodule)
Waterproof DS18B20 temperature sensang(fs://www.adafruit.com/product/381)

Using these instruments, the temperature, cooling rate, relative humidity, and temperature
differential with ambient conditions was evaluated as a function of design parameters to allow
for the optimization of the system. The most extensive testing waslected on the prototype
chamber in Cambridge due to the reproducibility enabled by the controlled indoor environment.
Data from the chambers built and deployed in India and Nigeria were collected, analyzed, and
compared to the data from the Cambridge chagnb

Experiments were conducted using the portable chamber in Cambridge, United States

A total of 26 experiments were conducted using the evaporative cooling system and the
prototype chamber constructed in Cambridge. Additionally, 10 experiments were conducted in
the same chamber, but using a refrigeratibased air conditioning unit instead an evaporative
cooler to allow for direct comparisons in the cooling rates and power consumption of the two
technologies.
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The majority of the experiments with the evaporative cooler used the following protocol:

1) An equilibration phase so that the temperature inside the chamber is roughly the same
as the ambient environment (within 1°C).

2) A cooling phase where the evaporative cooler is turned on at the selected fan speed and
allowed to run until the 10 gallons of water in the reservoir is exhausted. This typically
takes between 6 and 12 hours, depending on the fan speed and the ambierntionsd

3) A reheating/equilibration phase begins once the water in the evaporative cooling
reservoir is exhausted. The fan speed in thdeating phase is typically the same as the
fan speed used during the cooling phase. In addition to equilibrating the temperatu
the contents of the chamber with the ambient environment, theh®ating phase
provides additional data on the heat transfer physics of the system.

Twentyfive (25) plastic crates measuring 60 cm long, 40 cm wide, and 25 cm tall are filled with
80 water bottles each (225 mL), totaling 450 kg. Water bottles of this size were selected to
approximate the thermal properties of tomatoes. In the majoritytloé experiments, the 25
crates are arranged in a 5x5 grid, with five stacks of crates, each 5 crates tall. Sensors were
placed inside water bottles at several locations within the chamber. The data used for the
analysis of the cooling rates is taken fr@@nsors inside the water bottles placed in the top
crate in the central stack of crates, the middle crate in the central stack of crates, and the bottom
crate in the central stack of crates. Additional sensors were placed to measure the air
temperature atseveral locations through the chamber, including:

The space above the crates, where the cool air from the evaporative cooler first enters
the chamber.

On the outside of the water bottles inside the crates, including adjacent to the water
bottles, are sensors measuring the water temperature.

The space below the crates, before the air is exhausted out of the chamber.

At several positions outside the chamber, to measure the ambient conditions.

The "7/8 cooling time" is a standard metric for preoling that we will use when discussing the
cooling time in these experiments. It measures the time required for the temperature within
water bottles to decrease by 87.5% (7/8) of the initial temperatdiféerence. This difference

is calculated between the starting temperature of the water bottles and the temperature of the
air exiting the evaporative cooler.

The representative data in Figure 10 shows that the chamber is capable of cooling the contents
of the chamber (450 kg of water bottles in plastic crates) by more than 5°C with a 7/8 cooling
time of just over 6 hours. The relative humidity inside the chanvixes increased by more than

30% to ~73% (see Figure 11).
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Figure 10: The temperature at several positions inside and outside of the faicedaporative cooling
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curve for the water bottles stored in the chamber follows the same trajectory as the cooling curve, but in

the opposite direction. Initial heat transfer modeling results corroborate the behavior obsentbdsa

experiments. The relevant temperature and cooling times for this experiment are listed below.

Initial temperature: 23.49°C
Temperature of the air exiting the evaporative cool 17.57°C
T (initial temperature; evaporative cooler temperature’ 5.92°C
7/8 cooling temperature: 18.31°C
T (initial temperatureg 7/8 cooling temperature): 5.18°C
Top crate 7/8 cooling time 2.63 hours
Middle crate 7/8 cooling time 4.72 hours
Bottom crate 7/8 cooling time 6.05 hours
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Figure 11: The relative humidity at two positions inside and outside of the feairez/aporative cooling
chamber on the MIT campus. After 9 hours, the water irrigation over the cooling pad was turned off
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decrease in the relative humidity inside the chamber.

The evaporative cooler has three fan speed settings. Data was analyzed from experiments with

[j

-

-

GKS Fly aLISSR G4 GKS aKAIKE YR aft2gé aStaay3:

thermostat was set to 14°C, and the exhaust channel in the fetieacchamber was sealed with
an insulating panel. The table below shows the results from a set of 12 experiments with the
four conditions listed in the column headers. Because vegetable crates are rarely stacked in
refrigerated cold rooms in an arrangentethat completely fills the chamber, we tested a
configuration where 10 crates were removed, leaving three stacks, each 5 crates high. This

FNNJ y3aSYSyid Aa akKz2gy Ay CATdz2NBE mH FyR y20SR

arrangement was not replated with the evaporative cooler, as it would never be used in
practice, as it would allow for the majority of the air to bypass the vegetables in the crates. This
data shows that the cooling rate is significantly faster when the evaporative coolezdsansl

the cooling rates observed in this study are in alignment with times reported in the literature,
1-10 hours for forceehnir cooling and 200 hours for room cooling [2].
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Table 2. Data collected from pmooling tests conducted in Cambridge, United States, comparing the
results when using an evaporative cooler with an air conditioner. All tests were conducted using the same
chamber, quantity of water bottles, and sensor fimss. The only changes involved swapping the
evaporative cooler for the air conditioner, closing the air exhaust channel when using the air conditioner,

YR GKS NBY2@lIf 2F mn ONIGS&a 2F ol GSNIoz2GGf S& F2 N
Evaporative cooler Air conditioner
High fan Low fan
25 crates 25 crates 25 crates 15 crates
Initial temperature 216 °C 21.8°C 22.2°C 20.3°C
Temperature qf the air exiting 14.0 °C 14.7 °C 14.1 °C 14.5 °C
the evaporative cooler/AC
ne OAYAUALgE |
evaporative cooler/AC 75°C 7.0 °C 8.1°C 5.8°C
temperature)
7/8 cooling temperature 15.0 °C 15.6 °C 15.1°C 15.3°C
e OAYAUALRCL § ggoc 6.2°C 7.1°C 5.1°C

7/8 cooling temperature)

Top crate 7/8 cooling time 2.4 hours 2.4 hours 5.7 hours 5.7 hours
Middle crate 7/8 cooling time 4.1 hours 4.6 hours 17.0 hours 16.2 hours
Bottom crate 7/8 cooling time 5.7 hours 6.4 hours 39.1 hours 11.7 hours
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Table 3 shows the ratio of the 7/8 cooling times for 6 configurations.
While we did not conduct experiments with only 15 crates while the evaporative cooler
gla 0SAy3 dzaSR (2 O022f GKS O2ydGSyida 2F GKS
G[ 26 FlLy omp0Oé O2yFAIAdzNI GA2ya gSN&Gateddo Gl Ay S
GKS a1l A3K FlLy oHpOE FYR a[286 FlLy OHpLE 0O2Y
In the AC (15) configuration, the middle crate cooled the slowest, and thus this value was
used as the figure of merit for this configuration (highlighted in orange).

