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Abstract
Lack of refrigeration contributes to the death of over 3.7 million children and the loss of 200
tonnes of food every year in developing countries. While 1.21 billion people in developing
countries do not have access to electricity to operate traditional refrigerators, 38% of individuals
within developing countries use biomass fuel to cook. The scope of my project was to produce a
viable solution for refrigeration for these individuals in developing countries through the use of
thermosyphons that utilize reclaimed thermal energy from cook stoves to power absorption
chillers. Over the span of my project I was able to confirm the feasibility of the concept and
produce a working prototype. The prototype could allow the absorption chiller to operate for
approximately thirty minutes without the need for electricity. It was concluded that a ½ inch,
Glycerol thermosyphon, with a 30% working fluid volume fill ratio, could safely provide a
viable solution for refrigeration in developing countries that use cook stoves. Future
recommendations include: improved manufacturing techniques to fix leaks in the thermosyphon
allowing the product to run indefinitely and improved refrigerator insulation to maintain internal
temperature when not operational.
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Chapter 1: Introduction
1.1 Background & Motivation
Improvements to global healthcare and disease prevention could drastically reduce mortality
rates in developing countries. Disease, starvation, and malnutrition are major contributors to the
high illness and death rates that have consumed developing countries. A majority of these
afflictions are the result of food spoilage and a lack of immunization. Approximately 1 in 5
children worldwide are not vaccinated with some of the most basic and lifesaving vaccines that
are required in the United States. This lack of immunization has led to the preventable death of
an estimated 1.5 million children every year.1 The cause for the lack of immunization is a
combination of high cost of vaccines, lack of education about vaccines, inadequate infrastructure
for immunization, and improper storage of vaccines. To combat some of these problems, the
World Health Organization, along with prominent charity foundations, have improved the cold
chain infrastructure by implementing refrigerated storage and modes of delivery, provided
increased education on the importance of vaccination, and developed more affordable vaccines.
Unfortunately, the last leg of the vaccines’ journey remains problematic. Even if an organization
is able to transport a vaccine to a remote village, there still remains the problem of storing the
vaccines at the required temperature (2-8°C) within the village.
The second major health concern, food spoilage, is an even bigger problem for developing
countries. An estimated 1.4-2.5 million babies die every year from dehydration due to foodborne
disease related diarrhea.2,3 Diarrheal disease is one of the leading causes of death for children in
developing countries, making up 20% of child deaths. In a developing country, the average child
will have 3 episodes of diarrheal disease per year and 20 of every 1,000 kids will die before they
reach the age of two.2 The major cause for diarrheal disease due to foodborne illness is the lack
of proper refrigeration for food storage. It has been found that bacteria growth on food rapidly
increases in the “danger zone” between 4.44°C and 60°C (40-140°F).4 It is important to note that
there are two types of food bacteria: pathogenic bacteria, that leads to foodborne illnesses, and
spoilage bacteria, that causes foods to deteriorate and develop unpleasant odors, tastes, and
textures. Spoilage bacteria’s can still grow at refrigerated temperatures below 4°C but will most
likely not cause illness. Pathogenic bacteria on the other hand will grow at a much slower rate at
these refrigerated temperatures.4 Similar challenges face developing countries in terms of food
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storage. The International Institute of Refrigeration found that in 2003, out of a total global food
production (agricultural products, fish, meat products and dairy products) of 5500 million tonnes,
it was estimated that only 400 million tonnes were preserved thanks to refrigeration (chilled or
frozen), whilst at least 1800 million tonnes required refrigeration.5 Additionally, in a 2009 study,
the following statistics were discovered:5
Table 1: Refrigeration Statistics in Developing Countries

Population in 2009
(billion inhabitants)
Refrigerated storage
capacity (m3/1000
inhabitants)
Number of domestic
refrigerator (/1000
inhabitants)
Food Losses (all
products) (%)
Losses of fruit &
Vegetables
Loss of perishable
foods through a lack
of refrigeration (%)

World Population

Developed
Countries

Developing
Countries

6.83

1.23

5.60

52

200

19

172

627

70

25%

10%

28%

35%

15%

40%

20%

9%

23%

From this study, the International Institute of Refrigeration concluded that if developing
countries could acquire the same level of refrigerated equipment as industrialized countries then
200 million tonnes of perishable foods would be preserved, which would account for 14% of
their current consumption. It is apparent that the proper storage and refrigeration of foods is a
necessity in alleviating food spoilage and improving the standard of living in developing
countries.
Unfortunately, there are 1.21 billion people in the developing world that do not have access to
electricity to run conventional electric powered refrigerators.6 A solution must be developed that
does not require direct electricity from the grid or a power plant to reliably provide these
individuals with adequate refrigeration. When looking for a new source for energy, it was found
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that 38% of the population in developing countries rely on biomass fuel for cooking.6 My
project focuses on this cultural trait of developing countries to develop reliable refrigeration in
developing countries by harnessing the energy from the reclaimed thermal energy of cook stoves.
1.2 Literature Review
Absorption Refrigeration Cycle
The absorption refrigeration cycle is an alternative to compressor based refrigeration. It uses
heat and absorption characteristics rather than a pump as the main driver for the refrigeration
process. Commercial absorption refrigerators implement the Platen-Munters process. This
process most commonly uses a unit charged with water, ammonia, and hydrogen. The unit uses
the combination of a boiler, condenser, evaporator, and absorber to produce refrigeration. This
process is visually explained in Figure 1.

Figure 1: Absorption Refrigeration Cycle Explanation7
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Existing Off-Grid Designs and Limitations
There are various projects that focus on creating absorption refrigeration systems stimulated by
thermal cycle independent from electricity. One of the leading cycles involves using a solarthermal system that concentrates solar radiation onto a specific surface to be heated. This heated
surface then transfers this heat to a working fluid that cycles into the absorption chiller system
(in this case, Ammonia gas based), and cools down the unit once the chiller’s fluid has reached a
desired heated temperature. Although this project has a control system implemented to track the
sun throughout the day and ensure maximum exposure, it failed to reach high enough
temperatures to operate the chiller.8 One of the main limitations to this lack of heat exchange was
due to the small surface area that made contact with the chiller for the heat exchange. Also, the
system needed electricity to operate the tracking controller, and the pump to circulate the
working fluid.
A prototype that took place in 1992 (Papua New Guinea) actually tested a very similar concept to
the Cool Stove design. This prototype refrigerator used reclaimed heat from a charcoal or
biomass stove using a thermo-syphonic cycle with a working fluid to be heated. The cooling unit
consisted of a water-ammonia generator tube in contact with the working fluid cycle that
transmits the heat from the stove fire. With the intent to provide an efficient refrigeration unit
suitable to store food, the cooling unit was bought from a manufacturer, but modified to work
with the charcoal stove heating cycle. The evaporator in the water-ammonia system was able to
operate at the lower temperature range of 170°-180
food at a safe temperature below 5

. This refrigerator was able to maintain

for a span of 24 hours by using biomass locally available as

fuel to the stove fire. The main limitation with this prototype was the slow time rates at which
the absorption chiller began to operate. Preliminary testing showed that the system took 4 hours
to heat up to the working temperatures, and followed by 7 hours to drop the freezer temperature
from room temperature to 0

