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1 INTRODUCTION 

"What possible difference to the future of the world will it make 

f I walk up the office stairs instead of riding in the lift while 
everyone else still takes the lift? Or switch the heating down and 

put another pullover on, or buy locally-produced goods instead 

of goods from far away, or don't have to drive around in a car 

so much, if everyone else just carries on as before? We all have 
these thoughts, and so each of us goes on acting as if there will 

be no tomorrow; which there won't be if we don't change our 
ways. But if it true that the only person over whose actions I 

have control is myself- then it does matter what I do. It may not 

matter a jot to 'the world', or to 'life or to the person nearest, 

but it must matter tome. So, if there is to be any hope for us, 

each one of us must take responsibility for what we do." 

- John Seymour, 1991 

In the last decade, people have been modifying their behaviour and lifestyles to 'thinking 

globally and acting locally' with regards to preserving our planet. We are individually 

responsible for our actions, thus while our actions are relative to a particular time and 

place, their impacts may be long-term and global (Nozick, 1992). Although there has 

been an increased awareness of the environmental impacts created by our North American 

lifestyles, as evidenced by the increase in environmental programs such as recycling, 

government 'eco-labelling' of products, and so forth, we still need to progress further in 

trying to achieve a sustainable way of living. Drawing from the definition of 'sustainable 

development' by the National Task Force on the Environment and the Economy, 

sustainable living ensures that "the utilization of resources and the environment today 

does not damage prospects for their use by future generations" (CCREM, 1987). On a 

global level, Canadians impose many stresses on the environment, particularly with being 

the world's highest per capita energy users, as well as creators of a great deal of waste 

(Table 1). Within our daily lives on a local level there are many facets which contradict 

sustainable living, including our excessive use of energy rather than maximizing 
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conservation; creation of pollutants from hazardous materials that endanger air, water and 

soil quality; abuse of our natural resources (e.g., open spaces and wilderness areas); 

increased waste disposal in what has become a 'throw-away' society; the creation of poor 

quality consumer products which feed excessive consumption; and the list goes on. 

Table 1 

W
A
S
T
E
S
 

E
N
E
R
G
Y
 

I
 

CANADA UNITED UNITED ITALY WEST 
STATES KINGDOM GERMANY FRANCE JAPAN 

Energy use per capita, 
1987 
(gigajoulea) 

291 
(Enough energy to drive a 
compact car around the 
world three times.) 

280 150 105 165 109 110 

% Increase inenergy 
use, 1977.87 

2 12 6 18 2 10 0 

15,780 18,350 10,275 6,600 11,000 6,240 7,700 
Carbon dioxide emissions, 
1987 
(tosses per capita) 

(Enough carbon dioxide 
to cover an entire football 
field one mile deep.) 

Average annual sulphur 11,60 
dioxide emissions, 

6,100 7,200 5,100 3,800 3,900 1,300 

1982.84 
(tonnes produced for every 
$1 billion US worth of 
products manufactured) 

(Enough sulphur dioxide Is 
produced each year to fill more 
than 400 fifty-gallon rain barrels 
for every person in Canada.) 

Garbage generated per 
capita in municipalities, 
1986 
(kilograms) 

630 

(Equivalent to about 90 
large bags of trash per person.) 

762 313 263 317 272 344 

Annual production of 12.6 65.9 7.6 4.7 7.4 3.6 0.4 
hazardous waste (1990) (1985) (1986) (1980) (1985) (1984) (1986) 
(tosses produced for every 
$1 billion US worth of 
products manufactured) 

(Enough hazardous waste 
to fill more than 500 
garbage trucks.) 

(Note: Based upon the seven largest industrial countries in the world.) 

(Source: Resource Futures International, Calgary Herald, October 20, 1990, Al.) 

Industrial designers can be at the forefront for taking the initiative in designing 

environmentally sensitive products, and people are becoming better informed in how the 

products they purchase have an impact on the environment. It is becoming a fundamental 

responsibility of designers to include environmental considerations in the design process 

in order to create products that will encourage conservation, discourage excessive 

consumption and minimize many adverse impacts that a product's life cycle may have on 

the environment. 

The goal of this Master's Degree Project is to design a refrigerator for domestic use 

which attempts to minimize the adverse impacts on the environment during its life cycle, 

while providing a safe and efficient means for low temperature food storage. Existing 

refrigerators have serious environmental implications in the areas of CFC usage, energy 
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consumption, and disposal. My task is to demonstrate how a product which has 

commonly used the same technology and construction for many years, can be redesigned 

in an environmentally responsible manner. It is necessary to briefly outline principles 

that guide design responsibility as they relate to product design. The following ideas will 

be discussed: the inclusion of environmental responsibility as a part of design criteria; 

designing with respect to the three Rs (reduce, reuse, recycle); and a gradual change 

towards a more sustainable way of living. 

1.1 'Environment' as Part of Design Criteria 

With any design problem there is a set of criteria which must be met. Designers can 

make a difference to the effect a product has on the environment as they may be 

responsible for influencing the key decisions that will satisfy the criteria (Mackenzie, 

1991). The industrial designer is not only responsible for incorporating function, 

ergonomics, aesthetics and technology into a design, but often has a voice in the choice 

of materials, production processes, how the product is to be used and how it is to be 

disposed of. Questions that a designer may pose are: What materials will be used and 

from where will these be obtained? How will the product be manufactured? Can parts of 

the product be reused or recycled? (Mackenzie, 1991). The designer has little choice but 

to include in the criteria of any project, principles which reinforce designing for minimal 

environmental impact. The primary aims of the environment conscious designer 

therefore, are to achieve the maximum possible use and value from the least quantity of 

energy and materials, to minimize the number of resources required, and to minimize 

pollution (atmospheric, water, ground) during the manufacture and life cycle of the 

product (Mackenzie, 1991). 

1.2 Designing with the Three Rs in Mind 

Because design is part of the cycle of consumption and ultimate disposal, no matter how 

inventive or useful a product is, designers need to address the issues of reducing the 

quantity of products and increasing the quality of products, and thus begin to provide 

solutions to some of the environmental problems that their profession has inherently 

created (De Forest and Viemeister, 1989). Education is the key to understanding the 

environmental impacts of products and recently there has been a surge of information 

outlining the role that designers may play in preserving the environment. One set of 

guidelines for practising design according to the three Rs (reduce, reuse, recycle) and 
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adopting the principles of environmental stewardship has been developed by the Coalition 

for Environmentally Responsible Economies (CERES) (Table 2). 

Table 2 

• Advocacy for Safe Products and Services 

Designers will advocate with their clients and employers the development of 

buildings, landscapes, products, communications and spaces that minimize 

environmental harm and are safe for use by people. 

• Protection of the Biosphere 

Designers will seek to minimize the release of any pollutant that may endanger air, 

water or earth. 

• Sustainable Use of Natural Resources 

Designers will strive to make sustainable use of renewable natural resources, 

including the protection of vegetation, wildlife habitats, open spaces and 

wilderness. 

• Reduction of Waste and Increasing Recycling 

Designers will try to minimize waste. To this end, they will design for durability, 

adaptability, repair and recycling and will include these as criteria in their 

purchasing and specifying. 

• Wise Use of Energy 

Designers will choose environmentally safe energy sources and adopt energy 

conserving means of production and operation whenever possible. 

• Reduction of Risk 

Designers will seek to minimize environmental risk to the health of their 

employees and the users of their designs. 