Table 3. A comparison of the 7/8 cooling times when using an evaporative cooler and an air conditioner

GAUK @FNRA2dza Fly &aLISSRA& FyR ONIGS O2yFAIdaNI A2y ad

OMpUE O2yFAIdNI GA2ya I NB LINPGARSR AY CAIdNB MHOD

Ratio of 7/8 cooling times High fan Low fan High fan Low fan AC (15) AC (25)
: (15) (15) (25) (25)
for the slowest cooling 16.2 39.9
crate 4.1 hours 4.6 hours 5.7 hours 6.4 hours : :
hours hours
High fan (15) 4.1 hours - 0.89 0.73 0.64 0.25 0.11
Low fan (15) 4.6 hours 1.12 - 0.81 0.72 0.29 0.12
High fan (25) 5.7 hours 1.38 1.23 - 0.89 0.35 0.15
Low fan (25) 6.4 hours 1.56 1.39 1.13 - 0.40 0.16
AC (15) . 3.93 3.51 2.85 2.52 - 0.41
hours
39.9
AC (25) 9.46 8.54 6.87 6.08 2.4 -
hours

Some key observations from this analysis of the cooling times include:

The 7/8 cooling time is only 13% slower when using the low fan speed of the evaporative
cooler compared to the high fan speed. This is due to the relatively small difference in
the airflow velocities between these settings. The high fan setting providestanated

face velocity of 0.56 meters per second, and the low fan setting provides an estimated
face velocity of 0.44 meters per second.

The 7/8 cooling time using the evaporative cooler is significantly faster than either
configuration while using the air conditioner. The evaporative cooler on the high fan
setting provides a 7/8 cooling time that is 6.87 times faster than the AC (25)
configuration when considering the slowest cooling crate in each configuration.
Additionally, the evaporative cooler on the high fan setting provides a 7/8 cooling time
that is 2.85 times faster than the AC (15) configuration when considering the slowest
cooling crate in each configuration, while noting that the AC (15) configuration cools 40%
less mass.
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top three rows of crates are considered, represent the cooling of 15 crates. Right: the crate configuration
F2NJ GKS a!/ ompU ¢ ofickies dele ranEvBd\t® allawd@ airfoly lbédiedn the
remaining stack of crates. This type of configuration is commonly used in cold rooms.

Heat transfer modeling of the forceair evaporative cooling chamber

To gain a deeper understanding of the heat transfer considerations we have, we compared
experimental data with a heat transfer model. Several assumptions were made to simplify that
model. Assuming that all of the vegetables in the crates are initiallpaifarm temperature Tb
(starting temperature of the vegetables). At time zero, air at(free temperature of the inlet air,
exiting the evaporative cooler and entering the cooling chamber), which has been cooled by
evaporation, flows uniformly downwarthrough the crates. Heat is transferred from the warm
vegetables to the cool air. As the cooling process take place, the cool inlet air begins to reduce
the temperature of the vegetables. The temperature of the air increases as it moves down
through the cates as it absorbs heat from the vegetables. The crates of vegetables at the top
level are in contact with the coolest air, so these vegetables cool fastest. As the vegetables cool,
the vertical temperature distribution of the vegetables changes with tirfi@e vertical
temperature distribution of the air also changes with time. The analysis presented here will be
used to predict the time variation of the vegetables at each vertical location. To carry out this
analysis, the time variation of the air at eaartical location must also be found.

It will be assumed that the temperature of each individual vegetable is uniform throughout. That
is, the surface temperature and the interior temperature are the same, although that
temperature will change with time. At each vertical cregstion, all ofthe vegetables are
assumed to have the same temperature. For the experiments at MIT, water bottles were used to
simulate the thermal mass of vegetables. At each vertical esesson, the air velocity is
assumed to be constant, and the vegetables areanmfy distributed. Conduction heat transfer

will be neglected in the vertical direction and the cra@extional directions. Therefore, the only
heat transfer mechanism considered is convection between the air and the surface of the
vegetables, or water bdies in the case of the experiments at MIT.
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Figure 13 shows the experimental results of the tests at the MIT campus using water bottles to
simulate vegetables. At the beginning of the test, all of the water bottles are at a uniform
temperature, and cool air is introduced at the top of the chambdre Tigure shows the time
variation of the water bottle temperature at three locations: the top, the middgl@.5 m from

the top, and the bottong 1 m from the top. Predictions using a numerical solution of the heat
transfer model described were made froimet model and are included on the same plot [18]. The
agreement between the model and the experimental data is quite good, considering that there
is an uncertainty in the heat transfer correlation for the geometry of the bottles.

24

Temperature (°C)

15

-2 -1 0 1 2 3 4 5 6 7 8 9 10
Time from the start of the evaporative cooler (hours)

--Ambient (experimental) -o-Inlet air (experimental)
» Top crate (experimental) « Middle crate (experimental) « Bottom crate (experimental)
©-Top crate (model) ©-Middle crate (model) ©-Bottom crate (model)

Figure 13: A plot of experimental data collected at the MIT campus compared with the heat transfer
model. The ambient is the air temperature around the chamber, and the inlet air is the temperature being
blown into the chamber by the evaporative coolereTdhata for the top, middle, and bottom crates was
collected using waterproof temperature probes placed inside water bottles at the specified locations. The
data from the model was calculated using the numerical solution presentagrievious publicatior8].
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The heat transfer model can also be used to predict the influence of the flow rate, or face velocity,
on the time constant at the bottom of the crates. The velocity influences the heat transfer
coefficient as well as the mass flow rate of the air. Figdretiows the time constant, defined as

the time at which the temperature has cooled 67%, or ‘Expetween the initial and final
temperatures. The noifinear relationship between the face velocity and the time constant
indicates that there are diminishingturns for increasing the face velocity to speedsager than

0.6 m/s. When designing a chamber and selecting the fan speed for a specific application, this
non-linearity should be taken into account to optimize the tradeoff between the energy
efficiency and cooling rate.

Time constant (hours)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Air fow - face velocity (meters per second)

Figure 14: The time constant at the bottom as a function of the face velocity of the cooling air.
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Data from the chambers in Zaria, Kaduna, Nigeria

Data from the portable chamber in Nigeria was gathered using sensors placed inside and outside
the chamber. Figure 15 shows that during the hottest time of the day, the temperature inside
the chamber is more than 15 °C lower than the ambient temperatuine. rElative humidity

inside the chamber is more than 30% higher than outside the chamber during the hottest time
of the day, when fruits and vegetables are most susceptible to spoilage.

Temperature Inside and Outside of the Chamber - Nigeria
60

Temperature (°C)

15 * Ambient
° Inside chamber

10
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00

Time of day

Relative Humidity Inside and Outside of the Chamber - Nigeria

100

80

Relative Humidity (%)
a
o
L

¢ Ambient
¢ Inside chamber

0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Time of day

Figure 15. Representative plots of the temperature (top) and relative humidity (bottom) inside and
outside of the evaporative cooling chamber in Zarai, Nigeria, ovestay period.
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Data from the chambers in Bhuj, Gujarat, India

Data from portable chambers in India was gathered using sensors placed inside and outside the
chamber. Figure 16 shows that during the hottest time of the day, the temperature inside the
chamber is more than 12 °C lower than the ambient temperature. Tlaive humidity inside

the chamber is above 80% through the majority of the day, while the relative humidity outside
the chamber is below 30% during the hottest time of the day, when fruits and vegetables are
most susceptible to spoilage. The small incesais the air temperature inside the chamber that

are observed in the plot below are a result of cycling the evaporative cooler on and off
throughout the day with a timer to reduce energy consumption.