. Under these conditions, it would be difficult to provide a reliable

cooling unit for extended periods of time without constant fuel source.9
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Other Solutions (Solar)
A group of Japanese engineers tested two different types of heat exchangers on their newly
developed solar absorption chiller. They focused on utilizing solar thermal energy because it has
two main advantages: it is the largest source of renewable energy and it has high conversion
efficiency. One of the heat exchangers they tested is called pool boiling. Pool boiling is when the
heating surface is submerged in a vast body of stagnant liquid. The other is called falling film
where the evaporation occurs inside vertical tubes and creates a film around the entirety of the
tube. The engineers analyzed the heat transfer performance for the two types of heat exchangers
and the falling heat exchanger proved to give the better results. It was able to utilize 75

water,

which is typically hard for a conventional absorption chiller. This article is relevant because it
provides information about different types of heat exchangers that exist and how some are better
than others.10
Improvements to Existing Systems:
The absorption refrigeration process is able to achieve similar cooling to the normal refrigeration
process. However, the absorption refrigeration process is considered to have low efficiency
when compared to normal refrigeration methods. Due to this gap there is a lot of research into
the improvement of absorption chillers. It was found that generator driving temperature and
cooling water temperature have a strong influence on the Coefficient of Performance (COP) of
absorption cooling. By using a geothermal sink, it was found that the COP of the system could
be improved by up to 42%.11 It was also found that the working fluid of the system was
extremely important in the operational behavior of the system. By introducing AL2O3
Nanoparticles into the working fluid it was observed that the system had better absorption of heat
and faster evaporation of the cooler. Additionally, shorter heat transfer period allowed for a
reduced operating time resulting in the ability to achieve the desired temperature faster.12 People
in developing countries would have to burn less fuel in order to keep their fridge cool if these
improvements were properly implemented into the project.
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1.3 Problem Statement
Communities in developing countries without access to electricity do not have access to reliable
refrigeration. The lack of refrigeration in developing countries leads to disease and foodborne
illness due to medicine, vaccine, and food spoilage.
1.4 Problem Solution
I aimed to develop a product that can reliably provide individuals living in off-grid communities
with a viable refrigeration solution for food, vaccine, and medication storage by transferring
thermal energy from cook stoves to power absorption chillers without electricity.
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Chapter 2: System Level Chapter
2.1 Costumer Needs
In order to meet the customer’s needs, the refrigerator had to attain a low enough temperature to
keep items properly refrigerated, it had to maintain the low temperature for an extended time,
and it had to do all this while remaining cost efficient and safe. Safety is key for this project
since I was dealing with high temperatures and sealed pressure vessels. Since my project was
aimed at off-grid communities, I needed to ensure that my fridge could withstand rural
environments.
Rwanda:
Potential customers for the project are the healthcare centers established by PICO (People
Improving Community through Organizing) International and John Rutsindintwarane. PICO
International has worked through its main health center in Kigali, the well-developed capital city
of Rwanda, to implement satellite health centers in a majority of the extremely impoverished
villages that make up Rwanda. A main goal of the Rwandan government is to provide all of
Rwanda with reliable electricity within the next 5 years. However, these villages will remain
without any power for those five years. This customer needs a temporary, yet reliable,
refrigeration solution to provide to these villages until adequate electricity can be developed.
These refrigerators must be able to hold temperatures in the range of 2-8°C for insulin and other
refrigerated vaccines. The refrigerators must also be light-weight and compact to be easily
transported to the remote locations in Rwanda.
Mexico:
Another potential customer is Amor Industries in Mexico. They are a non-profit organization
that works with a network of pastors in Mexico to build houses for the poor. The refrigerator
must be light-weight, affordable, and appealing to this network of pastors to distribute to their
communities. The fridge will need to be capable of extracting heat from wood and coal fires
which are the main source of energy for cooking in Mexico. The product must be durable and
resilient to withstand many years of use in their communities. Finally, the refrigerator must be
able to store both vaccines and perishables to appeal to this demographic.
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2.2 System Level Requirements
The product has many requirements that it must meet. In terms of performance, the refrigeration
unit must efficiently transfer energy from the heating source to the boiler of the absorption
chiller and have a low temperature dissipation rate from the sealed refrigerated compartment.
The production cost must be low to ensure low unit costs in developing countries; the weight and
size of the unit should be low to ensure easy and affordable shipping or transportation to remote
locations in developing countries. The system must be resilient, with a long product life span
and high reliability, to have the benefits outweigh the cost. Safety is of high importance for this
product. It must be safe to use, must remain safe if damaged, and provide reliable temperature to
ensure that the contents inside are refrigerated at appropriate temperatures. Finally, the system
must be both ergonomically and aesthetically pleasing to the user. This is important in making
sure that the product will actually be used when implemented by the customer. Some of the
system level requirements and their values are tabulated below (Table 2). The datum used for the
system level requirements was taken from the Norcold N300 Absorption Refrigerator data sheet.
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Table 2: Key System Level Requirements

PARAMETERS
TARGET
DATUM
RANGE

Elements / Requirements

UNITS

PERFORMANCE
Internal Temperature Range
of Refrigeration Chamber

degrees Celsius

4

2~8

Working Fluid Temperature

degrees Celsius

180 - 210

185

Efficiency

Percentage (%)

15

10 ~ 15

Boiler Temperature
Temperature Dissipation
Range from Sealed
Refrigeration Chamber
Thermosyphon Internal
Pressure

degrees Celsius

180 ~ 210

180 ~ 210

degrees
Celsius/hour

-

0.050 ~ 0.095

kiloPascals

-

<1379

Watts

140 ~ 120

140 ~ 200

Storage Volume

Cubic Meter

0.05 - 0.075

0.05

Size

Centimeters

48 x 45 x 52

61 x 61 x 76

Kilograms

15

<23

Chiller Bottom Clearance

Centimeters

0.05 ~ 0.075

0

Chiller Side Clearance

Centimeters

0.6

0.6

Chiller Top Clearance

Centimeters

0.6

0.6

Chiller Rear Clearance

Centimeters

2.5

2.5

Product Cost

Dollars ($)

60

50 ~ 100

Selling Price

Dollars ($)

100

75 ~ 125

Product Life Span

Years

10 ~ 15

10

Shelf Life Storage

Years

10 ~ 15

15

Power Required
PHYSICAL REQUIREMENTS

Weight

MARKET REQUIREMENTS
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2.3 System Sketch
The product is designed to be used by either a healthcare facility or an ordinary individual in a
developing country without access to electricity. The operator must first set up the unit with the
heating source heat exchanger placed within the heating source (wood fire/coals/etc.). When the
operator uses the heating source for everyday activities such as cooking and purifying water, the
heat source heat exchanger will absorb heat and transfer it to an internal heat transfer fluid. The
heated heat transfer fluid will travel along the heat transfer pipe and release the heat at the boiler
heat exchanger. As the boiler heats up, the working fluid will become active and start the
absorption refrigeration process in the chiller. This process will lower the temperature inside the
refrigeration compartment. The refrigeration compartment can be accessed by the operator via a
door located on the front of the unit. Refrigerated goods can be stored inside the refrigeration
compartment and kept at a desired temperature. An “initial burn” of the heat source will be
required to get the refrigeration compartment’s temperature to the desired range. Shorter heating
times will be used to maintain the desired temperature range. A system sketch is provided for
reference (Figure 2).

Figure 2: System Sketch
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2.4 Functional Analysis
Functional Decomposition
-

Produces refrigeration from thermal energy

-

Maintains contents at a temperature range of 2-8°C

-

Stores items to be refrigerated

-

Refrigerated items can be inserted and removed from the refrigeration compartment

-

Inputs
Thermal Energy

-

Constraints
Resilient
Affordable [Under $125]
Safe
Under 23 Kg
Reliable Refrigeration
Under 61 x 61 x 76 cm
Easily Shipped
Temperature Dissipation
of Sealed Compartment is
less than 0.095°C/hr

-

Outputs
Refrigeration
[2-8°C]
Internal
Temperature
Readout

Figure 3: System Inputs, Outputs, & Constraints Diagram
2.5 Benchmarking Results
In the development of the Cool Stove refrigerator, it was important to observe the results with
respect to similar products to set target values for the design. It was decided to use a Norcold
N323 as a benchmark for comparison. This unit was chosen as it is similar in size to the Cool
Stove refrigerator and comes from one of the major suppliers of recreational vehicle (RV)
absorption refrigerators. The Cool Stove was designed to meet or outperform each of the
benchmark values held by the Norcold N323.
Norcold N323
-

Dimensions: 52.4 x 44.5 x 54 cm13

-

Weight: 27.7 kg14

-

Interior Volume: 76.5 L14

-

Power Consumption: 168 WAC, 140.4 WDC13
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-

Guaranteed Product Life: 1-year warranty15

-

Heating Source: 12 VDC, 120 VAC, Pilot Light [Propane]13

-

$619.85 -$943.49 [Amazon]15

Figure 4: Norcold N323 Refrigerator
2.6 Key system level issues
There were several system level issues that had to be analyzed in determining the best design for
a heat transfer device and the Cool Stove product as a whole. The following areas were
considered for creating a viable product: safety, temperature difference, insulation, weight,
storage capacity, cost, resilience, compatibility, ease of use, and cultural assimilation. These
system level issues were fully analyzed in the selection matrices (Appendix C).
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2.7 System options
Heat Pipe Heat Exchanger