• Sharing Information 

Designers will share information that will help their peers to make the best choices 

in specifying materials and processes.  
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While these principles are worded broadly to cover the work and impact of the various 

design professions, ID magazine has developed a set of general points to follow that are 

specific to the industrial design profession (Table 3). 

Table 3 

• Reduce the amount of materials used in packaging and 

products. 

• Design products specifically for a second life. 

• Design single-material products whenever possible; these 

items are more easily recycled and are more valuable as 

recyclables. 

• Design plastic products with single resins so they can be 

recycled into similar applications. 

• Use recycled and recyclable materials in designs. 

• Design products with recyclable parts to extend life cycles. 

• Design products for easy disassembly to aid in the recycling 

process. 

Avoid the use of toxic pigments and toxic substances in 

designs. 

• Design for durability. 

• Include information to educate consumers about the 

environmental qualities of products. 

Both of these sets of guidelines are invaluable to the preliminary thought processes 

involving environmentally responsible design and its realization. 

.3 A Sustainable Way of Living 

The underlying theme for including environmental responsibility in the design process is 

that of sustainable development. The complexity of the concepts of sustainable 

development will not be fully addressed here since there are many differing definitions, 

interpretations and approaches to the concept. However, the notion of 'thinking globally 

and acting locally' does apply, as one becomes aware of the wider impacts of our 
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individual actions on other people, the eco-system and future generations (Nozick, 

1992). What designers produce will inevitably have an effect on the world as a whole. 

The model which will direct product development in the future, particularly domestic 

products, stems from the development of sustainable communities. Sustainable 

communities will emphasize the efficient use of urban space, the reduction in the 

consumption of energy resources and materials, and encourage long-term social and 

ecological health (Roseland, 1992). One vision of a sustainable city is as follows: 

A sustainable city thinks of itself whole, moves with 

change, and plans for permanence. Above all, this implies an 

acceptance of responsibility and nurturing of solutions at the 

local level; conserving indigenous resources and managing them 

for sustained yield; fostering local production to meet more of 

local needs; designing political systems to support decision-

making at the lowest possible level; and, everywhere, 

encouraging low-cost, community self-help strategies that 

empower people to help themselves. The vision is still a distant 

one. It may require nothing less than a reorientation of our 

values. But doing such things, a city will survive and endure. 

Pieces of such a vision have already begun to appear: 

neighbourhoods that have experimented with integral food, 

energy and waste systems; cities that have built energy 

conservation into their street design, zoning and building codes; 

urban regions that are assessing the levels of growth and 

development that can be supported by their air- and watersheds; 

whole states that are being studied to determine their ability to 

become self-reliant in food production. Make no mistake about 

it, the transition has begun. 

-RAIN, 1981 

The move towards a sustainable way of living will have an effect on design, perhaps in a 

shift in the way of thinking about products, a shift in the way of doing things with 

products and a reassessment of our value systems such that we will redefine what is 

considered to be important to us and to those around us. A change in the way products 

look and function will add not only to the quality of product design but also to the quality 

of our lifestyles. 
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2 DESIGN BRIEF 

"One cannot build life from refrigerators, politics, credit 

statements and crossword puzzles. Nor can one exist for any 

length of time without poetry, without colour, without love." 

- Antoine De Saint-Exupery 

Although one cannot build life from refrigerators, the mechanization of refrigeration has 

had a dramatic impact on lifestyles since the late nineteenth century, affecting the 

preservation, transportation and purchasing of food. The invention of the refrigerator has 

not only led to changes in our shopping and eating habits, it has become a ubiquitous 

appliance that is an integral part of our lives. This same refrigerator, however, is 

presently undergoing environmental scrutiny. 

There are two major environmental issues that are prompting a change in the way 

refrigerators are being designed now and will prompt further change in the future. These 

are chiorofluorocarbon (CFC) use and energy consumption. It has been well 

documented that the depletion of the ozone layer has given impetus to finding alternatives 

for the use of CFCs. In Canada, the refrigerator is one of the biggest energy users in the 

home, slightly behind the furnace and the hot water heater (TransAlta Utilities, 1992). 

This appliance alone can use approximately ten percent of all the electricity used in the 

home (Caplan, 1990). These two issues have prompted the development of a design for 

a refrigerator that takes the major environmental concerns into consideration, namely 

alternatives for CFC use, minimization of energy used, and the minimization of waste 

created at the end of its product life cycle. Other design considerations relevant to a 

refrigerator will also be addressed, including function, ease of use, aesthetics, and 

materials and production processes. 
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2.1 Assumptions 

The assumptions made prior to the development of the design are as follows: 

• All research collected is based upon literature that is relevant to the set time frame 

(i.e., five to ten years hence), and therefore, any undocumented or unproved new 

technologies that may be just emerging are not addressed in this project. These could 

be the subject of future study. 

• New refrigeration technologies have been emerging since the U.S. Department of 

Energy set standards in 1990, through government legislation, calling for a reduction 

in energy consumption as well as since the international agreement to phase out ozone 

depleting substances by the year 1995 (U.S. EPA, 1992). In this project, technology 

is perceived to be a 'givent, in that even though some of the technology is still in the 

research and development stage, in principle it can be used (but potentially requires a 

substantial amount of time and effort before it can be implemented into domestic 

cooling systems). The technologies will be considered as feasible possibilities for the 

future and thus be embraced without having to prove or test their viability. 

• In focusing on the environmental issues related to refrigerator design, the focus will 

be on a 'user to grave' rather than a 'cradle to grave' approach. It is not within the 

scope of this project to conduct a complete life cycle assessment of the refrigerator 

which would look at the extraction and processing of raw materials, the 

manufacturing of raw materials, waste outputs, transportation costs, etc. Future 

work could include a life cycle assessment of the product as part of an extensive 

study of any adverse environmental impacts, the optimization of materials and the 

manufacturing processes. 

• The primary concern in this project is design. The nature of this project being such 

that the concentration is upon industrial design rather than engineering, any 

engineering principles presented will not be exhaustive in form or depth. As with any 

design project, further analysis and testing will be required after the development of 

the design proposal by experts in engineering and other fields. 

• Due to the nature of the project, it is speculated that since production would be aimed 

at five to ten years into the future and several technologies proposed are in the 

research and development stage, it is unrealistic to complete a detailed cost analysis of 
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the product at this time. The current costs of materials and production for the 

proposed technologies would be too prohibitive. The complexity and great number 

of components required in a refrigerator design would suggest that a complete cost 

analysis would be recommended and timely with future development of the proposed 

design, as the analysis would be a major undertaking in itself. What will be proposed 

however, will be very rough estimate of a retail cost, based upon materials and 

manufacturing processes, in order to compare the proposed design with a 

conventional refrigerator on the market today. 

2.2 Design Criteria 

The design of the refrigerator will address the following needs and considerations: 

• Eliminate the use of CFCs as a refrigerant and as a blowing agent for insulation. 

- Explore new refrigeration technologies, including those that are currently under 

development, which do not us&CFCs and which may be more energy efficient. 

• Reduce the overall energy consumed by taking into consideration: 

- ways to provide a passive means of cooling 

- inherent design features which will help to conserve energy 

• Utilize quality materials that are long-lasting both functionally and aesthetically and 

lend themselves to recyclability. 

• Provide durable, and possibly modular, components for ease of repair, replacement 

and recycling. 

• Utilize essential human factors principles to allow for ease of use. 

• Provide optimum storage temperatures for the various types of foods stored. 