Temperature Inside and Outside of the Chamber - India
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Temperature (°C)

20
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Time of day

Relative Humidity Inside and Outside of the Chamber - India
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Figure 16. Representative plots of the temperature (top) and relative humidity (bottom) inside and
outside of the evaporative cooling chamber in Bhuj, India, oveday3period.
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Energy Efficiency

This section discusses the energy consumption required to achieve the storage environments and
cooling rates observed. This data consists of quantitative measurements of:
Peak power consumption (kW)
Energy consumption during steagyate storage (kWh)
Energy consumption during initial cooling (kWh)
The calculation of the power consumption during the initial cooling phase is
dependent on the cooling rate

The storage volume of a cooling chamber can measured by:
¢tKS OKIFYoSNDa G28Ft AYyOaSNYyLrt @2fdzyS oY
The number of vegetable crates that can be stored in a given version of the fairced
evaporative cooler and the volume of each craté®)rthis is a more practical
NBELINBaASYGlrdA2y 2F GKS OKIFYOoSNRa ad2Nr3sS Of
The storage capacity in terms of the weight of produce that can be stored (kg).

The power consumption was monitored using a P3 P4400 Kill A Watt Electricity Usage Monitor
(https://shop.p3international.com/products/kitb-watt) that measures instantaneous power
consumption and records cumulative power consumption.

Peak power consumption

The peak power consumption of the evaporative coolers used for the portable chambers in this
project was the following: 127 Watts (Cambridge), 185 Watts (India), and 195 Watts (Nigeria).
The power consumption of the evaporative coolers did not have sgnifivariations as a

function of the stage of cooling; however, the power consumption of the coolers is impacted by
the back pressure provided by the chamber. The power consumption of the evaporative coolers
is reduced by ~ 5% when the cooler is pushingheiough stacks of crates, compared to when it

is operating in an open room.

Figure 17 shows a plot of the power consumption as a function of time while the air conditioner
was in use during a cooling test in Cambridge. The peak power consumption of the air
conditioner used in the experiments in Cambridge is over ~600 Watts, thibilgower

consumption is ~250 Watts when the contents of the system have reached the temperature of
the thermostat setting. In these experiments, the evaporative cooler was operated using a
consistent amount of power while operating. In contrast, the amditioning unit utilized a
thermostat to cycle on and off to prevent ice buildup when the target temperature at the exit

of the unit is reached. In practical operation, the evaporative cooler would be used at constant
power for the initial cooling of pragce, and then can be cycled on and off once the target
temperature has been reached, further reducing the energy consumption of the system.
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Figure 17: The power consumption of the air conditioner used in the cooling chamber experiments as a
function of time.

Energy efficiency during steaestate storage

The steadystate storage energy efficiency is the energy required to maintain a specified
temperature after this temperature has been reached. The discussion in this section focuses on
the daily energy consumption per cubic meter of storage capacity (k\Wh/Fhe daily energy
consumption (kWh) is the average daily power consumption (kW) multiplied by 24 hours (h). In
the forcedair evaporative cooling chamber designs developed for this project, the practical
storage capacity is between 40% and 60% of thal taternal volume. This value is typically
much lower (30% 40%) for walkin style cold rooms. Practical storage capacity is a more
relevant measure than the internal volume of a cold storage chamber, as it does not include
volume above a height that gractical for storing produce, space between crates that may be
intentionally left to allow access to produce, etc. It is important to note that these metrics are
only indicative of the energy consumption of the cooling unit while maintaining a specified
temperature and the size of the chamber; this metric does not take into account the cooling
rate or the temperature that can be achieved. Table 4 lists the energy consumption for both
the:

Internal volume of the chambers (the interior dimensions of the chamber)

Practical storage capacity (the number of crates of a given volume that can be stored in

the chamber)
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Table 4. The daily energy consumption for nine cooling chambers, including severaldwreeaporative
cooling chambers (FAECCs), an air conditieb&sgpd chamber, and a commercially available refrigerator
in Nigeria. *Assumes that vegetables are remdvrom crates and placed directly in the refrigerator.
*Assumes 50% capacity factor during steadgte operation.

Power consumption| Daily Energy Consumption (kWhym
Cooling chamber energy efficien Internal chamber  Practical storage
Peak Average .
volume capacity
FAECC in Cambridge 127 127 1.34 (kWhinf) | 2.54 (kWh/nf)
(25 crates)
Air conditionerbased cooling
chamber in Cambridge (25 crate 600 250 2.63 (kWh/m) 5.00 (kWhimi)
Air conditionerbased cooling
chamber in Cambridge (15 crate 600 250 2.63 (KWhin) 8.33 (Kwhnf)
Portable FAECC in India 352 352 3.65 (kWh/nd) | 5.99 (kWh/nd)
(25 crates)
Portable FAECC inindia | 155 185 1.92 (kWhind) | 3.15 (kWh/nd)
(25 crates)
Portable FAECC in India 185 185 219 (kWh/nd) | 3.94 (kWh/nd)
(20 crates)
Portable FAECC in India 185 185 2.45 (kWhind) | 5.25 (kwh/nd)
(15 crates)
Portable FAECC in Nigeria | 455 195 1.90 (kWh/n¥) | 3.39 (kWh/nf)
(25 crates)
700 Liter Calgz‘g{aief”gerator M 700 | 375% | 12.86 (kWhird) | 12.86 (kwh/r)
20' shipping container based
FAECC in Kenya (168 crates) 1,500 1,500 1.38 (kWh/nf) 3.88 (kWh/nd)

Key observations from the data in Table 4 include:
The daily energy consumption of the air conditioner is greater than the evaporative cooler
in the same chamber.
Note that the internal volume is the same for the AC 25 crates and 15 crates
configurations, while removing 10 crates changes the practical storage capacity.
The daily energy consumption per cubic meteé)of the 700liter refrigerator in Nigeria
is significantly higher than that of the other cooling chambers.
*The portable FAECC in India with 25 crates could easily be outfitted with the same 185
W evaporative cooler that is used for the-2tate and 15crate chambers.
The choice of evaporative cooler impacts the daily energy consumption for-t&nort
storage, but greater airflow rates above a minimum requirement to maintain the desired
temperature do no provide significant value for shetérm storage.
Greater airflow rates and higher energy consumption increase cooling rates, discussed
below.
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Energy efficiency during preooling

When considering the energy efficiency during the-posling, the primary use case is for the
forced-air evaporative cooling chamber being developed as part of this project; it is important
to consider the instantaneous power consumption, but also theatian of time that the

device must be operating to achieve the desired-poeling. Key metrics related to the energy
efficiency of the cooling chamber in different configurations are listed in Table 5. When the
chamber is completely filled with 25 cas#® evaporative cooler is 17 times more efficient

than the air conditioner in cooling the chamber contents; 0.73 kWh from the evaporative cooler
compared to 12.8 kWh for the air conditioner. This is due to both the higher energy
consumption of the air contioner and the slow cooling rate (more than 39 hours) of the

bottom crates while the air conditioner is in use. When only 15 crates are placed in the
chamber (three stacks of five crates) when the air conditioner is being used, the energy
efficiency is gnificantly improved, but is still nearly 9.3 times more energgnsive than pre
cooling the same number of crates with an evaporative cooler; 0.53 kWh from the evaporative
cooler compared to 4.9 kWh for the air conditioner. The table below also disjhlaysnergy
efficiency values for the practical storage capacity in kWAdnd kWh/kg.