Figure 5: Heat Pipe Horizontal Heat Exchanger Sketch
Heat In

Heat Out

Vapor Flow

Heat In

Heat Out

Figure 6: Heat Pipe Concept
This design uses heat pipes as a means of transferring heat from the cook stove to the boiler
column. This design is not gravity dependent which is why it could be assembled in a horizontal
configuration. The evaporator side of the heat pipe is inserted in the cook stove and causes the
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working fluid inside to evaporate and flow towards the condenser side where it releases its latent
heat and condenses back to a liquid and through the wicking structure flows back to the
evaporator side where it continues the cycle.
Thermosyphon

Figure 7: Thermosyphon Conceptual Sketch
The thermosyphon system will include two different heat exchangers. One is placed on the
heating source itself and the other is placed on the refrigerator boiler column. It is gravity
dependent so it requires a stand for the refrigerator to sit on to keep to it elevated above the heat
source. This design proved to be the best based on the concept scoring matrix.
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Cook Stove Heat Exchanger

Figure 8: Cook Stove Heat Exchanger Conceptual Sketch
The snake-like coils of the heat exchanger rest on top of the fire pit above the fire. The grill is
placed above the copper piping without making direct contact. The system then connects to the
absorption refrigerator boiler column.
Evacuated Solar Tubes

Figure 9: Solar Tube Heat Exchanger Conceptual Sketch
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This design utilizes a copper heat pipe at the core of an evacuated tube. The evacuated tube
absorbs radiation from the sun and transfers the heat into the heat pipes. The heat pipe in turn
transfers heat to a passively circulated fluid system. This provides a constant heat source when
heat from a stove is not available; an evacuated solar tube provides heat during the daytime to
speed up the process and maintains a higher temperature for the working fluid. This device must
be installed outdoors to maximize exposure to sun rays.
2.8 Tradeoffs
The design concept matrix (Appendix C) was used to determine the best heat transfer device for
the Cool Stove product. The heat pipe exchanger was used as a baseline in making comparisons.
This design was chosen as the baseline because it was the first design concept. In comparing the
cook stove heat exchanger with the baseline it was found that it would cost less to build the cook
stove heat exchanger. The two designs also had the same safety rating so that was not a big
deciding factor. The evacuated tube array would cost more to build than the baseline but it will
have a better temperature difference. The solar tube will also cost more to build than the baseline
and it will be heavier compared to all the other options. The thermosiphon design has the same
safety rating as the baseline but has a higher temperature difference rating. This design is also a
third of the cost of the baseline while also being more resilient. With the information provided by
the decision matrices it was concluded that the thermosiphon design would be tested. The
evacuated solar tubes became a reach goal if time permitted.
2.9 System-Level Design
The Cool Stove design consists of three hierarchical levels of systems and subsystems. The top
level contains the completely assembled Cool Stove absorption refrigerator unit. The completed
unit can be broken down into three main subsystems: absorption chiller, heat transfer system, and
refrigerator unit/compartment. The absorption chiller (Figure 10) is the ammonia and water
charged unit attached to the refrigerator that contains the absorption cycle. It consists of a boiler,
an evaporator, a condenser, an absorber coil, an absorber vessel, a gas heat exchanger, a vent
pipe, a liquid heat exchanger, and a water separator. The absorption cycle operates based on a
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partial pressure differential that is created in the working fluid mixture rather than a pressure
differential created by an electric compressor.
Condenser

Evaporator
Water Separator

Boiler

Absorber
Figure 10: Absorption Refrigerator Unit Subsystem Breakdown7
The heat transfer subsystem is comprised of a heat exchanger in contact with the boiler on the
absorption chiller, a heat exchanger interacting with a heating source, and a heat transfer system
connecting the two heat exchangers. The refrigerator compartment is the refrigerator box that
houses the food and vaccines. It can be broken down into three main subsystems: wall
insulation, access door, and storage shelves.
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Boiler
Evaporator
Condenser
Absorber Coil
Absorption Chiller

Absorber Vessel
Gas Heat
Exchanger
Vent Pipe
Liquid Heat
Exchanger
Water Separator

Absorption
Refrigerator Unit

Heating Source
Heat Exchanger
Heat Transfer
System

Heat Transfer
Pipe/System
Boiler Heat
Exchanger
Wall Insulation

Refrigerator
Unit/Compartment

Access Door
Storage Shelves

Figure 11: System Level Design
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2.10 Team and project management
Project challenges
Over the course of the project there were three key challenges: connecting with an organization
for distribution, adequately transferring heat from the cook stove to the boiler, and safety.
Getting in touch with a nonprofit organization that would be able to distribute the cool stove
product in developing countries proved to be one of the more difficult challenges during the
initial phases of the project. Ultimately, three potential markets were determined: People
Improving Community through Organization (PICO) is an organization that would help get the
Cool Stove product into health care centers in Rwanda, Amor Industries is an organization that
has distribution through local parishes in Mexico, and Grupo Fenix is a non-profit organization
with distribution connections in Nicaragua. Transferring the required heat from the cook stove to
the fire was the main technical challenge that was necessary for the success of the product. In
dealing with this challenge, numerous prototyping phases were utilized to determine the best
technical solution for the design. This included design consideration for the insulation at the
boiler, thermosyphon pipe diameter, internal wick structure of the thermosyphon, and
thermosyphon working fluid. Finally, there were many challenges with keeping the product safe
due to the high temperatures, high pressures, and potentially toxic working fluids. These could
be addressed through implementation of safety valves, partial pressure calculations, and high
temperature insulation.
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Budget
I was able to receive full funding for the project from the Miller Center’s Roelandts Grant and
the Santa Clara University School of Engineering. My budget was adequate for the project
through the final prototyping phase. The breakdown of the funding I had received can be found
in Table 3 below. Budgeting was allocated as follows: Supplies - $1215, Contracted Services $700, Miscellaneous - $180, and 10% Contingency - $191.50. The detailed budget breakdown
can be located in Appendix D.
Table 3: Funding Sources
Source

Amount

Roelandts Grant

$1,600

School of Engineering

$686.50

Total Amount

$2,286.50

Timeline
The timeline provided below gives a breakdown of the main tasks that I set during the project
lifespan. I kept on track with the timeline with the exception of the Duratherm test which was
canceled due to leaks and safety constraints. An in-depth Gantt chart breakdown of the schedule
is provided in Appendix E.
Table 4: Project Timeline
Task

Start Date

Duration (Days)

End Date

Problem definition

5-Oct

2

7-Oct

Project specifications

5-Oct

2

7-Oct

Research absorption chiller

5-Oct

7

12-Oct

Research heat pipes

7-Oct

7

10-Oct

PDS

10-Oct

3

13-Oct

Roelandts grant proposal

11-Oct

7

19-Oct

School of Engineering Funding

18-Oct

5

23-Oct
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proposal
Restructure PDS

20-Oct

7

27-Oct

Safety Protocal for Don

20-Oct

14

3-Nov

Design Testing Apparatus

27-Oct

7

3-Nov

Research working fluids

28-Oct

14

11-Nov

Buy insulation and container

4-Nov

1

5-Nov

Testing

6-Nov

31

5-Dec

Buy the working fluid

16-Nov

15

2-Dec

Order parts

16-Nov

14

30-Nov

Design the heat exchanger (CAD)