• Demonstrate that the appropriate market for this product will be residential 

communities, in particular, those encouraging a sustainable way of living. 
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3 DESIGN CONSIDERATIONS 

The criteria for designing a refrigerator that takes environmental issues into account, yet 

also functions as a safe and efficient system for the cold storage of food and is 

aesthetically pleasing, will only be fulfilled by examining a number of design 

considerations. These considerations will be discussed respectively under the following 

headings: CFCs, Energy Use, Product Use, Optimum Cold Storage for Food, Choice of 

Materials in Product Manufacture and Appropriate Market for the Product. The 

information presented with respect to each of these areas is not exhaustive in form, 

however, feasible possibilities have been taken into account to determine which features 

should be incorporated into the final design. Before the design considerations can be 

addressed however, a brief overview of how an existing refrigeration system works is 

initially provided as a frame of reference. 

3.1 How a Conventional Refrigerator Works 

A conventional refrigeration cycle works in the following manner (figure 1): 

Figure 1 

LIQUID REFRIGERANT 

REFRIGERATED SPACE 

t 

CAPILLARY 
TUBE 

CONDENSER 
COIL 

EVAPORATOR 

/ 
GASEOUS REFRIGERANT COMPRESSOR 
UNDER INCREASING PRESSURE 

SUCTION LINE 

GASEOUS REFRIGERANT 
UNDER LOW PRESSURE 

(Sources: Colliers 

Encyclopedia, 

Volume 19, 1982; 

ASHRAE 

Handbook 1988 

Equipment, 

Chapter 37, 1988.) 
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I . Electricity supplied to a motor, drives a compressor which draws refrigerant vapour 

(low pressure, higher temperature) from the evaporator and compresses it. 

Compression raises the boiling point of the refrigerant. 

2. The vapour (high pressure, higher temperature) then travels through the condenser 

rejecting heat to the ambient air. This causes the temperature of the vapour to drop 

below its boiling point and the refrigerant condenses to a liquid. 

3. The liquid refrigerant (high pressure, lower temperature) then passes through the 

capillary tube (expansion valve) to the evaporator where it undergoes a pressure drop. 

The drop in pressure lowers the boiling point of the refrigerant below its existing 

temperature. This causes the refrigerant (low pressure, lower temperature) to 

vapourize and absorb heat from its surroundings. 

4. The vapourized refrigerant is then drawn back into the compressor through the 

suction line and the cycle begins again. 

The two components of the refrigeration cycle that are inevitably subject to design 

changes with respect to finding an alternative for chiorofluorocarbon use are the 

refrigerant and the compressor. 

3.2 CFCs 
According to the United States Environmental Protection Agency in 1986, use of CFCs 

in refrigeration accounted for twenty-five percent of all global CFC use (Global 

Tomorrow Coalition, The, 1990). In the early 1970s, the world was injecting almost a 

million tons of chlorofluorocarbons into the air and it was estimated that that amount of 

chlorine would destroy between seven and thirteen percent of the ozone layer within the 

coming century (Caplan, 1990; Weiner, 1990). Unfortunately, ozone depletion was 

occurring at a much faster rate than was originally forecast, as there has now been more 

ozone loss than was predicted to occur by the year 2020 (Caplan, 1990). The discovery 

of the damage to the ozone layer forced the industrial world to recognize that something 

had to be done about CFC use. Initiatives like the 1987 Montreal Protocol calling for a 

cutback in consumption of CFCs have triggered the search for alternatives (Environment 

Canada, 1989; U.S. EPA, 1992). CFC suppliers have been scrambling ever since, to 

develop new refrigerants and substitutes for blowing agents for insulation that are 

environmentally safe and do not compromise reliability and performance. 
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The use of CFCs as a refrigerant, alternatives to the conventional mechanical system that 

will eliminate the use of CFCs, and the use of CFCs as a blowing agent for insulation 

will be discussed respectively. 

3.2.1 Use of CFCs as a Refrigerant 

Types of refrigerants include the noble gases (e.g., argon, helium), ammonia, carbon 

dioxide, propane, and freon, otherwise known as CFC-12. The use of CFCs as 

refrigerants accounts for twenty percent of the total CFCs used in the manufacture of a 

refrigerator, with dichiorodifluoromethane (CC12F2 or CFC-12) being the commonly 

used refrigerant. The other eighty percent, as described later, is used as the blowing 

agent for insulation. There are several substitutes currently being investigated as possible 

substitutes for CFC-12. Many of them are HFCs or HCFCs, which are 

chlorofluorocarbons containing hydrogen; this makes them less persistent in the 

environment (Environment Canada, 1989). HFCs are further distinguished from HCFCs 

in the fact they do not contain chlorine which is an element causing harm to the ozone 

layer. Some of the new refrigerants and refrigerant mixtures that are being investigated 

as replacements for CFC-12 include HFC-134a, HCFC-22, HCFC-22/HCFC-142b, 

HCFC-22THFC- 152a/HCFC- 124 and HCFC-22/HFC- 152a/CFC- 114. Most of these 

would require design changes in the refrigeration system (for compatibility with the 

mechanical parts of the equipment) and early indications are that all will increase energy 

consumption, possibly by five to ten percent, if substituted directly into existing systems 

(ORTECH International, 1989; Henry (2), 1991). The leading candidate as a potential 

substitute is norfiurane (C2H2F4 or HFC-134a) and its pros and cons are listed below to 

illustrate the impacts of this alternative. 

Pros of HFC-134a 

• For the same mass released of HFC-134a and CFC-12, HFC-134a has an ozone 

depletion potential of zero while the relative ozone depletion potential of CFC-12 is 

equal to 1.00 (Snyder, 1990). 

• It does not have any anaesthetic, toxic or corrosive properties (Snyder, 1990). 

• It has good heat transfer characteristics (James Stevens, 1992). 

• Large scale production began in 1993 and higher levels of production are planned for 

subsequent years (Snyder, 1990). 
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• The automobile industry as well as the refrigeration industry is committed to its 

development. This commitment will have a positive effect on lowering its price by 

increasing usage in the future (Snyder, 1990). 

Cons of HFC-134a 

• There are increased costs for implementation into existing refrigeration systems. For 

example, standard refrigerant oils (required for compressors to run smoothly) are less 

soluble with this refrigerant. This has lead to the development of new lubricating oils 

and compressors, thus resulting in additional costs (Remich, 1991; Stevens (1), 

1991). 

• There may be possible energy efficiency degradations if it is substituted directly into 

existing systems (Henry (2), 1991; Stevens (2), 1991; James Stevens, 1992). 

• The chemistry of HFCs in the atmosphere is not well understood and it may turn out 

to be only an interim solution (Browne, 1992). 

Even though HFC-134a has some disadvantages, there is a general trend towards using it 

until another advanced refrigerant is developed. In North America, refrigerant suppliers 

such as Dupont, ICI Fluorocarbons, Allied Signal and Atochem have all invested in this 

alternative and refrigeration and automobile manufacturers have begun to apply it. 

Internationally, Europe and Japan are also utilizing HFC-134a as an alternative to CFC-

12. 

Innovative research is being conducted on other possible ways to produce cooling and 

eliminate the use of CFCs as a refrigerant. At South Bank Polytechnic (now a 

University) in London, England, Dr. John Missenden and his team of researchers have 

found that a fridge designed to use ninety grams of CFC-12 for cooling would run as 

well with twenty-nine grams of propane and consume less energy than a conventional 

unit (Ince, 1992). Although there is a risk because propane is a flammable hydrocarbon, 

the researchers state that the risk is small, since very little propane is used for the 

refrigerator's operation. However, there is further risk because propane has the potential 

to be an asphyxiant. Even with these disadvantages, wider use of propane blends is 

anticipated in commercial refrigeration equipment that is isolated from the public and 

high-occupancy applications (Calm, 1992). 
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3.2.2 Alternatives to the Conventional Mechanical System 

There are a number of competitive technologies for pressurizing refrigerant vapours and 

cooling either the fluid or the refrigerator chamber directly. 