Table 5. Analysis of data collected from 4omoling tests conducted and power consumption
measurements in Cambridge, United States, comparing the results when using an evaporative cooler with

FY FANI O2YRAGAZ2YSNID . 20K dEAwWNI ONR2YSe I NRa defkKBa ddzdp S © N
configurations described in Figure 12. The energy efficient metrics presented in this table are based on

the practical storage capacity (the number of crates that can be placed in the chamber and the internal
volume of the chamber is not considered for this analysis.

- . 25 crates 15 crates
Energy efficiency during pre _ _ _ _
cooling Evaporative Air Evaporative Air
cooler conditioner cooler conditioner
7/8 cooling time (hours) 5.7 hours 39.1 hours 4.1 hours 16.2 hours

Average energy consumption

127 Watts 302 Watts 127 Watts 327 Watts
(Watts)

Energy consumption for 7/8

temperature (Watthours) 0.73 kwh 12.8 kwh 0.53 kWh 4.9 kWh

Practical storage capacity of th¢

chamber (cubic meters) 1.20m? 120n¥ 0.72 n? 0.72 n¥

Energy efficiency value (kWhAn| 0.60 Wh/n? | 10.61 kWh/ni | 0.73 kWh/n# | 6.81 kWh/n?

Practical storage capacity of th¢

chamber (kg) 450 kg 450 kg 270 kg 270 kg

Energy efficiency value (Wh/kg| 1.62 (Wh/kg)| 28.45 (Wh/kg)| 1.95 (Wh/kg)| 18.16 (Wh/kQg)
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Fruit and Vegetable Shdlife

Shelflife studies were conducted with the forceadr evaporative cooling chambers in India and
Nigeria. For each of the experiments, a portion of the vegetables purchased was placed in the
chamber, and a portion was placed in an open basket placed ishiée to act as a comparison
(control). The comparison of the quality of the two sets of produce over time is the core of the
sheltlife study. Because the shdife of most fruits and vegetables is sensitive to the specific
variant of fruit or vegetablethe time they were harvested, and the temperature and humidity
where they are stored, this hea-head comparison is critical for obtaining reliable results.

CKS F2ft2gAy3a YSINRAROA 6SNBE NBO2NRSR 2y SI OK
started:

Weight loss (in reference to the weight of the vegetables on the first day)

Visual Quality

Rot

Saleability
Other than the quantitative weight loss metric, the remaining qualitative metrics are subjective
ratings assigned by the research team. Our primary metric for determining thelgbeif the
batch of produce is when 50% or more of the produce is stihisle.

The following vegetables were included in sHi## studies as part of this project:

Carrot (India)

Cauliflower (India)

Cluster bean (India)

Cucumber (India and Nigeria)

Eggplant (India)

Green beans (Nigeria)

vy Gourd (India)

Leafy greens (India and Nigeria)
Cabbage (Nigeria)
Coriander (India)

Green onion (Nigeria)
Spinach (India)

Okra (India and Nigeria)

Pepper- bell (Nigeria)

Pepper- green chili (India)

Pepper- hot cherry (Nigeria)

Pepper- hot chili (Nigeria)

Red onion (Nigeria)

Tomato (India and Nigeria)
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Sheltlife studies in Nigeria

After initial testing of the portable chamber to confirm the thermal performance was as
expected, a variety of vegetables were placed in the chamber. The first test included 10
@S3ASGlroftSazr FyR 6S3ly 2y | LINAt wmStale, Nigeriaprie | G
second test focused on 5 key vegetables and was started on April 25, 2025.

Table 6 shows that the shdlfe of all the vegetables was significantly extended when stored in
the portable forcedair evaporative cooling chamber. For most of the vegetables, the-Bfeelf
was extended by 4 or more days, and was three times long&eichamber than outside of the
chamber. The set of images in Figure 18 shows-lsyelgde comparisons of tomatoes, bell
peppers, okra, and cucumbers (from th# &est) after 6 days.

Table 6. The shelife of selected vegetables was compared between storage outside of the chamber in
the shade with storage in the forcemlr evaporative cooling chamber. Only 5 of the 10 vegetables were
included in the second shdlife test.

Forcedair evaporative cooling chamber shéfe tests in Zaria, Nigeria
Sheltlife (days) is defined as saleability >= 50%
Shelflife test #1 Sheltlife test #2
Vegetable Stored Stored in Stored Stored in
outside the FAECC outside the FAECC

Tomato 2 6 2 9
Hot chili pepper 2 6 - -
Bell pepper 2 6 2 9
Cabbage 6 22 - -
Cucumber 1 14 2 8
Green onion 2 5 2 8
Green beans 1 5 - -
Okra 1 4 1 6
Hot cherry pepper 2 5 - -
Red Onion 14 100+ - -

Tomatoes, bell peppers, and cucumbers each had an averagdighelf2 days when stored in

the shade. The shelife extensions achieved range from 2.5 times longer for hot cherry peppers
when stored in the forcegir evaporative cooling chamber, as coaned to storage in the shade,

and cabbage lasting an average of 9 times longer in the chamber. Tomatoes, hot chili peppers,
bell peppers, cabbage, green onion, green beans, and okra all lasted between 3 and 5 times
longer when stored in the chamber as cpaned to storage in the shade.

Notably, the sheHife of red onions was extended from 14 days when stored in the shade, as
compared to more than 100 days in the chamber. This result was surprising to the CoolVeg team,
as we had seen poor results when storing red onions in passive taqgocooling technologies
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such as clay pot coolers, as rot would occur due to the humidity remaining near 100% at all times.
However, due to the constant airflow in the FAECC and the humidity that was elevated compared
to the ambient conditions, but rarely reaching 100%, the retbos are showing few signs of
degradation after more than 3 months of being stored in the cooling chamber. This dramatic
increase in shellife is particularly advantageous for farmers as they will be able to store their
red onions from the harvest timewhen prices are the lowestuntil several months later, when
prices increase as the supply is significantly lower.

Tomatoes after 6 days Bell pepper after 6 days
Inside chamber Outside chamber Inside chamber Outside chamber

I

PIiE s, R

Cucumber after 6 days Okra after 6 days
Inside chamber QOutside chamber Inside chamber QOutside chamber

Figure 18: The shelife of tomatoes, bell peppers, cucumbers, and okra stored in the feated
evaporative cooling chamber and outside of the chamber in the shade. The degradation of the samples
stored in the shade is clearly visible, while the samptesed in the chamber are still fresh and edible

and salable after 6 days.
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Sheltlife studies in India

The sheHife studies in India did not show results as compelling as in Nigeria. In nearly all cases,
the condition of the vegetables was better, and the shiédf was longer, inside the chamber, as
compared to storage in ambient conditions, but the eifnces were often only-2 days. We
suspect several factors contribute to the less significant improvements, including:

1) The ambient humidity in India reached 100% most nights, which allows the control
samples stored outside the chamber in Bhuj, India, to last longer than those from Zaria,
Nigeria.