16-Dec

21

6-Jan

Manufacture the heat exchangers

6-Jan

21

27-Jan

Test each design

9-Jan

26

31-Jan

Prototype final product

1-Feb

32

4-Mar

Troubleshooting buffer

5-Mar

28

3-Apr

Final Product

4-Apr

27

1-May

Design process
As a modification of a prior project, the initial design process was straightforward. A lot of
necessary materials and components were readily available from a legacy project, that attempted
to utilized solar thermal energy, to begin a new design. The design process began with a
brainstorming phase in which the three main designs were determined. Following the
brainstorming phase, the selection matrix was used in determining the thermosyphon as the
primary design. The remaining design process consisted of cycling through multiple rounds of
prototyping, testing, and redesign.
Risks and mitigations
Risk mitigation is very important to the success of the Cool Stove product as a safe product. Due
to the use of cook stoves for reclaimed heat there is the presence of an open fire. This means that
it is important the materials of the Cool Stove product and the thermosyphon working fluid are
not flammable. The working fluid implemented in the thermosyphon should also be nontoxic in
the case of a system leak. The final risk from this project is critical failure due the over
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pressurization of the thermosyphon. To mitigate the risk of over pressurization, a blast shield
was implemented on the test stand and pressure relief valves were implemented on the
thermosyphon.
Team management
The team was split up so that everyone had comparable responsibilities. This was decided at the
onset of the project and went unchanged for the first two quarters of the project. The chart below
illustrates individual responsibility:
Table 5: Team Member Responsibilities
Robert

Eduardo

Paola

Team Leader

Facilitator

Recorder

Timekeeper

Devil’s Advocate

Weekly Activity Report
CFO

At the start of the third quarter of the project there was a disagreement between team members
involving the lack of priority and distribution of contribution. After discussing with the head of
Senior Design and the head of the Mechanical Engineering department, it was decided that the
team be split into two groups that would operate autonomously. The first group Cool Stove 1
included Eduardo and Paola, while Cool Stove 2 included myself. It was decided that Cool
Stove 2 would pursue the thermosyphon design for the remainder of the project.
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Chapter 3: Subsystem Chapters
3.1 Subsystem: Refrigeration Unit/Compartment
The refrigeration compartment serves the purpose of containing the refrigeration and storing
contents that need to be refrigerated. The refrigeration compartment is required to maintain an
internal temperature of 2-8°C and store the contents that the user needs refrigerated. The user
must also be able to access, insert, and remove refrigerated contents freely. Once cooled to 4°C,
the closed refrigerator must still be below 8°C, without any external energy input for 24 hours.
There are four main designs that will make these goals possible. The first design for the
refrigeration compartment consists of placing a door on the front of the compartment. This
allows the user to access the contents of the fridge at any time. The downside to the door is the
introduction of poor seals that allow cold air to escape and hot air to enter the compartment. The
second design is air tight seals. If the door and the rest of the compartment are created with air
tight seals, it will allow the fridge to hold its temperature for much longer without being effected
by external influences. Another design includes the use of shelves to organize the fridge. One
drawback is that the shelves may keep the user from storing larger objects. Finally, insulation is
an extremely important aspect for the operation of the refrigeration compartment. Insulation will
help keep the inside of the compartment cool no matter what conditions are outside the
refrigeration compartment. The problem with insulation is the amount of space that it takes up,
which could make the fridge bulkier than desired. Therefore, it is necessary to find the proper
balance of size and efficiency brought forth by added insulation.
3.2 Subsystem: Absorption Chiller
The absorption chiller is the main subsystem for the Cool Stove refrigerator. It is the system that
converts the external thermal energy to refrigeration within the unit. This is achieved through an
absorption cycle. In this cycle, an ammonia-water solution is boiled allowing the ammonia to
travel through a condenser, evaporator, and multiple heat exchangers causing a pressure drop.
This pressure drop produces a temperature differential which is captured inside the refrigeration
compartment. The main requirements of this system are that the boiler be accessible to a heating
source and the evaporator be exposed to the refrigerator compartment. In addition, the
absorption chiller must be vacuum sealed and protected from potential damage.
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There are two main options for absorption chillers: Single stage and two stage absorption
chillers. A single stage absorption chiller consists of a single evaporator that keeps the entire
refrigeration compartment at a constant temperature. The two stage absorption chiller has two
evaporators that can keep isolated refrigeration compartments at different temperatures. There
are a few main tradeoffs that come with these two options. A major tradeoff between the two
systems is complexity. A two stage absorption chiller is more complex and thus costs more
money and is more difficult to maintain. While the single stage may be less complex, it is both
more efficient and reliable. A two stage absorption chiller takes much longer to reach steady
state and thus requires more fuel being burned by the user. The main advantage of a two stage
absorption chiller is the ability to hold compartments at two different temperatures. A more in
depth comparison of these two designs can be found in the selection matrix in the appendix.
For the Cool Stove, a single stage absorption chiller was chosen due to the lower cost. It was
also decided to purchase a premanufactured absorption refrigerator because of the complexity
involved in the manufacturing process of absorption chillers. A Dometic RH141D Minibar fridge
was purchased for $97 from ebay.com with free shipping. The reported and observed
specifications are reported in Table 6.
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Table 6: Dometic RH141D Specifications
Elements / Requirements

UNITS

PARAMETERS
Target

Reported

Observed

PERFORMANCE
Internal Temperature Range
of Refrigeration Chamber

Celcius

2~8

7

4.1

Boiler Temperature

Celcius

<185

-

170

Temperature Dissipation
Range from Sealed
Refrigeration Chamber

Celsius/hour

0.050 ~ 0.095

-

1.67

Power Required

Watts

<200

65

65

PHYSICAL REQUIREMENTS
Storage Volume

Cubic Meter

0.05

0.038

0.038

Size

Centimeters

< 61 x 61 x 76

55 x 44 x 45

54 x 42 x 46

Weight

Kilograms

<23

14

15

It was observed that the Dometic refrigerator met every single design specification set except for
the temperature dissipation range from sealed refrigeration chamber. The temperature at which
the fridge was observed to heat up when not operational was much too high for the intended
purpose. This could be dealt with by improving the insulation of the fridge itself and keeping the
fridge shielded from the radiation emitted from the cook stove.
3.3 Subsystem: Heat Transfer System - Thermosyphon
The role of the heat transfer system is to direct thermal energy to the boiler column of the
absorption chiller. The requirements of this system are that it must absorb thermal energy from
an external source and release thermal energy into the ammonia within the boiler. These
requirements must be done in a safe and reliable fashion that can be operated off-grid in a rural
region of a developing country.
The heat transfer approach used in this project is a device called a thermosyphon. The
thermosyphon consists of a sealed copper pipe that contains a working fluid. Research shows
that a 30% volume fill ratio provides the optimum heat transfer across the thermosyphon. The
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thermosyphon works by heating the working fluid at the bottom of the copper tube. As the
working fluid boils, the vapor rises to the top of the thermosyphon and releases heat to the
environment. By releasing heat to the external environment, the working fluid condenses back
into a liquid and trickles back down to the heat source through gravity.

Figure 12: Thermosyphon Operational Principal
There are many positive aspects of the thermosyphon design. The thermosyphon is a passive
heat transfer device that does not require any electricity, pump, or external operator to function.
Additionally, thermosyphons are resilient and require little to no maintenance. There are many
thermosyphons in use today that have not been serviced for over 20 years. Thermosyphons are
also relatively low cost heat transfer devices compared to more complex systems that require
pumps or solar energy. Finally, thermosyphons can utilize nontoxic working fluids like water
instead of more toxic working fluids such as ammonia and acetone that can be found in other
heat transfer systems. There are some disadvantages to the use of thermosyphons in the Cool
Stove design. Since thermosyphons are gravity dependent, they must be situated in a vertical
orientation to function. An internal wick structure could be used to aid in overcoming the
gravity dependency of the thermosyphon through an effect called capillary pumping. A second
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negative aspect to the thermosyphon is the creation of a pressure vessel. Since thermosyphons
are sealed with a set amount of fluid they become pressurized when the heated fluid expands.
Therefore, it is necessary to do partial pressure calculations to determine if the amount of
working fluid within the thermosyphon will be at a safe pressure when heated to the boiler
working temperature.
There were five major considerations while designing the thermosyphon: insulation, pipe
diameter, internal wick structure, working fluid, and safety. It was hypothesized that by
improving the insulation where the thermosyphon meets the boiler, more energy could be
transferred to the boiler allowing for cooler thermosyphon temperatures and reduced
preoperational time. Before testing this, a Finite Element Analysis was run to compare the
theoretical behavior of the boiler with insulation and without insulation (Figure 13).

Figure 13: Finite Element Analysis – Effects of Insulation on Boiler Column
The result of the finite element analysis showed that more heat would be transferred to the boiler
column of the absorption chiller when insulated. This supported the original hypothesis. To
confirm that the hypothesis was accurate, two separate tests were run measuring the internal
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temperature of the fridge and the boiler temperature when the thermosyphon/boiler was insulated
compared to when it was not insulated (Figure 14 & Figure 15).