At the Naval Postgraduate School in Monterey, California, research is being conducted 

on refrigeration that uses sound waves to produce cooling. The basic elements of the 

system that involves compression and cooling are illustrated in figure 2. 

Figure 2 

LOUDSPEAKER 

As stated by David Scott, "A 

small loudspeaker, just like the 

ones in your home or car stereo 

system, sits atop a rigid chamber 

L ofpressurized helium and argon 

gas. Plastic baffles, the crucial 

EHOTHEAT XCHANGER - CHAMBER heat trapping component, fill the 

upper part of the chamber. 
PLASTIC 

BAFFLES I "" When current is applied to the 
COLD HEAT 
EXCHANGER speaker, sound waves compress 

RESONATOR — and heat up nearby gas 

molecules. These rani into the 

plastic, transfer some of their 

heat, and cool down a bit. After 

expanding, the molecules end up with less energy and are cooler than when they began 

the cycle. Heat exchangers inside the baffles pull heat away from the plastic, and the gas 

inside the chamber gets cold, eventually leaving the bottom of the tube freezing cold." 

(Scott, 1991, p.44). The cold can then be transferred, via the cold heat exchanger and 

resonator, for use in a refrigerator, or like application (Scott, 1991; Browne, 1992; 

Byars, 1992; Dunn, 1992). 

(Source: Scott. Popular Science, 1991.) 

The pros and cons of using this technology are as follows: 

Pros of Th ermoacoustic Refrigeration 

(Scott, 1991; Browne, 1992; Byars, 1992; Dunn, 1992; Dr. Steven Garrett, pers. 

comm.) 

• It uses no CFCs as a refrigerant. 
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• It can use environmentally benign noble gases (e.g., helium, argon, xenon). 

• It has fewer moving parts than in a conventional compressor system. 

• There is less vibration than with a conventional compressor system. 

• It is quieter than conventional systems. 

Cons of Thermoacoustic Refrigeration 

(Scott, 1991; Browne, 1992; Byars, 1992; Dunn, 1992; Dr. Steven Garrett, pers. 

comm.) 

• The degree of increased energy efficiency is uncertain. 

• The technology is very expensive since the cost of parts is high. 

• Retooling is definitely required for placement in existing refrigerator models. 

• Widespread use in appliances is unlikely until the next century. 

This is a technology that will cause one to rethink how a refrigerator system can operate, 

however, it will take some time before it will be implemented for domestic use because of 

cost, both in parts and manufacturing. The use of thermoacoustic refrigeration seems 

feasible for the future since it does not have the environmental drawbacks of conventional 

systems today, although for now, it will still continue to undergo extensive testing. 

NASA sent a unit on the space shuttle Discovery in January, 1992 to test its performance 

in space and it appears to have worked quite well (Byars, 1992). 

Another possible solution for eliminating CFC use as a refrigerant is to eliminate the use 

of a refrigerant altogether. The 'thermoelectric process' is a means of transferring heat 

from one area to another, using electrical energy rather than a refrigerant as a carrier. 

Thermoelectric refrigeration depends on the Peltier effect. In 1934, Jean Peltier 

discovered that, if direct current is passed through a junction of two unlike metals, the 

junction becomes either hot or cold, depending on the direction of the current flow 

(Goldsmid, 1964). The advantages and disadvantages of using this technology are listed 

below. 

Pros of Thermoelectric Refrigeration 

(Goldsmid, 1964; Aithouse, et al., 1992; Dr. Ayodeji Jeje, pers. comm.) 

• It requires none of the conventional equipment necessary in a vapour compression 

system such as the compressor, evaporator, condenser, or refrigerant. 

• There are no moving parts; the unit is silent, compact and requires little service. 
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• The unit has versatility. It can operate on 12V dc power or from a 110 ac power 

adaptor. 

Cons of Thermoelectric Refrigeration 

(Goldsmid, 1964; Aithouse, et al., 1992; Dr. Ayodeji Jeje, pers. comm.) 

• The electrical efficiency of a thermocouple is quite low. (The thermocouple is the 

electric device that changes heat into electricity and electricity into heat.) 

• It has a low coefficient of performance (COP). COP is the ratio of work performed or 

accomplished as compared to the energy used. 

• It generates a substantial amount of heat. This heat cannot be vented for another 

purpose since it is a low temperature heat that is produced. 

• It only provides a cooling surface and thus requires an extra component (e.g., fan) to 

circulate air (Dr. Ayodeji Jeje, pers. comm.). 

Thermoelectric refrigeration is an interesting way to cool a food compartment and does 

have some benefits. However, the large amount of energy that is required to make it 

work, negates a primary objective of this project, which is to design a refrigerator that 

reduces or minimizes energy use. 

A final area where there is the potential for using a non-CFC refrigerant as well as 

providing energy savings is in the development of alternative compression systems. 

There has been a great deal of research conducted on different types of compressors that 

will have an effect on the type of refrigerants used with them. Two different 

compressors will be discussed respectively: the ionic compressor and the linear 

compressor. 

Conventional compressors found in refrigerators generally rely on an oil-lubricated piston 

or rotor device that mechanically compresses a refrigerant gas. A conventional 

compressor has a reciprocating action similar to a cylinder in a car engine. Rotary motion 

from an electric motor turns a crankshaft attached by a connecting rod to a piston. As the 

piston descends, an intake valve opens and refrigerant flows in. The valve closes as the 

piston moves upward, compressing the fluid. Near the top of the stroke, the outlet valve 

opens and the compressed gas is forced out (Figure 3). 
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Figure 3 
INTAKE OUTLET 
VA" /VALVE 

 I Jy1i 

PISTON 

CRANKSHAFT 

(Source: Chatenever, Air Conditioning and Refrigeration 
for the Professional, 1988.) 

The sonic compressor uses sound waves to compress the refrigerant. It is an oddly 

shaped tube that acts as a resonance cavity for the refrigerant (Yam, 1992). The sonic 

compressor is illustrated in Figure 4: 

Figure 4 

RESONATOR 
COIL CAVITY LOW-PRESSURE GAS 

FROM EVAPORATOR ordinary 

loudspeaker. In 

the resonator 

INTAKE cavity, the 
VALVE 

oscillation 

DI,4SCJARGE creates a high-

amplitude 

standing wave 

which 

compresses the 

refrigerant gas. 

A discharge 

valve vents the 

gas to the condenser which liquefies and cools it. The liquid circulates around to the 

space to be cooled, where it evaporates and absorbs heat. The gas is then drawn back 

into the compressor to repeat the cycle (Yam, 1992). 

MAGNET SPRING RESONATOR 
SUPPORT 

(Source: Yam. Scientific American, Nov. 1992.) 

' HIGH-PRESSURE 
GAS TO CONDENSER 

The compressor 

is driven like an 
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Pros of the Sonic Compressor 

(Yam, 1992; Mack Bowman, pers. comm.) 

• There is a projected improvement of energy efficiency of 30-40 percent over existing 

compressors. 

• There is no retooling required as it can be fitted retroactively to replace conventional 

compressors. 

• No lubricants are required. 

• It is easily adaptable to non-CFC refrigerant systems (e.g., HFC- 134a). 