2) The humidity inside the chamber was at or near 100% for the entire day when the
chamber was in operation. We have seen negative impacts of consistentiigiality
environments' passive evaporative cooling technologies, such as clay pot coolers. We found

that opening the cover of a clay pot cooler several times a day reduced the occurrence of

mold and rot. We are looking at options for initially reducing the humidity inside the chamber

G2 +tft2¢ dzaSNR (2 KIFI@S ANBFGSNI O2y(iNRE 2 OJSNJ

User Research and Feedback

During our user research, we identified users in both Nigeria and India. In the belesestitns,
we will describe them separately in the context of users in the state of Kaduna, Nigeria and for
users in Guijarat, India. These will include the methodolofggollecting data, assumptions for
choosing the final users, the interviews and responses, and finally, the feedback about the
chambers. The following subsections are discussed below:

Methodology

Insights from user research and user interviews

Feedback and insights after demonstration and usage

Methodology

In Nigeria, as previously stated, our initial user research was conducted with the ColdHubs team
members, who gave us he needed information about the value chain and the design constraints
for the chambers based on their previous engagement with theirauasts who use their cold
storage facilities. Once the chambers were ready to be deployed, 46 farmers and retailers from
the surrounding areas of the Kaduna cold room facility were invited to attend a demonstration
of the portable and mobile chambers. Themonstration was conducted at a time when the
chamber, while a shelffe experiment was in progress. The farmers and vendors in attendance
were able to see the chamber in action and compare the condition of produce kept inside and
outside the chamber. Cddeg and ColdHubs had prepared a list of questions to facilitate a group
discussion and collect information regarding their harvesting/buying details, their storage needs,
and their selling process. This included a section to record their immediate fdedpan seeing

the demonstration of the portable and mobile chambers. For the mobile chamber, one of the
ColdHubs staff members drove the trailer with fresh vegetables in the chamber to the nearby
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farm areas and markets and identified potential users in the area. This was done over a period of

10 days, and higlevel feedback was collected. Following the demonstrations, individual
interviews with 16 potential users were conducted to gather more dethainformation about

0KS NBALRYyRSYy(iaQ LISNOSWLGAZ2Y 2F GKS (SOKy2f 23A
for a selected purchase price for the chambers to gauge whether the chamber was affordable to

the users.

In India, after getting a basic understanding of the value chain from Artisana team members, we
created a user research interview document for each of the three main user types. We then
traveled to Bhuj in Gujarat, where Artisana helped identify potentsars in each category. Each
interview was about 45 minutes on average, conducted in person, in-Hit@ihguage everyone

was comfortable in. The answers were noted down and then transcribed.

For the user research, we conducted 17 interviews, and we had to choose 3 users to deploy the
chambers in the final stage. We had also-pexided certain criteria that the users needed to
fulfil. These included:

a) A clear interest in the cooling chamber.

b) A need for cold storage in their daily activities.

c) A willingness to purchase after a successful trial of the chamber.

d) A daily handling of vegetables known to thrive in cold storage, including tomatoes, leafy

greens, chilies, and eggplants.

e) A willingness to manage and secure the safety of the various sensors we would deploy.

We selected one stakeholder eaglan organic farmer having 1.5 acres of farming land, a local
vendor who sells fruits and vegetables through a stationary cart, and an Agricultural Produce
Market Committee (APMC) wholesaler.

Once the chambers were ready to be deployed, a morgejpth interview was conducted with

each of them. This included their harvesting/buying details, their storage needs, their selling
process, the various pricing strategies they employ, along with questrelated to their
expectations for the cooling chamber. The users were also provided with detailed instructions on
how the chambers were to be used, how the crates should be loaded with produce, and general
maintenance of the chambers. For tracking wsafithe chamber, we created a simple recording
document seen below, both in English and Gujarati (the local language of the users in Bhuj). This
underwent multiple iterations so as to make it as simple as possible for the users.

IN ouT
Date Produce Name | Quantity Date Produce Name | Quantity
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A midline interview was similarly conducted approximately a month after the users had begun

using the chambers, with the questions very similar to the baseline interview. This was done so

that we could analyze the difference in their pricing, behavions, @her changes that could be

observed before and after using the chamber. Unfortunately, due tecmrducive weather and

AG 0SAYy3a | LISNA2R ¢6KSNB | 20 2F @¢S3SiloftSa o¢
feedback. Our users are still tegy the chambers, and we will continue to follow up with them

to collect detailed feedback.

Insights from user research and user interviews

The insights for India came from interviews with multiple stakeholders as well-dspth
interviews with the three users chosen for deployment. Since each user had specific storage
requirements, the insights, along with snippets from their interviews,ehlaeen condensed into
bullet points below.

1. Farmerg Mauji Bhai
Organic farmer with 1.5 acres of farming land.
Most harvested cropg tomato, papaya, chili, guava, mango.
Harvests his crops every®days in the mornings and sells the produce in the afternoon.
hy GKS RIeéa O0KIO KS AayQid asSttAiaydasr KS Olyy
YSIya GKS& g2dzZ R 0S02YS alLRAfSR® | I NBSaidAy
transport costs are high.
He would like to harvest every day and then be able to store the produce safely until the
selling day. This would increase his revenue while keeping transport costs the same.
2 KSy KS R2SayQi KIFNBSaid SOSNE RIFIeéX KAA& NAL
of his harvest is thus lost.
Unsold produce is distributed for free to his family and friends.
He expected that a chamber capable of storing 20 crates of produce would be enough for
his storage needs.

2. Local vendog Dhaval Jawaharlal Bhai
Sells different varieties of fruits and vegetables all year round, and keeps a stock ranging
between 20100kgs for each variety of produce. Of this, he loses 25% of his stock every
day in the summer, and 1%0% in the monsoon and winter seasons due toc& laf cold
storage.
Expensive fruits and vegetables like broccoli, dragon fruit, etc. are bought in very small
guantities, as if they get spoiled, he incurs a big loss.
Reasons for wanting the chamber:
" To buy more produce without worrying about spoilage.
To reduce losses incurred due to spoiled fruits and vegetables.
To buy more expensive and bettquality fruits.
To do suppldemand and cost analysis for pricing and inventory management, which
is currently impossible with daily trading.
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During our conversations, Dhavaljentioned that he has fewer customers when it is very hot,
as they are unwilling to spend time shopping from stationary carts outside, or unwilling to linger
around. In response to this customer behavior and opportunity for the chamber to provide
additional value, the CoolVeg team modified the cooling chamber design so that the cool and
humid exhaust air from the chamber could be used to provide improved thermal comfort to
areas near it. Even after the cool and humid air from the evaporative cooler isptis®ugh

the crates of warm produce, it is still cooler than the ambient air. These modifications directed
the exhaust air over the top of the chamber towards the areas where the shop employees, the
produce on display for sale, and the customers areteataHe believed this would improve the
customer experience, leading to more sales and making it more comfortable for him as well.