Figure 14: Boiler Temperature Comparison – Insulated & Non-Insulated Boiler
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Figure 15: Internal Fridge Temperature Comparison – Insulated & Non-Insulated Boiler
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The test results proved both hypothesis. The non-insulated boiler operated at approximately
218°C while the insulated boiler operated at approximately 173°C. Similarly, the refrigerator
with the insulated boiler began cooling 43% faster (43 minutes) than the non-insulated boiler.
A separate test was run to determine the effect of pipe diameter and internal wick structure on
the thermosyphon. A variety of simple thermosyphons were made with different pipe diameters
and internal wick structures. The thermosyphons were then placed with one end in a charcoal
fire at the same time (Figure 16).

Figure 16: Thermosyphon Pipe Diameter Test
The temperatures at the opposite end of the thermosyphons were recorded using omega k-type
thermocouples and LabView (Appendix F). It was determined that both the pipe diameter and
the wick structure had an effect on the thermosyphon’s performance (Figure 17).
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Figure 17: Thermosyphon Pipe Diameter & Wick Structure Test Results
It was determined that, as the diameter of the thermosyphon increases, the maximum working
temperature increases while the rise time of the temperature decreases. Additionally, it was
found that while the implementation of a wick makes the thermosyphon operate more smoothly,
it ultimately reaches the same maximum temperature in about the same amount of time. It was
decided that the wick would not be used in future prototypes due to the high cost of the internal
wick for little benefit.
Another design consideration was the working fluid within the thermosyphon. Initially, water
was used as the working fluid due to its ease of access, low cost, and non-toxicity. The water
powered thermosyphon could only reach temperatures in the range of 90-135°C due to the low
boiling point of water. Another problem with the low boiling point of water was the buildup of
dangerously high pressures. In one of the tests a commercial thermosyphon failed due to over
pressurization and ended up exploding (Figure 18). Thankfully nobody was harmed in the test
and none of the equipment besides the thermosyphon was damaged.
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Figure 18: Failed Thermosyphon Due to Over Pressurization
After completing some calculations, it was determined that the pressure of water vapor at 180°C
would be145.35 psi. Since the commercial thermosyphons are only rated to 150 psi it is no
surprise that the thermosyphon failed in the manner that it did, especially when placed in a fire
burning at 300-600°C.
The over pressurization of the thermosyphon was a big safety concern. The first change was to
utilize stronger materials for the thermosyphon. A ½ inch diameter copper pipe was chosen as it
was rated for a maximum pressure of 800 psi as opposed to the smaller pipes that were only rated
to 150 psi. Since increased pipe diameter positively affects the amount of heat transfer, the
increased pipe diameter would not adversely affect the performance of the thermosyphon. For
testing purposes it was decided to implement safety valves to keep the system from over
pressurizing. At first, a 200 psi pressure relief valve was implemented. This valve was chosen
because it could be used repeatedly and the theoretical boiling point of water at 200 psi is
194.32°C. This would be perfect for the operational temperature of the absorption chiller.
Unfortunately, the pressure relief valves proved to be unreliable and had many leaks that could
not be fixed. This led to the decision to implement rupture disc valves in place of the pressure
relief valves. Rupture discs operate by fracturing at a set pressure to allow the internal fluid to
escape to the external atmosphere. This in turn depressurizes the system. Rupture discs are a
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one-time use product so it was decided to go with a slightly higher pressure (250 psi) that would
be able to withstand slight overheating (Figure 19).

Figure 19: Rupture Disc Valve (250 PSI)
However, the concern of over pressurization and difficulty of reaching the operational
temperature of approximately 180°C led to the use of other working fluids. The working fluid
that was chosen for further testing was vegetable glycerin (glycerol). Glycerol was chosen
because it is a non-toxic fluid with a very high boiling point of 290°C. Glycerol is also water
soluble, and by changing the concentration of glycerol in the solution it is possible to change the
boiling point to achieve the perfect working temperature at the boiler. A 95.86% Glycerol
solution has a theoretical boiling point of 200°C and was providing the thermosyphon with 165210°C at the absorption chiller boiler end of the thermosyphon. Therefore, it was decided to go
forward using the 96% glycerol-water solution in the final prototype of the thermosyphon. It
was important to ensure that the internal pressure of the thermosyphon would be below the
maximum allowable pressure of the rupture disc (250 psi) for the thermosyphon to adequately
operate. With the recommended 30% fill ratio of the 96% glycerol-water solution, it was
determined that the internal pressure would reach 7.09 psi at 210°C for a non-evacuated
thermosyphon. This pressure is far below the maximum pressure of 250 psi and confirmed the
practicality of using the 96% glycerol-water solution.
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The final prototype consisted of a rupture disc and ball valve for refilling the thermosyphon with
different liquids. It was made of ½ inch copper tubing and was filled with a 30% fill ratio of a
96% glycerol-water mixture. The joints of the thermosyphon were welded together using
copper-phosphorous brazing rods that could withstand temperatures of 730°C. Additionaly, the
threaded joints of the thermosyphon were sealed using JB Weld Hi Temperature liquid gasket
maker & Silicone Sealant. A Solidworks CAD model of the final prototype is depicted in Figure
20.

Figure 20: Thermosyphon Prototype – Solidworks CAD Model
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Chapter 4 System Integration
4.1 System Integration
There are three major components to the system integration of the operational cool stove
prototype: the absorption refrigerator, the thermosyphon, and the cook stove. The thermosyphon
was initially connected to the side of the boiler on the absorption chiller using aluminum hose
clamps. It is important that the safety valve is at the top of the thermosyphon and not obstructed.
The boiler and thermosyphon are insulated with high temperature fiber glass insulation that is
encased inside an aluminum shell. The thermosyphon-refrigerator assembly is then placed above
and adjacent to the cookstove so that the bottom third of the thermosyphon is inserted into the
center of the cookstove.
4.2 System Level Test
4.2.1 Test Setup
After completeing the system integration, the system test setup could be initiated. It is important
to note that the stock electric heater is connected to the opposite side of the boiler from the
thermosyphon as seen in Figure 21.

Electric Heater
Thermosyphon

Boiler

Figure 21: System Test Setup - Boiler
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For testing purposes, two Omega K-type thermocouples were placed on the boiler before being
insulated. The first thermocouple was inserted between the boiler and the thermosyphon; the
second thermocouple was inserted between the boiler and the electric heater. Additional
thermocouples were attached at various locations on the Cool Stove. A thermocouple was
attached to the center of “heated” zone of the thermosyphon that was placed in the fire to obtain
fire temperature data. Another thermocouple was attached to the junction of the boiler column
and condenser. The final thermocouple was placed in the center of the refrigeration
compartment of the absorption refrigerator to track the ambient temperature inside the
refrigeration compartment. All thermocouples were attached to a National Instruments DAQ
module. A program was created in LabView 2016 for data acquisition (Appendix F).
A wooden test stand was built with three specific design features to optimize the test and create a
safe testing environment (Figure 22). The first feature of the test stand is a table to elevate the
absorption refrigerator to the desired height for proper insertion into the cook stove. Second, a
wall was attached to the side of the table between the refrigerator and the cook stove. The
purpose of the wall was to create a heat shield to reduce the effect of direct thermal radiation
being emitted from the cook stove on the refrigerator. Finally, a large “blast” wall was placed
adjacent to the entire Cool Stove system to protect the testers from a possible catastrophic failure
from over pressurization. For more safety, the entire test stand was placed in the middle of a
well-watered lawn with sprinklers that could be activated with the turn of a switch. The wooden
test stand was also hosed down with water prior to each test to keep the wood from catching fire.
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Figure 22: Test Stand & Safety Wall
4.2.2 Test Protocol
Before testing can begin, all test setup from section 4.2.1 must be completed. Upon completion
of test setup, the following test protocol was implemented to ensure accurate and repeatable test
results along with maximum safety:
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Test Procedure
1. Using 15mL measuring cups fill a glass with 63mL of glycerol
2. Add 2 mL of purified bottled water to the glass
3. Stir the mixture with a glass stirring rod until a homogeneous mixture is formed
4. Ensuring the ball valve on the thermosyphon is in the open position, use a funnel to
pour the glycerol-water solution into the thermosyphon via the ball valve
5. After removing all residue from the ball valve with a clean rag, seal the ball valve on
the thermosyphon
6. Start the LabView program (Appendix F) for data acquisition and plug the absorption
refrigerator into a power source for initial heating
7. When initial cooling is observed in the refrigeration compartment, light the charcoal
on the cook stove using a charcoal chimney and pour coals evenly over the
thermosyphon
8. Unplug absorption refrigerator from heat source when thermosyphon reaches
operational temperature
9. Internal fridge temperature may not be consistent from test to test
Safety Protocol
1. After pouring coals on the thermosyphon, all testers should remain a minimum of 100
feet from the thermosyphon, ensuring that the blast wall is between the thermosyphon
and the testers at all times
2. At all times one tester should remain alert and monitor the state of the equipment
3. If the fire temperature drops below the boiling point of the working fluid in the
thermosyphon, the tester may add more charcoal to the fire only if wearing protective
gear and done by reaching around the blast wall
4. In the case of a catastrophic failure or fire, the sprinkler system should be activated
immediately and testers should only approach the system with appropriate safety gear
and a hose
5. In the case of injury or system failure, the testing location supervisor or advisor
should be contacted for further instructions
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4.3 Final Prototype Results
It was observed that the internal pressure of the thermosyphon did not exceed the 250 psi failure
limit of the rupture disc. Therefore, the thermosyphon is far below the maximum pressure limit
of the material being used (800 psi) and may not require safety devices as a final product. The
thermosyphon reached an average operational temperature of 177°C during the tests with the
glycerol-water mixture. The internal ambient temperature of the absorption refrigerator without
the thermosyphon began to heat up after unplugging the electric heater, while the internal
ambient temperature of the absorption refrigerator with the thermosyphon continued to cool at
the same rate when unplugged from the electric heater (Figure 23).