Cons of the Sonic Compressor 

• Generates excessive noise (Dr. Ayodeji Jeje, pers. comm.). 

• Research has to be directed for use with new refrigerants other than HFC- 134a. 

• The compressor is still in the prototype stage and requires field testing (Mack 

Bowman, pers. comm.). 

• The radical redesign of the compressor technology may seem risky to manufacturers 

who are concerned with reliability (Yam, 1992). 

The sonic compressor was designed to be a drop-in replacement that would not take 

up any more space than'a conventional compressor (Mack Bowman, pers. comm.). 

Since it does not require lubrication, there is no need to find a compatible oil to work with 

a newly developed refrigerant. The estimated cost for implementing the acoustic 

compressor into an existing fridge has not been quantified, however, it is speculated that 

it should be available at a price comparable to a conventional compressor (Mack 

Bowman, pers. comm.). 

The linear compressor also has great potential for replacing the conventional compressor 

in a refrigerator. The U.S. Environmental Protection Agency funded a small research 

company in Athens, Ohio, called Sunpower Inc. to develop this system (Figure 5). 

The, linear compressor works in the same manner as the conventional compressor except 

that it eliminates the need for a crankshaft and a connecting rod that converts the circular. 

motion of the motor into the up and down motion of the piston. A special motor drives 

the piston directly. The piston is mounted on a spring inside an electrically energized coil 

and moves in response to changes in the strength of the magnetic field produced by the 

coil. 

-18-



Figure 5 

INTAKE 
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PISTON MOUNTING 
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(Source: Sunpowerinc., 1993.) 

DISCHARGE 
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Pros of the Linear 

Compressor 

(Holusha, 1993; 

Sunpower Inc., 1993) 

10 Tests show measured 

energy savings of 9 to 

15 percent compared 

to conventional 

compressors 

(Holusha, 1993). 

There is no retooling 

required as it is 

considered to be a 

drop-in replacement. 

• The compressor uses a refrigerant vapour as the lubricant instead of oil. 

• It is easily adaptable to non-CFC refrigerant systems (e.g., HFC-134a). 

• The estimated manufactured cost is equal to or lower than that of current compressors 

(Holusha, 1993). 

• The compressor can achieve variable capacity control without any additional cost. 

The variable capacity allows the compressor to continuously match the cooling need 

without cycling on or off, as is the case with a conventional system. The quiet, 

continuous fixed frequency operation also eliminates on-off noise. 

• Because efficiency does not decline with size of the compressor, high energy 

efficiency is possible in small and highly insulated refrigerators (Holusha, 1993). 

Cons of the Linear Compressor 

• Research has to be directed for use with new refrigerants other than HFC- 134a. 

• Manufacturers say it is too soon to tell if the technology is reliable enough to endure 

the useful life of a refrigerator (approximately 17 years) (Holusha, 1993). 

• The compressor is still in the prototype stage and still requires a few years of field 

testing (Holusha, 1993). 

• The refrigerator itself will cost more because of the electronic control box which 

monitors the movement of the piston. However, the cost of the other components is 

expected to be comparable to what exists today (Holusha, 1993). 
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Summary 

All of the alternatives that have been discussed provide effective means for the elimination 

of CFC use as a refrigerant in refrigerator manufacturing. It appears that the optimum 

solution is to use HFC-134a with an alternative compressor system such as the sonic 

compressor or the linear compressor. Both of these compressors have the potential for 

increasing the energy efficiency of the refrigerator. Of these two, the linear compressor 

appears to outweigh the sonic compressor with respect to 'near future' implementation 

because the nature of the technological change does not appear to be as complex as it does 

with the sonic compressor. Although the sonic compressor has its own merit, it may 

perhaps be an option for future use. 

3.2.3 Use of CFCs as a Blowing Agent for Insulation 

The second major use of CFCs, in particular trichiorofluoromethane (CFCl3 or CFC- 11), 

is to 'blow' the insulating foam into the walls of the refrigerator. As stated earlier, this 

accounts for eighty percent of the CFCs used in a refrigerator's manufacture. In 

replacing CFC-1 1, various HCFCs are being considered by the industry. Some of these 

include HCFC-123, HCFC-141b and HCFC-22 with or without HCFC-142b. The final 

alternative has not yet been selected since most of the promising options are considered to 

be only 'transitional' due to their ozone depleting potential and the legislation to phase out 

HCFCs by the year 2030 (U.S. EPA, 1992). However, the leading candidates for a 

blowing agent and potential substitute for CFC-11 at this time are HCFC-123 

(C2HC12F3 or 2, 2-dichloro-1, 1, 1-trifluoroethane) and HCFC-141b (C2H3ClF2 or 1-

chioro- 1, 1 difluoroethane). Their pros and cons are listed below to illustrate the impacts 

of these alternatives. 

Pros of HCFC-123 and HCFC-141b 

For the same mass released of HCFC-123 or HCFC-141b and CFC-1 1, HCFC-123 

and HCFC-141b have an ozone depletion potential of 0.05 while the relative ozone 

depletion potential of CFC-1 1 is equal to 1.00 (Snyder, 1990). 

Cons of HCFC-123 and HCFC-141b 

• They are more expensive than CFC-11 (U.S. EPA, 1992). 

• They have anaesthetic properties. If a leak occurred in the equipment room during the 

manufacturing process, personnel would have to be evacuated or otherwise protected. 
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This would require additional costs for detection and ventilation and would increase 

system maintenance costs (Snyder, 1990). 

• They have material compatibility problems. Initial testing has indicated cracking, 

blistering and a decrease in impact strength of materials such as acrylonitrile-

butadiene styrene (ABS) and high impact polystyrene (HIPS) when used in 

conjunction with them. Compatibility with other refrigeration components is 

uncertain (Remich, 1991). 

• There is a possible decrease in the insulation value of the resulting foam, causing 

energy efficiency degradations (ORTECH International, 1989). 

• They are considered to be 'short term' alternatives since HCFCs will eventually be 

banned under existing legislation (ORTECH International, 1989; Snyder, 1990). 

When considering the pros and cons of HCFC-123 and HCFC-141b, it seems that the 

next step for chemical suppliers is to remove chlorine from these formulas and 

experiment with other blowing agents, such as carbon dioxide, that are able to create 

foam with very similar thermal properties. It is interesting to note that there is another 

alternative that has been developed for foaming insulation in place without the use of a 

blowing agent. A refrigerator manufacturer in eastern Germany has patented an in-situ 

process where expandable polystyrene pellets are used as insulation to fill the gaps 

between walls and then steam, at 1200 C, is applied to foam them. This technology has 

generated the interest of other European appliance manufacturers. 

Removing the need for CFC- 11 through the use of alternative insulating products is 

another possible approach. A 'panel-like' insulating product has been developed by 

Polymer Solutions. Polymer Solutions, a joint venture of GE Plastics, has developed a 

plastic refrigerator prototype which not only demonstrates design for disassembly, but 

incorporates thermoplastic foam panels for its primary insulation. The panels, made from 

polyphenylene oxide (PPO), can be recycled and do not contain CFCs. These panels 

have been used in conjunction with vacuum insulation panels in the prototype to provide 

further insulation (DiChristina, 1992; Wood, 1992). 

Vacuum insulation panels consist of a filler material, such as silica powder, aerogel, 

fibrous glass or ceramic, that is enclosed within a shell made from another material such 

as plastic, glass or metal (Jancsurak (2), 1992). This is analogous to a package of 

vacuum packed coffee. The panels can be attached to the refrigerator's cabinet or liner 
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walls by the use of a double-sided foam tape. A foam that is blown with a CFC free 

propellant such as carbon dioxide could be used to fill any gaps or crevices. 