3. APMC WholesalerSahadev Singh
Interested in the portable chamber to prove that the technology works, in which case he
would want to get multiple larger capacity chambers, both for his store as well as his farm.
Deals with over 1 ton of vegetables every day, of which about 25% gets spoiled.
21 ayQid AYUSNBadSR Ay GKS OKIYOSNI G2 NBRdzOS
point where the demand would be greater than the supply, and get higher prices for
them.

For Nigeria, there was no specific user research done. All insights and feedback gathered were
conducted after demonstrations of both chambers were made to the farmers and retailers.

Feedback and insights after demonstration and usage

In Nigeria, a total of 16 interviews were conducted. These were with potential users identified
during the initial demonstration of the portable chamber and during the mobile chamber display
during the trailer drive. 50% of those interviewed currently repace within the ColdHubs 100

ton cooling facility to store their produce. The produce is typically stored {0 days. The
biggest challenge they face with storing at the cooling facility is the time and cost required to
transport the produce.

Of the 16 interviewees in Nigeria, there were 10 farmers, 2 retailers, and 4 who conducted both
farming and retail activities, see Figure 19. Of note, several farmers mentioned they would like
to start or restart retail operations if they had storage cdgilities at their farm, as it would
provide them flexibility of time and additional opportunities to conduct retail operations. Close
to 60% were interested in owning the portable chamber, mostly to prevent spoilage and increase
their income. 75% of the spondents who currently use ColdHubs storage preferred owning the
portable chamber instead of renting space, mainly to avoid the additional transportation time.
50% of the interested respondents preferred an-gfid chamber, and 25% specifically
mentionedneeding financing options. After observing an increase in difelbf red onions to

60+ days, members of an association of 30+ red onion farmers and retailers were also interested
in buying the chamber. Of the respondents who were identified duringlitiglay of the mobile
chamber, 44% were interested in owning the mobile chamber.
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Business Demographics Respondents interested in
owning a portable chamber

Off-grid
chamber
44%

Farmers
Retailers 62%

13%

44% would
need financing

m Farmers = Retailers Farmer-Retailer m On-grid chamber = Off-grid chamber = Notinterested

Figure 19: Left: The distribution of the business activities conducted by the 16 interview respondents.
Right: The distribution of interview respondents who are interested in agrah portable cooling
chamber (7), offyrid portable cooling chamber (2and who are not interested in buying a portable
chamber (7).

In India, the deployment of the chambers was delayed due to additional-lfieedfxperiments
conducted, which also then led to a period where not many vegetables were being harvested. Of
note, the willingness to purchase, as well as the impacts on theome and their business
activities, would need a minimum of another 6 months of field testing. We still managed to
conduct midline interviews with the farmer and the vendor, and have included some preliminary
feedback gathered.

1. Farmerg Maujibhai
The summer was hotter than last year, and the high temperatures led to a poor harvest
season.
He was unable to fully test the chamber and used it to store just abel@ Brates of
mangoes; the capacity is 20 crates.
His electricity bill has increased 10x from ~50 Rs to 500 Rs after installing the chamber,

odzi KS GKAyla AdQa | ayvylrff LINAROS (2 LIe& G2
He would preferano@ NA R OKIF YO SNJ AF KS gSNB (2 O2yaiR
soon to say.

2. Local Vendog Dhavalji
He noticed a 50% decrease in spoilage, especially in tomatoes, okra, and eggplants.
He was initially hesitant to store produce in the chamber during the day, as he thought it
YAIKG FFFSOG KAa alftSa AT (KS LINRRdzZOS 4l ayoQ
GKFG 6l ayQi GKS OFasSsz |yR I a coudkespthedestt &Y f
inside the chamber. This further helped in keeping the produce fresh for longer
He now uses the chamber both during the day and for overnight storage.
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The chamber specifically designetb direct the exhaust air towards the area where
produce is strewn while on display has been able to provide additional cooling for
5KIFgFfaAaQa O0dzAG2YSNAE YR KAYASET RdAdzNAY3I (KS
the exhaust. He has been pleasantly surprised by this.

His electricity bill has more than doubled since using the chamber from ~700Rs to ~1800Rs.
He is considering using a sefawered chamber after the trial period, as this seems to
him like a significant cost.

He observed that the leafy greens do not seem to be impacted positively by the chamber,
and continues to store them outside.

He is willing to buy the chamber with financing, once the trial period is completed. He
seems unsure about egrid or offgrid, as the price is almost double for an-gffd
chamber, and he does have electricity, but the running costs fagrahare highe.

He has already recommended getting this chamber to his network of vendors.

. EFFICIENCY
CoolVeg <> 6 & FOR ACCESS

ARTISANA



Cost and Scalability

Affordability of cooling solutions is particularly critical when targeting-iogome vegetable
vendors and farmers. There are several factors to consider when determining affordability,
including:

The upfront cost

The operating and maintenance costs

The lifetime of key components

The value that the solution provides to the user, particularly in terms of financial returns

Table 7 lists the cost of the 5 forcadt evaporative cooling chambers (FAECCs), along with a
shipping container based FAECC, and two refrigerdias®ed solutions. This table provides the
up-front cost and the cost normalized by the available storageacay ($/kg) for ongrid
deployments, as well as affrid deployments, where the cost of an @ffid power system is
included (solar panels, batteries, inverter, charge controller, and wiring).

Table 7. The cost listed for the affid power systems assumes a 100% capacity factor for the FAECCs and
a 50% capacity factor for the refrigerated chamber. The cost for #twnBe cold room in Nigeria was
guoted with the standard offyrid power systemand the capacity factor is not known.

Chamber cost Cost per storage capacity

Chamber cost
Ongrid Off-grid* Ongrid Off-grid

Portable FAECC in India
(25 crates)
Portable FAECC in India
(20 crates)
Portable FAECC in India
(15 crates)
Portable FAECC in Nigeria
(25 crates)
Mobile FAECC in Nigeria
(32 crates)
700-Liter capacity refrigerator ir
Nigeria
20" shipping container based
FAECC in Kenya (168 crates
3-tonne refrigerated cold room
in Nigeria (150 crates)

$1,100 $2,000 | 2.20 ($/kg)  4.00 ($/kg)
$1,000 $1,850 | 2.50 ($/kg)  4.63 ($/kg)

$900 $1,700 | 3.00 ($/kg)  5.67 ($/kg)

$1,300 $2,300 | 2.60 ($/kg)  4.60 ($/kg)

- $13,000 - 20.31 ($/kg)

$1,100 $3,000 | 4.58 ($/kg) 12.50 ($/kg)

$10,500  $15,000 | 3.13 ($/kg)  4.46 ($/kg)

- $52,000 - 17.33 ($/kg)
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The portable FAECCs and the FAECC based on a 20’ shipping container, both for use in stationary
applications, have a cost between $4.00 and $5.70 per kilogram of storage capacityggad off
systems. In comparison, the 70iGer refrigerator in Nigeria wh a 240 kg capacity costs $12.50

per kilogram of storage capacity, which is between 2.2 and 3.1 times more expensive than the
forcedair evaporative cooling chambers in angnd setting. When considering operating these
chambers in an ofgrid setting, he 700liter refrigerator in Nigeria is between 1.5 and 2.1 times

more expensive than the forceair evaporative cooling chambers. The greater cost reduction for

the FAECCs when deployed in angrfll setting is due to the lower energy consumption of the
evaporative cooling unit, compared to the refrigeration unit.