Figure 23: Experimental Results – Behavior Without Electrical Input

Page | 38 of 70

Chapter 5: Cost Analysis
5.1 Prototyping Cost
Some design parameters have changed since the initial budget request, but with the scope to
accomplish a single heat exchanger design (thermosyphon), the expenditures were within the
initial budget requested. The prototype costs also include all required components to run
preliminary tests using the absorption chiller, thermosyphon, cook stove (grill), and testing
equipment. It can be seen that there were some expenses that were not initially planned for, but
they replaced expenses in other areas such as valves replacing the cost of metal materials. Most
of the miscellaneous cost went towards the test stand that needed to be built after discovering the
risk of over pressurization. Since a budget with sufficient buffer room for design parameter
changes was created, I managed to stay within the budget with an additional $0.89 left over.
Table 7: Estimated Budget and Expenditure Comparison
Thermosyphon
Welding Material
Solder
Metal Materials
Adhesives/Sealants
Fasteners
Working Fluid
Valves
Manufacturing Costs
Tests
Fittings
Sensors
Insulation
Grill
Absorption Refrigerator
Miscellaneous
Estimated Cost
Total Cost

Estimated
Actual
Cost
Cost
$20.00
$50.72
$20.00
$20.88
$400.00
$159.31
$15.00
$36.85
$20.00
$9.68
$20.00
$35.00
$0.00
$280.52
$0.00
$100.00
Estimated
Actual
Cost
Cost
$60.00
$0.00
$150.00
$0.00
$150.00
$51.29
$0.00
$39.00
$100.00
$96.00
$95.00
$169.86
$1050.00
$1049.11
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5.2 Estimated Production Cost
After meeting with several manufacturing shops and speaking with Alibaba suppliers from
China, the following cost estimates were made if the Cool Stove was going to be considered for
small scale production (5 units). The estimated cost per unit would be $91.00 which is below the
$100 cost goal for the product. The cost could be reduced even further by mass producing the
fridge. Mass production is within the scope of this product because there are an estimated 728
million homes in developing countries that currently do not have refrigerators.
Table 8: Estimated Production Cost (5 units)
Component