Used in the creation of the vacuum insulation panels, the three leading candidates for 

replacing CFC blown insulating foams are the silica based filler materials: aerogel, silica 

powder and glass beads (Kahn, 1991). In a partial vacuum, aerogels outperform the 

others, because in order to match the thermal resistance of aerogels held in a vacuum of 

one tenth of an atmosphere, silica powder has to be evacuated-at a few thousandths of an 

atmosphere, whereas glass beads have to be evacuated at one-billionth of an atmosphere 

(Kahn, 1991). Technically, it is a major challenge to sustain a vacuum of one-thousandth 

of an atmosphere or higher. The material definitely worthy of consideration as an 

alternative for CFC blown insulation therefore, is aerogel, due to its superior insulation 

properties. 

Aerogel is an ultra light material that consists of minute spheres of bonded silicon and 

oxygen atoms joined into long strands that are randomly cross-linked, with pockets of air 

between the strands (Fisher, 1990). In other words, aerogel consists of about ninety six 

percent air with the remaining four percent consisting of a matrix of silica (silicon 

dioxide), a principal raw material for glass. It is a translucent and highly porous material 

that was initially produced in the 1930s, but found no real applications until the 1970s 

(Fisher, 1990). Aerogel looks like a 'fog' that is moulded into a form and is one of the 

lightest weight solids ever to have been developed. Since 1982 however, Dr. Anon Hunt 

and co-workers in the Applied Science Division of the Lawrence Berkeley Laboratory in 

Berkeley, California have investigated the properties of aerogels and have developed 

processes for creating thermally and optically enhanced versions. As well as being 

suitable for use as radiation detectors, it can be sandwiched between glass to produce 

double-paned windows with high thermal resistances. However, further research and 

development work is necessary before aerogels can be made totally transparent (Kahn, 

1991). What needs to be emphasized however, is that aerogels have a very promising 

application as a refrigerator insulation. Figure 6 illustrates how aerogel is created. 
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Figure 6 
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WHERE ALCOSOL BECOMES 
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(Source: Kahn, Lawrence Berkley Laboratory 
Research Review, 1991.) 

THE AEROGEL IS PACKAGED 
ACCORDING TO WHAT IT 
IS TO BE USED FOR... 

ALCOHOL IS REPLACED WITH 
LIQUID CO2: THEN THE GEL IS 
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The pros and cons of silica aerogels are listed below to illustrate the impacts of this 

alternative. 

Pros of aerogel 

• It can be fabricated into slabs, pellets, or almost any shape desired (Kahn, 1991). 

• By mass or by volume, is considered to be the best solid insulator ever discovered 

(Kahn, 1991). 

• It is very lightweight (Kahn, 1991; Fricke, 1992). 

• It has a low thermal conductivity of 0.017 W/mK compared to polyurethane foam 

which is projected to have a thermal conductivity of 0.030 W/mK (Fricke, 1992). 

• When sealed in a vacuum of one-tenth of an atmosphere, aerogel has a thermal 

resistance (R-value) of about R-20 per inch (Dr. Arlon Hunt, pers. comm.). 

• When mixed with carbon black, aerogel turns black but increases its thermal 

resistance to R-32 per inch (Dr. Arlon Hunt, pers. comm.). 

• Aerogel is created from sand and reverts to sand at the end of its life cycle, thus it is 

not a persistent form of waste with respect to the environment (Dr. Arlon Hunt, pers. 

comm.). 
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Cons of aerogel 

• The packing (moulding and casting) of aerogel is critical in its performance since 

upon impact, its foam-like structure can easily crumble into powder (Kahn, 1991; Dr. 

Arlon Hunt, pers. comm.). 

• It is more expensive than polyurethane foam, however it has been estimated to have 

double the R-value of this foam (Kahn, 1991; Dr. Anon Hunt, pers. comm.). 

In looking at the pros and cons of aerogel, it is evident why it is a leading candidate for 

replacing CFC blown foams. Since 1982, Dr. Arlon Hunt has founded a private aerogel 

manufacturing firm (the only plant in the United States) and continues to conduct research 

on and develop aerogels with the goal of developing improved performance at a 

decreased cost. 

Summary 

In considering the alternatives for eliminating CFCs as a refrigerant and as a blowing 

agent for insulation there are a number of possibilities. It appears that the most effective 

alternative for foamed insulation would be to use a vacuum panel that is filled with 

aerogel. Vacuum insulation panels have the potential of increasing the energy efficiency 

of the refrigerator and aerogel itself, has properties that are definitely worthy of 

consideration. A promising outer shell for the vacuum panels filled with aerogel may be 

comprised of an encasement of nonwoven polymer textile, which is then sealed with a 

multilayer film that includes a layer of acrylonitrile-methlymethacrylate copolymer. This 

has been developed by the company Sharp and they state that vacuum-panel models of 

refrigerators are comparable in price to conventional refrigerators when costs are 

measured per liter of interior volume (Culp, 1993). 

3.3 Energy Use 

Appliances that heat, cool and/or run continuously generally use more electricity than 

other appliances. Major appliances like refrigerators, freezers, clothes dryers and furnace 

fans therefore collectively account for a large percentage of the total household electricity 

use (The City of Calgary Electric System, 1993). Worldwide, the use of fossil fuels has 

grown very rapidly and has enabled many nations to achieve high standards of living. 

However, most energy is used inefficiently and widespread consumption of coal and oil 

produces pollution (carbon dioxide emissions) which threatens air quality, vegetation and 
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climate stability (Global Tomorrow Coalition, The, 1990). The refrigerator alone is a 

high energy user, thus any local efficiency gain improvements in their design could have 

a significant cumulative effect on fuel consumption and by implication, the environment 

(Coriano and Scuterud, 1992). 

When designing a refrigerator for energy efficiency, an immediate consideration that 

comes to mind is whether or not one can design to provide a passive means for cooling. 

Looking back at the history of natural refrigeration (refer to Appendix A), several 

methods can be considered such as, the 'root cellar' notion of using a dark, underground 

space; the application of the old fashioned ice box; the use of an external wail of a 

residence as a means of keeping a compartment cool (obviously in winter months); and 

transpiration cooling (a form of cooling based upon the evaporation of water). A passive 

means to provide cooling would serve to eliminate or decrease at least a portion of the 

energy consumption of the refrigerator as long as the method was feasible and sound 

with respect to function and ease of use. The notion of the root cellar, the ice box and the 

use of an external wall as a means for keeping a compartment cool are all appealing 

because of their simplicity and because they do not require any energy to function. 

However, they all have limitations with respect to practicality. The use of a root cellar 

would possibly require an underground, dug out space in one's residence; the ice box 

would require a constant supply of ice which would have to be serviced continually by 

the user and the generation of ice would generally use energy; and the use of an external 

wall would be dependent upon the climate, thus be fairly unpredictable, and would only 

work as a passive means to provide cooling in the winter months. Transpiration cooling 

on the other hand, appeared to be a feasible concept because it is a principle that is 

dependent upon the creation of a system where the nature of water evaporation would 

work to provide a fairly consistent, functional temperature with defined components 

(e.g., porous material, etc.) that would require only periodic servicing by the user. 

Transpiration cooling was the principle judged to be most worthy of consideration and 

had the greatest potential for use in the proposed design. 