The design and construction of the mobile FAECC in Nigeria are not comparable to the portable
chambers and have not been optimized. We are specifically looking to identify suitable vehicles
that are widely available in key markets to use as the base #ontbbile chambers, as opposed

to a customfabricated chassis.

In addition to considering the cost as a function of storage capacity, it is also important to
consider the affordability in terms of the tfpont cost as a factor in the affordability of the
technology. Both the farmer and vendor in India indicated thnegtyt would require financing or
other financial arrangements to purchase the portable chamber and spread out the cost of
purchase over time. Similarly, more than half of the respondents in Nigeria indicated they would
require financing to purchase a portabthamber. Even with financing, the potential users are
careful about the amount of money they are committing to the purchase of a postharvest
solution, making a lowecost solution with a smaller storage capacity more attractive than a
larger and more exgnsive chamber, even if the normalized cost per storage capacity is the same.

Another important factor in the affordability of these cooling chambers is the cost of operating
the chamber. For the portable forcealr evaporative cooling chambers, the most significant cost

is the maintenance of the evaporative cooler, specifically ¢beling pads. The evaporative
cooling pad should be cleaned roughly every 6 momtihich is easily done by removing the
pads and spraying them with water from a hose to remove any debris or other deposits. The
cooling pads have an expected lifetimedfo 3 years. For locally purchased evaporative coolers,

it can be expected that the vendor will offer replacement pads, which typically cost around $50.
Other key components have long lifetimes, such as the evaporative cooler (10 to 20 years) and
insulaton panels (over 25 years). The components of argolf power system also have
relatively long lifetimes: solar panels (2B years), batteries (30 years), inverters (105 years),

and charge controllers {85 years). By the time a majority of these qumnents begin to fail, the
cooling chamber will have already provided value well above the initial purchase price, and
replacement with newer and more advanced components will likely be affordable to allow for
further use of the system.

One common method for determining if a technology provides sufficient value to be affordable
is determining the financial payback period. This can be done by estimating the financial savings
the chamber provideg e.g., food loss averted, reduced cost oartsporting produce, new
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business opportunities enabled by having increased dielf, with the cost of the system. A
target of a 2 to 3year payback period is a reasonable amount of time for financing this type of
system. If the chamber was purchased with financing and theiggeceiving monthly financial
benefits in excess of their loan payments, the system would be considered to have a strong value
proposition and be affordable in the long term.

Commercial outlook for the portable cooling chambers

The forcedair evaporative cooling chambers will provide value in the target markets by reducing
postharvest losses at key points along the supply chain and further increasing farmers' income
by improving their access to markets. The rapid cooling ratésewaable with forceehir
evaporative cooling have significant potential at the qomoling stage, especially because this
technology can be deployed near the farm gate, reaching produce shortly after harvest. This
technology is suitable for regions with anmet need for fruit and vegetable storage and a hot,

dry climate where evaporative cooling will be effective. Key geographies include the African
Sahel, East Africa, the Middle East, Pakistan, and India.

With a population of over 100 million people in the 12 states in Northern Nigeria, we aim to reach
annual sales of 1,000 chambers within the next 5 years in partnership with ColdHubs. We are
aiming to build an initial inventory of 20 chambers and conduntaaketing campaign to raise
awareness about this technology and begin selling the chambers. The revenue generated from
the sale of the prototype 20 chambers will be reinvested to continue production, marketing, and
sales of additional evaporative coolinlgambers. If this initial phase of commercialization proves
successful, ColdHubs and CoolVeg will form a new company focused on-daresdporative
cooling technologies, with the 2&ate portable chamber as its flagship product. This company
will leadin the production, distribution, sales, and marketing of both portable chambers for
stationary applications & mobile chambers for transportation applications. While additional
product development is needed to optimize the usability and cost of the mobidanbers,
addressing this critical and unaddressed link in the value chain holds great potential for reducing
postharvest losses and increasing income for farmers and vendors. The company will raise funds
through equity and debt investment rounds. Beyone ttommercialization of this technology

with ColdHubs in Northern Nigeria, CoolVeg aims to disseminate this technology across the West
African Sahel and other arid regions in need of improved fruit and vegetable storage.

The portable forcegir evaporative cooling chambers have the potential to benefit hundreds of
thousands of smallholder farmers across Gujarat and Rajasthan. Deploying this technology at the
854 Agricultural Produce Market Committees (APMCSs) in GujardRajadthan has the potential

to benefit nearly one hundred thousand small produce vendors. CoolVeg will continue to gather
data from the 3 users (farmer, retail vendor, and wholesaler) to identify the user(s) who see the
greatest value proposition of theethnology. CoolVeg will then identify a manufacturing partner

in Gujarat and establish a company to market and sell the chambers.
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Conclusions

This report describes the development and testing of portable and mobile feairexl/aporative
cooling chambers for use in gffid arid regions. This solution leverages the following features:
The unique suitability of evaporative cooling to provide enegficient cooling when
used in dry regions.
The ability of forceehir cooling to dramatically increase the cooling rate compared to
room cooling.
A carefully designed airflow pathway to maximize the cooling rate and energy efficiency.
The use of commonly available materials and a chamber design that allows for relatively
quick and simple construction of the cooling chamber.
Can be powered by an effrid power system consisting of solar PV panels, batteries, and
an inverter.
The portable cooling chamber can be easily carried by several people and lifted onto a
small truck for transportation to remote locations.
The mobile cooling chamber provides an option to rapidly cool proddeeng
transportation.

These design features provide a solution that has the capacity to cool 500 kg of produé¢€by 10
in under 6 hours, while using less than 200 Watts of electricity. This cooling efficiency is nearly
10 times more energefficient than using a refrigeratichased air conditioner with room
cooling. As a result of being constructed from Joest materiad and the lower energy

O2 y adzy LJi A 2 y grid faréedaix &vapdrativedofing chambers cost about 60% less
than traditional cold rooms of similar sizehel portable and mobile solutions can both be
operated oftgrid, allowing them to be deployed in remote areas and meet the needs of farmers
who have no other options for improved storage and reducing food loss.

In Nigeria, the shelfife of many vegetablesincluding tomatoes, peppers, cucumbers, cabbage,
green onions, and green beagqsvas extended by 4 or more days, and was three times longer in
the chamber than outside of the chambédditionally, thesheltlife of red onions was extended
from 14 days when stored in the shade, as compared to more than 100 days in the chamber.