Cost

Absorption Refrigerator

$300

Thermosyphon Materials

$20

Manufacturing Cost

$60

Shipping Cost

$75

Total Cost

$455

Unit Cost

$91
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Chapter 6: Business Plan
6.1 Goals and Objective:
The goals and objective of the company would be to adequately distribute these refrigerators
throughout the developing world to alleviate illness due to food spoilage and lack of
vaccinations. In doing so, it is also important that the company remain profitable so that it can
expand into a stable company with better resources and distribution channels. In the first year,
the company would aim to donate 50 refrigerators for trial use and expand this into 100
refrigerators worth of sale. By the second year the company would aim to expand its sales to
800 Cool Stove units. To accomplish this, the goal is to have an initial sale of 5 refrigerators in
the first month, and increase the number of sales by 4 units each month. Due to the low buying
power of the market, the goal is to break even within the first 6 months before slowly building
the company value over the next couple years. The goal is to break a cumulative cash-flow of
$50,000 within 2.5 years of initial sales.
6.2 Potential Market
The market for off-grid refrigeration is an extremely large market with very few competitors.
There are an estimated 5.6 billion5 people in developing countries. Out of this population, 1.21
billion people do not have access to electricity.6 However, 38% of the population (2.13 billion
individuals) in developing countries rely on biomass fuel (cook stoves) for cooking.6 Therefore,
the market is somewhere in the range of 1.21 - 2.13 billion potential customers. Using the low
end of the spectrum of inhabitants that have no access to electricity for normal refrigerators (1.21
billion), it is also known that in developing countries there is an average of 5 inhabitants per
household. If a Cool Stove was implemented in 50% of these homes, it would result in the sale
of over 121 million units. However, if made affordable and properly marketed, there is a
potential for even more distribution throughout the developing world.
Currently, the only major distributor of refrigerators for vaccines in the developing world is
UNICEF who donates the Sure Chill refrigerator to communities recovering from natural
disasters. UNICEF donated 220 Sure Chill vaccine refrigerators to the Philippines after the
Haiyan super typhoon in attempts to restore their cold chain. However, only 20 of these Sure
Chill refrigerators were solar powered and would be adequate for off-grid purposes. From these
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occurrences, it could be assumed that the Cool Stove could be also utilized in emergency relief
situations thus expanding the market even further.
There are two main markets that I have reached out to that appear to be promising distribution
avenues for the Cool Stove. The most promising market is Rwanda. Potential customers for the
project are the healthcare centers established by PICO (People Improving Community through
Organizing) International and John Rutsindintwarane. PICO International has worked through its
main health center in Kigali, the well-developed capital city of Rwanda, to implement satellite
health centers in all of the extremely impoverished villages that make up Rwanda. The main
goal of the Rwandan government is to provide all of Rwanda with reliable electricity within the
next 5 years. However, these villages will remain without any power for those five years. This
customer needs a temporary, yet reliable, refrigeration solution to provide to these villages until
adequate electricity can be developed. The second potential customer is Amor Industries in
Mexico. They are a non-profit organization that works with a network of pastors in Mexico to
build houses for the poor. The local parishes are the main avenue for non-profit work in Mexico
and would provide strongly develop distribution connections throughout the country.
Further expansion of the product could be achieved through donations to UNICEF. For the first
year of production, it is planned to donate at least 50 Cool Stoves to UNICEF for trial
distribution throughout the world. More donations could be made for relief situations as needed.
By creating strong connections with UNICEF, it would open up worldwide distribution channels.
6.3 Competition
The main competition the the Cool Stove is the Sure Chill. The Sure Chill is a UK based
company that has developed a refrigerator that can keep vaccines cool for over 35 days. While
the refrigerator currently runs off of electricity, there is an option for a solar powered version. It
is estimated that the Sure Chill retails for $2,600 and is backed by a $1.4 million grant from the
Gates foundation.16 The main distributor of the Sure Chill is UNICEF. It was reported that
UNICEF ordered more than 500 refrigerators from Sure Chill in the first 12 months. This deal
was valued at over one million dollars.17,18 However, instead of focusing on off-grid
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communities, Sure Chill is beginning to target commercial markets in India. This could be due
to the high cost of their refrigerator units and low return in off-grid communities.
The Cool Stove would be advantageous against the Sure Chill for two main reasons: motivation
and affordability. The Sure Chill was developed to provide vaccine refrigeration for developing
countries that had minimal access to electricity; the Cool Stove was developed to provide
vaccine refrigeration for developing communities that have no access to electricity. Since Sure
Chill refrigerators cannot tap into the large market of developing countries that have no access to
electricity, they have moved from their niche market of developing countries with electricity to
the broader market of commercial sales in India. Another reason why the Cool Stove would be
much more advantageous in developing countries is its extremely low cost. The Cool Stove can
be developed for $91 in small scale units, but this cost can easily be reduced to $41 if mass
produced. This would allow the Cool Stove to be sold for much cheaper than $2,600 allowing it
to be more widely accessible for the developing communities that I am targeting.
6.4 Sales/Marketing Strategy
The Cool Stove requires minimal sales and marketing due to the non-consumeristic market that I
am targeting. The goal is to set aside $500 a month for advertising and reaching out to nonprofit organizations such as UNICEF. However, after a contract can be made with one of these
non-profit organizations, there will be very little need for marketing as the non-profits will be
distributing the refrigerators in the developing countries.
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6.5 Product Cost & Pricing
The initial production cost will be $91 per unit. The goal is to get the production cost to $50 per
unit in just over a year due to the increase in volume. By this time, I aim to be producing 50
Cool Stove units per month. Within 27 months the aimed production cost will be $40 as I aim to
produce at least 100 Cool Stoves per month. In addition to these costs, it is planned to rent
storage space after the first year for $1,000 a month and to begin hiring employees capping out at
$6,875 a month. After the second year of production I aim to be based out of a $3,000 a month,
10,000 square foot warehouse in San Jose’s industrial section19 and increase the salary cap to
$13,750 a month.
Fridges will be acquired from China. The thermosyphon will be manufactured locally and
attached to the fridges in-house. Shipments will be made from the storage facility or warehouse.
With enough capital, the goal is to manufacture and assemble all components in China and ship
directly to the non-profit organization.
Pricing will start high and reduce as demand increases. The introductory price of the Cool Stove
will be $500 per unit for the first six months. The Cool Stove will then decrease to $300 for
three months, $250 for six months, and will finally settle at a price point of $200. While doing
this, an extra 5 Cool Stove units will be produced every month for donation, special-sales, and
warranty purposes. With this plan, the following cash flow is predicted (Figure 24):
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Cool Stove Cash Flow
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Figure 24: Cool Stove Business Plan – Cash Flow Chart
From the cashflow diagram, it is observed that minimal investment will be required. An initial
investment of $30,000 would be required for development costs, however, this would be made
back and repaid with interest in just under 2 years of initial funding.
6.6 Service or Warranty
The refrigerator will have the same 5-year warranty that is given by the manufacturer that only
covers manufacturing defects. This will not cover any damage that is done by the operator.
Similarly, the thermosyphon will have a 5-year warranty that covers the thermosyphon due to
manufacturing defects or normal wear and tear on the unit. In the case that the refrigerator
breaks, an entirely new Cool Stove system will be sent to replace the defective refrigerator. In
the case that the thermosyphon is defective, a new thermosyphon will be sent with tools and
instructions for replacement. This has been worked into the manufacturing cost in the 5 extra
units that are produced each month.
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Chapter 7: Engineering Standards & Realistic Constraints
7.1 Economic
Economic factors must be taken into account for this project because the project is aimed to be
implemented in developing countries that do not have access to reliable electricity. The Cool
Stove system needs to be inexpensive to manufacture in order for the product to be affordable in
developing countries. If the product costs too much money, even if it will make a difference,
nobody in the developing world would buy the Cool Stove system. Currently, one of the more
commonly used refrigerators in developing countries for vaccines is donated by the UN
Children’s Fund (UNICEF). This refrigerator is estimated to cost $2,300 which is much more
than most individuals could afford. For this reason, all of these refrigerators were donated
instead of purchased. This does not make for a good business plan since it would be impossible
to continue producing Cool Stove systems if they were not profitable for the developer.
Therefore, it is important to reduce the production cost in order to remain profitable at affordable
selling costs.
Another aspect that must be kept in mind when making the refrigeration system is ease of repair.
The Cool Stove must be able to be repaired with local and affordable “non-specialty” materials
and parts. If the product is low cost but can only be repaired using materials found solely in the
United States, then it becomes difficult and expensive to make repairs. It is also important that
the product be reliable. Even if the product is initially inexpensive to buy, if it continually
breaks down and costs a lot of money to maintain and repair in the long-run, then it will not truly
be an affordable product.
7.2 Environmental
Environmental factors are inherently included in the project because it is meant to be driven by
the heat emitted from cook stoves. This means that I am not using electricity, burning fuel, or
emitting pollutants into the air. On the contrary, I am taking existing thermal energy and
converting it into refrigeration. While the cook stoves that will power the refrigerator work off
burning wood or coal that release toxic fumes into the air, these fires are already being used for
cooking purposes. Ideally, the system could operate without any extra use of the cook stove
outside of normal use by the inhabitants. Unfortunately, this ideal might not be able to be the
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reality and communities that do not cook with biomass fuel may end up burning biomass fuel to
run their refrigerators. This will have an adverse effect on the environment and is something that
must be considered if taken to a full scale production.
In designing the Cool Stove product, the material choices were also a big consideration in how
the product affects the environment. The main concern is the use of toxic materials. There could
be adverse effects to the environment if toxic materials are used to build the Cool Stove. One
aspect of the Cool Stove that took a great amount of consideration was the working fluid inside
the thermosyphon. While more toxic working fluids could be more affective, there is a high risk
of exposure of the working fluid to the environment. For this reason, non-toxic working fluids
were chosen for the thermosyphon.
The Cool Stove would also have a positive role on the environment through its food storage
capability. By being able to keep food from spoiling and having more available food, it reduces
the need for over farming, hunting, and fishing that is a result of food spoilage.
7.3 Sustainability
Sustainability at this day and age is a very important factor to consider when engineering
anything. For this project specifically, sustainability played an important role in the material
choice for the product. I wanted to make sure that the materials I used would be easily recycled
or reused and not something that would sit in a landfill for years. Thus, chemical finishes on the
materials and non-recyclable insulations such as Styrofoam would make the Cool Stove and
unstainable product. Also the intention of the project is to use already existing waste energy and
turning it into refrigeration. Therefore, the user is getting more out of the same amount of
pollution.
One of the more important aspects of sustainable design is the reliability of the product. By
creating a reliable product, there are two contributing factors to waste that are reduced. The first
is the ultimate throwing out of a device into a landfill. By producing a reliable device that could
operate over an extended lifetime, the need for new devices is reduced and as a result the old
devices stay out of the landfills. Similarly, if parts on the thermosyphon continually fail and

Page | 47 of 70

need to be replaced, the broken parts will end up in a landfill. By producing parts that do not
need replacing, or parts that can be easily recycled, the amount of waste is greatly cut down.
A final design consideration that makes the Cool Stove a sustainable design is the passive nature
of the thermosyphon. By utilizing a thermosyphon, the need for an additional fuel source is
eliminated. No additional electricity is needed for the thermosyphon or refrigerator to operate,
and since the system is powered by reclaimed energy, there is no additional fuel that is needed
from the stove to create the refrigeration. Another important design characteristic of the
thermosyphon is that it is a closed system. This means that the working fluid within the
thermosyphon is not a consumable that is being burned off and it does not need to be replaced
over the lifespan of the product.
7.4 Ethical
Ethics is important to my project because I am creating an absorption refrigerator that is
supposed to maintain a low temperature range. This means that people will trust that the
refrigerator will remain at the temperature range the fridge claims to provide them. Since I am
building this with the end goal of being implemented in developing countries for vaccine and
food storage, the refrigerator needs to maintain those low temperatures. If the refrigerator does
not keep the food or vaccines in the allowable temperature range, then they will no longer be
functional and the refrigerator did not serve its purpose. I have to ensure that the system is able
to work in the way I say it will, and that it will keep vaccines cold or else I am not being ethical.
In order to make sure I am being as ethical as possible, I must run multiple tests that simulate the
environment the device is being implemented in.
From a broader point of view, it is important that the product meets all of the other design
standards and engineering constraints if it is going to be ethical. An ethical product is reliable,
environmental, sustainable, affordable, socially accepted, practical, and safe. If the product
knowingly does not meet each of these standards it cannot be considered an ethical product.
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7.5 Social
Based on the background of the problem, the product would provide the perfect solution for
rural, endpoint storage. If released as a viable and an affordable product, the cool stove has the
potential to drastically reduce illness and mortality rates in developing countries. The
International Institute of Refrigeration reported that chilling perishable foods at temperatures in
the range of -2°C to +13°C could lengthen the shelf life of the foods by 10 to 120 days
depending on the perishable nature of the product. It was also reported that the shelf life of the
foods could be extended much longer if the foods are frozen at temperatures at or below -18°C.
These frozen foods are also much less susceptible to spoilage due to minor temperature
fluctuations.5 In another study, the International Institute of Refrigeration found that the cause
for over 90% of foodborne illnesses is associated with poor temperature control.5