The greatest challenge of the refrigeration industry today is to meet the energy efficiency 

government regulations outlined by the U.S. Department of Energy while phasing out 

CFC use (Remich, 1991). There are three other major areas to take into consideration 

when designing changes that will affect the energy efficiency of a refrigerator. They are 

as follows (ORTECH International, 1989): 
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1) Baseline energy consumption. 

2) Effect on energy consumption with the elimination of ozone depleting substances. 

3) Energy efficiency improving design options. 

These three areas will be discussed respectively. 

3.3.1 Baseline Energy Consumption 

It is necessary to establish a reference against which changes may be compared when 

evaluating improvements in refrigerator design (ORTECH International, 1989). For the 

purposes of this project, a conventional 340 L ( -V- 12 cu. ft.) refrigerator, excluding the 

freezer (to simplify energy consumption calculations), will be used as the reference for 

determining an approximation of the energy savings in the proposed design. This 

approximation is the amount of energy used per day and is based primarily on the volume 

of air displaced (i.e., the loss of energy by door openings) and the energy loss at steady 

state conditions. These findings are discussed in section 5.7 (Energy Consumption) with 

the detailed calculations presented in Appendix E. 

3.3.2 Energy Consumption with the Elimination of Ozone Depleting 

Substances 

From the alternatives discussed in section 3.2 (CFCs), it seems that the options for 

substituting CFC-12 as a refrigerant and CFC-11 as a blowing agent for insulation will 

not significantly affect energy use. The use of HFC- 134a as a refrigerant may decrease 

energy efficiency only if the rest of the refrigeration equipment is left unmodified. It was 

discussed that the linear compressor would be quite compatible with HFC-134a and 

appears to promote energy savings of its own. As for the replacement of CFC-1 1, 

vacuum insulation panels filled with aerogel have a low thermal conductivity, or a high 

thermal resistance value and therefore, can provide greatly improved insulation levels. A 

more immediate concern with the new technologies for CFC substitutes as refrigerants 

and in insulation, is their cost. Appliance producers today can expect significant cost 

increases for the substitutes themselves as well as for the redesign of equipment and 

engineering systems to adapt to the substitutes (Stevens (2), 1991). However, tradeoffs 

have to be made when determining the benefits of any of these alternatives, and one 

would hope that as development continues, these technologies would be comparable with 

respect to cost. 
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3.3.3 Energy Efficiency Improving Design Options 

There are many features within a refrigerator that may be subjected to energy efficiency 

improvements. Possible design options affecting energy consumption have been 

compiled in the Energy Efficient Electrical Product Knowledge Base (ORTECH 

International, 1989). Many of these options have also been analyzed by the U.S. 

Department of Energy. The complete list may be found in Appendix B. With this 

project, an assumption was made that all of the design options mentioned are beneficial in 

some way with respect to energy efficiency. However they are not without their 

disadvantages which, along with some of their advantages, are also presented in 

Appendix B. It should also be noted that the design options which concentrate primarily 

on engineering principles of the refrigeration system (e.g., two stage two evaporator 

system, fluid control valve, etc.) have been regarded as being incorporated into the 

components used and thus assumed to perform as efficiently as possible. These would 

only be changed, if necessary, under the guidance of an engineering expert. Those 

features are beyond the scope of the proposed design as the project is concentrated on the 

design of the refrigerator itself and not on the design of the refrigeration system. 

In order to achieve an energy efficient design, all of the design options summarized in 

Appendix B were considered. In the proposed design, most of the design options have 

in fact been incorporated to some degree. Discussion of the design options will be 

presented in detail in section 5, 'Design Proposal', where several other energy efficiency 

design improvements will also be illustrated. 

Summary 

The design changes that will affect the energy efficiency of a refrigerator should only add 

to the benefits a consumer attains when they purchase an improved refrigerator. They are 

also, however, expecting a product that is built for a long, dependable life. The life 

expectancy for a refrigerator ranges from 10 years (low) to 17 (average) or 20 years 

(high) (Appliance Commentary, 1990; Energuide, 1992). The refrigerator is a major 

investment and although price tops the importance purchase factors list for refrigerators, 

brand reputation and energy efficiency run close second (Maytag Consumer Education 

Department, 1989). Refrigerators that are sold today use about 50% less electricity than 

those that were available 10 years ago (Canadian Appliance Manufacturing Association, 

1992; Schultz, 1992). This is due to the utilization of more energy efficient compressors, 

improved insulation and door seals, and more durable door hinges (Schultz, 1992). 
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According to the Canadian Appliance Manufacturing Association, consumers are 

continually showing an increasing interest in conservation and energy efficient features in 

all appliances (Canadian Appliance Manufacturing Association, 1992). 

3.4 Use of the Product 

The use of any product involves human factors principles and the design criteria 

developed, from a broad view of these principles, include the following (Kaplan; 1983): 

• Functional - the product should be easily understood for its purpose and use, and 

easily manipulated without any discomfort. 

• Aesthetic - the product should be aesthetically pleasing to the user with respect to 

scale, proportion, colour, etc. 

• Psychological - the product should be inviting to use in apparent safety and security. 

• Social - the product should be socially and culturally acceptable to the consumer's 

values and provide a feeling of satisfaction of ownership. 

Specific human factors issues that relate to the design of a refrigerator include the 

following: anthropometry (the systematic measurement of human dimension), 

biomechanics (the force applied to biological processes), aesthetics, performance and 

safety (functionality), instructions, sensory perception, and testing (e.g., user, field, 

etc.). A human factors analysis of a refrigerator would be a project in itself, and as such, 

the issues that will be addressed in this project are mainly anthropometry and 

functionality. Aesthetics are inherent to any product design and will be illustrated in the 

proposed refrigerator design. The anthropometry and the functionality related to the 

refrigerator will be discussed respectively. 

3.4.1 Anthropometry 

The anthropometric information that is relevant to a refrigerator includes the following 

(Pheasant, 1986): 

• Stature - for determining appropriate heights of compartments, handles, controls, 

etc. 

• Hand length - for reaching and gripping. 

Hand breadth - clearance required for hand access (e.g., handles, grips, etc.). 

Foot length - clearance for feet. 
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Forward grip reach - clearance for a reach to be made without excessive stretch. 

The anthropometric design strategy that is appropriate for the design of the refrigerator is 

to 'design for a range' with respect to the features (e.g., handle size) (Sanders and 

McCormick, 1987). Designing for a range seems to be an appropriate strategy for the 

need of fitting a group of users with one particular size. This design strategy uses the 5th 

to 95th percentile of the population because of the attempt to fit a large group of users 

(Sanders and McCormick, 1987). 

3.4.2 Function 

With respect to functionality, there are a number of features which serve to provide ease 

of use. They include the following: 

• Storage Flexibility 

- The user should be able to manipulate or 'design' the interior space to 

accommodate the food they are storing. 

- Shelves should be easy to clean. 

• Safety 

- Shelves should be soundly secured for sturdiness. 

- All materials should be made from durable materials. 

• Easy Storage 

- The interior should provide a means for easy access for hard to reach items at the 

back. 

- Any drawers should glide smoothly. 

Doors should be easy to open for persons with less than average strength, but 

should not close too quickly. They should, however, close readily and easily and 

not have to be double-checked for closure (Koppa, et al., 1989). 

• Easy Maintenance 

- Any areas which require servicing or cleaning on regular basis should be easy to 

access (e.g., the condenser has to vacuumed, etc.). 