In Indiathe condition of the vegetablesasbetter when storednside the chamber, as compared

to storage in ambient conditions, but the differences were often orBydays A potential reason

for these observations is that the humidity inside the chamilvas at or near 100% for the entire

day when the chamber was in operatiomhich can negatively impact the sh&fé. An area for
improvement is providing mechanisms for usergéduce the humidity inside the chamber to

allow users to have greater cod® f 2 GSNJ (G KS OK.ID¥spie Mlass @am@tic NP y Y S
sheltlife improvements, the chamber users reported significant decreases in spoilage and
increased profit after using the chamber.
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The deployment of this solution has the potential to generate economic, nutritional, and
environmental benefits. The availability of a more eeffective postharvest storage solution for
perishable fruits and vegetables will make improved storage moressdale and affordable for
farmers, reducing food spoilage and loss. With more affordable storage solutions and a reduction
in food loss, farmer incomes will increase, and local access to nutritious foods will be improved
through a greater and more consesit supply of food. This solution also provides several
environmental benefits, including reducing net water usage across the fruit and vegetable value
chain. Storing wateintensive crops, such as leafy greens or tomatoes, in a fegirezl/aporative
cooling chamber for a week uses less than 1% of the water it takes to grow the crops. Thus, food
loss that is averted by using the chambers reduces net water usage across the fruit and vegetable
value chain.

CoolVeg will work with our existing partners in India and Nigeria to commercialize the portable
chambers in the respective markets. The team is exploring options to adapt the mobile chamber
to be based on an existing vehicle, such as a cargo tricyclesmak truck. As an opesource
technology, CoolVeg will also look for commercialization partners in suitable markets, including
the African Sahel, East Africa, the Middle East, and South Asia. Some key factors to look for when
determining the suitability bthis technology include:

A hot and dry climate for a majority of the year is required, particularly during the time

when improved storage is most needed.

An unmet need for fruit and vegetable storage at the farm gate, during transportation, at

aggregation points, and retail locations.

While this technology is wedluited for short and mediuaterm storage, this technology

is particularly advantageous in contexts where rapid-goeling would be especially

beneficial.

While this technology can be used in many settings, this technology is particularly

advantageous in contexts where there is a need for-tmst offgrid storage.
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Appendix

The appendix provides design documentation, including:
Diagrams of the chambers with elevation, plan, and cs®Egion views with
measurements of specific dimensions.
3D renderings using the computarded design (CAD) software Rhinoceros (Rhino3D)
showing the chambers from various angles and cmEsgions, with multiple
configurations of the chamber doors being opened or closed.

Dimensional diagrams and 3D renderings were created for the following f@icexvaporative
cooling chamber versions:
Design Documentation for the 25rate Portable Chamber in Nigeria
Design Documentation for the Mobile Chamber in Nigeria
Design Documentation for Portable Chambers in India (dimensional diagrams only)
25 -crate capacity
20-crate capacity
15-crate capacity (includes an alternative air exhaust design that directs cool air

toward the front of the chamber)
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Design Documentation for the Z5rate Portable Chamber in Nigeria

Front (doors closed)
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Design Documentation for the Z&rate Portable Chamber in Nigeria
Rear

Rear-right
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Design Documentation for the Z&rate Portable Chamber in Nigeria

Top view (doors closed)
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All dimensions are in
centimeters (cm)
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Design Documentation for the Z&rate Portable Chamber in Nigeria
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Design Documentation for the Z&rate Portable Chamber in Nigeria
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Design Documentation for the Z&rate Portable Chamber in Nigeria

Front (doors open)
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Insulation Panel Sizes for the zbrate Portable Chamber in Nigeria

Below is a table showing the dimensions of the insulated sandwich panels that are needed to
construct the portable chamber designed for crates measuring 60 cm x 40 cm x 23 cm (length,
width, and height).

The sandwich panels can be made from several types of insulation, including: Polyurethane
Foam (PUF), Extruded Polystyrene (XPS), or Expanded Polystyrene (EPS). The metal cladding
should be made of either aluminum or galvanized steel to prevent rustirgnmétal sheet that
forms the exhaust channel can be made from either aluminum or galvanized steel to prevent
rusting. A hole in one of the side panels (left or right) will need to be cut to allow air from the
evaporative coolers to enter the chamber.

Width Height/Length  Thickness

Panel Material (cm) (cm) (cm)
Bottom PUF sandwich pant 81 212 5
Top PUF sandwich pan 81 212 5
Rear PUF sandwich panc 202 180 5
Left door PUF sandwich pant 106 210 5
Right door =~ PUF sandwich pant 106 210 5
Left side PUF sandwich pant 81 200 5
Right side  PUF sandwich pant 81 200 5

Rear- channel Metal sheet 212 160 0.08

: EFFICIENCY
CoolVeg <> @ & FOR ACCESS

ARTISANA



Design Documentation for the Mobile Chamber in Nigeria

Front (doors closed) Front (doors open)

Rear Rear (cut-away cross section)
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Design Documentation for Mobile Chambers in Nigeria
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Rear — Right
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Design Documentation for Mobile Chambers in Nigeria

Above (All doors open)
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Design Documentation for Mobile Chambers in Nigeria

Left side (exterior doors open)
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Design Documentation for Mobile Chambers in Nigeria

Left side (one exterior and interior door open)
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Design Documentation for Mobile Chambers in Nigeria

Left side (exterior and interior doors open)
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Design Documentation for Mobile Chambers in Nigeria

Front — Left (exterior and interior doors open)
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Design Documentation for Mobile Chambers in Nigeria
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Design Documentation for Mobile Chambers in Nigeria
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Design Documentation for Mobile Chambers in Nigeria

All dimensions are in
centimeters (cm)
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Design Documentation for Mobile Chambers in Nigeria
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Design Documentation for Mobile Chambers in Nigeria
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Design Documentation for Mobile Chambers in Nigeria . . )
All dimensions are in

centimeters (cm)

180.4

186

L

T 2 2R

°F
1
I}
i
]
1
7
s

s

Rear elevation

CoolVeg Colds O <Ny

ARTISANA



Design Documentation for Mobile Chambers in Nigeria
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Design Documentation for Mobile Chambers in Nigeria ) . ,
All dimensions are in

centimeters (cm)

300.4-

2158 4
u Ll Ll [=) -]
]
cooler
nl |m [ -
380 4-
Section AA'
300.4
84 215.8
é =] I I 0
B
cooler
" nl 1 L
3304
Section BB’

| EFFICIENCY
CoolVeg 6 & FOR ACCESS

ARTISANA

80



Insulation Panel Sizes for Mobile Chambers in Nigeria

Below is a table showing the dimensions of the insulated sandwich panels that are needed to
construct the mobile chamber designed for crates measuring 60 cm x 40 cm x 23 cm (length,
width, and height).

The sandwich panels can be made from several types of insulation, including: Polyurethane
Foam (PUF), Extruded Polystyrene (XPS), or Expanded Polystyrene (EPS). The metal cladding
should be made of either aluminum or galvanized steel to prevent rustihgleAin the front

panel will need to be cut to allow air from the evaporative coolers to enter the chamber.

Width  Height/Length  Thickness

Panel Material (cm) (cm) (cm)
Bottom PUF sandwich pane 127 165 5
Top PUF sandwich pane 127 172 5
Front PUF sandwich pane 127 172 5
Rear PUF sandwich pane 127 165 5
Leftfront door PUF sandwich pane 86 155 5
Leftrear door PUF sandwich pane 86 155 5
Rightfront door PUF sandwich pane 86 155 5
Rightrear door PUF sandwich pane 86 155 5
Center partition PUF sandwich pane 162 165 5
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Design Documentation for Portable Chambers in India

Design Documentation for the Z&rate Portable Chamber in India

All dimensions are in
centimeters (cm)

All dimensions are in
centimeters (cm)
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