Similarly, the

2008 World Health Organization Cancer Report stated that stomach cancer has been reduced by
89% in men and 92% in women since 1930 due to improved hygiene and refrigeration.20 With
regards to vaccines, access to proper refrigeration has a strong correlation to increased life
expectancy. One such case was the eradication of poliomyelitis (commonly known as polio)
with the help of adequately refrigerated vaccines in developing countries. In the twelve years
between 1988 and 2000, the number of cases of poliomyelitis dropped from 350,000 to below
3,500, marking a 99% decrease in infection worldwide.21
These studies are crucial signs for the impact of the Cool Stove as a feasible product. Assuming
that there is on average 5 persons per household in developing countries22 then an assumed 130
Cool Stoves could be implemented in addition to the current 70 household refrigerators per 1,000
inhabitants in the developing world. This would put a refrigerator in nearly every single
household in the developing world. This is assuming that the Cool Stove would be made
affordable enough to put in every single household. By doing this, the 23% of food that is lost in
developing countries due to a lack of refrigeration could be utilized. This would provide every
single person in the developing world with an extra 78.73 pounds of food every year. The extra
food could provide inhabitants with the much needed nutrition that they lack and aid in the fight
against malnutrition. More importantly, the quality of the food could cut into the estimated 2.2
million child deaths from foodborne illness every year. Assuming the implementation of proper
refrigeration would make the United States and Canada accountable for 0.25% of the worlds
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deaths due to foodborne illness under the age of 5 (currently at 892 deaths per year23) then the
rest of the world would only suffer 356,800 deaths per year. That would result in an 83.8%
decrease in child mortality due to foodborne disease in developing countries.
While it has been observed in the polio case that, with proper refrigeration, 99% of a disease
could be eradicated worldwide, I will take a more conservative approach with estimating the
impact of the Cool Stove with regards to immunization and disease prevention. Currently more
than 100 million children are immunized each year against tuberculosis, polio, measles,
diphtheria, tetanus, pertussis, hepatitis B, Haemophilus influenza type B, and yellow fever
contributing towards an estimated 2.5 million saved lives each year.1 For this project, I will
assume that proper storage of vaccines using the Cool Stove could increase immunization by 5%.
This would result in more than 5 million kids receiving much needed vaccinations which could
contribute towards more than 125,000 saved lives every year.
7.6 Arts
As part of satisfying the SCU Core Arts & Humanities requirements, members of this team have
all contributed original drawings, sketches, and/or CAD models and drawings to this project.
Below are listed a sampling of at least one such artifact, and a reference to it, for each of the
team members.
Table 9: Arts Requirement
Team Member

Robert Bernal

Description

Location

System Sketch

Figure 2

Thermosyphon Conceptual Sketch

Figure 7

Finite Element Analysis – Effects of Insulation on
Boiler Column
Thermosyphon Prototype – Solidworks CAD Model

Figure 13

Thermosyphon Assembly Drawing

DWG A001;
Appendix G
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Figure 20

Chapter 8: Summary & Conclusions
This project aimed to develop a viable way to power absorption refrigerators using cook stoves
in developing countries. In order to do this, the product had to be affordable, reliable, resilient,
and safe. The proposed solution was the use of a thermosyphon as a heat exchanger to transfer
heat from a cook stove to an absorption chiller. Thermosyphons consist of a sealed vessel with a
small amount of internal working fluid that can transfer the heat from one end of the
thermosyphon to the other end via a passive process. One end of the thermosyphon was placed
inside a cook stove, while the other end was attached to the boiler of an absorption chiller.
There were three main design constraints that affected the performance of the thermosyphon:
insulation, pipe diameter, and working fluid. By insulating the thermosyphon at the boiler of the
absorption chiller it was found that less heat was required to make the fridge operational and that
the fridge became operational in a shorter amount of time. Thus, the performance of the
thermosyphon could be improved with the use of insulation. Additionally, it was determined that
the pipe diameter had an effect on the maximum operational temperature of the thermosyphon.
With increased pipe diameters for the thermosyphon, an increase in the maximum temperature
achieved at the tip of the thermosyphon was observed. The working fluid was found to be the
dominant degree of freedom for the performance of the thermosyphon. It was determined that a
95.86% glycerol-water mixture was ideal for the desired temperature of 180°C. This mixture
was also much safer than a pure water mixture as it would only reach an internal pressure of 7.09
psi instead of 145.35 psi.
After extensive testing, it was observed that the ½ inch diameter glycerol-water thermosyphon
can safely obtain an average boiler temperature of 177°C at low pressures. Therefore, using
thermosyphons to power absorption refrigerators from cook stoves is a viable solution for
domestic refrigeration in developing countries. There are two future recommendations that
would improve the feasibility of the Cool Stove system. The first consideration is improving the
manufacturing of the thermosyphon to get rid of leaks. This would allow the Cool Stove to
operate over extended periods of time. Another improvement would be the implementation of
the technology used in the Sure Chill refrigerator to increase the time that the refrigerator could
stay cold.
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Appendix A: Detailed Calculations
A.1: Required Surface Area Calculation
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A.2: Required Heat Exchanger Height Calculation

A.3 Working Fluid Pressure Calculations
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** The datum used was taken from the Norcold N300 Absorption Refrigerator data sheet

Appendix B: PDS
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Appendix C: Selection Matrices
Table C.1: Heat Transfer System Selection Matrix

Table C.2: Absorption Chiller Selection Matrix
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Table C.3: Refrigeration Compartment Selection Matrix
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Appendix D: Budgeting Analysis
Table D.1: Initial Budget Breakdown
Category

Sub-Category

Cost Breakdown

Category Cost

Supplies
$1215.00
Heat Exchanger

$495.00

Welding Material

$20.00

Solder

$20.00

Metal Materials

$400.00

Adhesives

$15.00

Fasteners

$20.00

Working Fluid

$20.00

Tests

$360.00
Fittings

$60.00

Sensors

$150.00

Contact & High Temp. Materials

$150.00

Cooler

$360.00
Insulation

$60.00

Metal Materials

$200.00

Adhesives

$50.00

Fasteners

$50.00

Travel
$0.00
Contracted Services
$700.00
Welding Heat Exchanger/ Cooler
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$400.00

Machining Heat Exchanger

$300.00

Special Events
$0.00
Miscellaneous
$180.00
Absorption Chiller

$150.00

Pump for Working Fluid

$30.00

Contingency 10%
$191.50
Total Cost
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$2286.50

Table D.2: Prototype & Testing Budget Breakdown
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Appendix E: Gantt Chart
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Appendix F: LabView Data Acquisition Program
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Appendix G: CAD Model & Assembly Drawing
G.1 Thermosyphon Prototype – Solidworks CAD Model
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G.2 Thermosyphon Prototype – Assembly Drawing
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Appendix H: Data
H.1: Boiler Temperature Comparison – Insulated & Non-Insulated Boiler

H.2 Internal Fridge Temperature Comparison – Insulated & Non-Insulated Boiler
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H.3 Thermosyphon Pipe Diameter & Wick Structure Test Results

H.4 Experimental Results – Ambient Fridge Temperature Without Electric Heater
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H.5 Cool Stove Business Plan – Cash Flow
Cool Stove Cash Flow
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Cumulative Cashflow