• Adjustable Leveling Wheels with Locks 

- Wheels placed on the bottom of the refrigerator allow it to be rolled forward for 

ease of maintenance and when they are locked in place, prevent movement when 

doors are opened and closed. 
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• Illumination 

- The interior should be well illuminated when necessary. 

• Controls 

Any controls or indicators should be placed where they are easy to reach, view 

and use. 

- The size and the shape of the controls should be comfortable to operate. 

The force to operate a control should be related to the speed and the length of time 

of the operation. Light force should be used for fast speeds and long operating 

periods, whereas heavy force should be used for slow speeds and infrequent 

operation (Diffrient, et al., 1981). 

There should be some feedback to indicate that a control has been activated (e.g., 

tactile, audible or visual signals). 

In order for the refrigerator to be easy to use, it is essential that the aforementioned 

human factors principles be considered and applied in the proposed design. The 

responsibility of a designer is not only the end product, but also the responsiveness to the 

users' needs. The proposed design must be analyzed from the users' point of view and 

in accordance with how the product is intended to function. 

3.5 Optimum Cold Storage for Food 
The first and foremost function of the refrigerator is to preserve food. The problems that 

can be caused by poor storage practices are principally contamination and loss of quality, 

as well as loss of food nutrients. Keeping food safe in storage is a matter of purchasing 

foods that will be used as soon as possible, placing them in properly maintained storage 

areas and using them up quickly (National Institute for the Food Service Industry, 1985). 

Refrigeration slows the growth of bacteria in foods, but does not remove the bacteria that 

may have already been formed. 

To minimize microbial growth during cold storage, health and safety. standards 

recommend the following: 

• Keep refrigerator temperatures at 6° C or lower, preferably 1° C to 4° C. 

• Measure refrigerator temperatures regularly. 

• Defrost refrigerator periodically. 

• Provide space for air circulation around all items. 

• Do not overcrowd. 
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• Do not impede air circulation by putting paper or cardboard on refrigerator shelves if 

they are of the 'rack' variety as this reduces refrigeration efficiency. 

(International Commission on Microbiological Specifications for Foods, The, 1980.) 

A chart of the temperatures that correspond to the control of bacteria is found in Appendix 

Appendix C. 

For achieving the optimum cold storage of food, there are many features in a refrigerator 

that need to be taken into consideration. These are as follows (National Institute for the 

Food Service Industry, 1985): 

• All internal surfaces should be made of materials that are easily cleaned. 

• The surfaces should resist corrosion, chipping and cracking to prevent debris from 

ending up in the stored food. 

• The interiors should be free of sharp edges and tight corners where harmful micro-

organisms may cultivate. 

• Any shelves inside of the refrigerator should be easily removed so that the 

refrigerator can be cleaned on a regular basis. 

• Any coils (e.g., the evaporator) should be protected so that they are not in contact 

with food surfaces. 

• Temperatures should be checked regularly to ensure that proper temperatures are 

being maintained. 

• Leaving the door open can have an unfavourable effect on temperatures inside of the 

refrigerator since warm air in the kitchen can enter the interior of the unit, thus it is 

urged that the door remain closed until the user has determined what is to be 

removed, and not before. 

• Refrigerators must meet the minimum temperature requirements for the foods they 

are to hold and, ideally, separate compartments should be maintained for each food 

category. The recommended temperatures and humidity factors for storing each 

food category are as follows (Table 4): 
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Table 4 

Food Category Temperature 

(°C) 

Relative Humidity 

(%) 

Meat and Poultry 0 to 2.2 75 to 85 

Fish -1.1 to 1.1 75to85 

Eggs 3.3 to 4.4 - 

Dairy Products 3.3 to 4.4 75 to 85 

Most Fruits and 

Vegetables 4.4 to 7.2 85 to 95 

(Source: National Institute for the Food Service Industry, 1985.) 

As well as recommended temperatures for each of the food categories, there are 

guidelines for recommended storage times and procedures for food stored on a short term 

basis (National Institute for the Food Service Industry, 1985). Because the information 

for each food category is quite extensive, a sample chart is found in Appendix D. It 

should be noted that the chart is to be taken only as a guide as not all experts agree on the 

storage periods and some temperatures may be altered according to preference. FOr 

example, storing a dairy product such as milk, at a temperature of 10 C instead of 40 C, 

will double its shelf life. As well, fruits and vegetables can be safely stored at 8° C to 10° 

C instead of 4.4° C to 7.2° C, if they are left in their unprocessed state (Sujata Patel, 

pers. comm.). 

Taking the above mentioned considerations into account for the proposed design, as well 

as in user practice, a safe and optimum cold storage system for food is foreseeable. 

Refrigeration and cold storage is the gentlest method of food preservation and has 

relatively few adverse effects upon taste, texture and nutritive value, as long as storage 

principles are followed (Potter, 1986). 

3.6 Choice of Materials and Product Manufacture 

The material used for a product has a major impact on the environment in many ways. 

These include the amount of energy used during its manufacture and use, the amount and 

number of materials used and their potential to be recycled or reused, and the nature of 

the waste created at the end of the product's life cycle and ultimate disposal (e.g., 

possibly hazardous). In choosing the materials for a product, there are a number of 
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questions to consider. These questions will be posed and discussed with reference to the 

refrigerator design. 

How will the refrigerator be used during its life cycle and what kind of performance 

characteristics are required? 

The refrigerator is an appliance that needs to withstand constant daily interaction with the 

user (e.g., opening and closing of doors, removal and replacement of food items, etc.). 

The performance characteristics that are sought out (excluding those that make up the 

interior components of the refrigeration system) are that they be durable, long lasting, 

non-corrosive, easy to clean, perform well under the required temperature range, and be 

easy to handle by the user. 

What are some of the materials appropriate for the refrigerator design and is recycling 

feasible at the end of the product's life cycle? 

There are several materials that can be incorporated into the design of the refrigerator, but 

by limiting the number of materials used, one can help ease the sorting required at the 

reuse and/or recycling stage. Reuse and recycling provide opportunities to conserve 

resources and help keep material costs down. 

There are several materials which are not only candidates for use in a refrigerator but are 

also recyclable. Materials such as glass and aluminum have potential uses for features 

within a refrigerator's interior and would be suitable for surfaces that come in contact 

with food items. As well they offer identical performance and appearance characteristics 

after recycling and therefore are readily used in recycled form as standard material. The 

physical characteristics of glass include durability and transparency and its smooth 

surface allows it to be cleaned easily. These characteristics, along with the fact that it is a 

good insulator, make it a material worthy of consideration. Aluminum also has its own 

merit as it is lightweight, can be very durable (depending on how it is treated, for 

example, annodization prevents surface corrosion and lamination adds strength) and is 

relatively inexpensive in its natural state. In a refrigerator, aluminum would be useful for 

applications that do not depend on structural reinforcement, unless the aluminum was 

prepared in such a manner that would make it suitable for such a purpose. 

Two other materials that are worthy of consideration for a major portion of the 

refrigerator design are steel and plastic. They will be discussed respectively. 
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Steel 

There are two kinds of steel that could be used in the design of a refrigerator; cold rolled 

steel and stainless steel. Some of the pros and cons that apply to both are listed below. 

Pros of steel 

• It is very durable and long lasting. 

• It has remarkable strength and ductility. 

• It is completely recyclable and is not a hazardous waste. 

• It is non-discriminating, so there is no need to sort it at the recycling stage. 

• Stainless steel is resistant to corrosion which is essential since there is a great deal of 

moisture generated in the refrigeration process. 

• Its surface is easy to clean and maintain. 

Cons of steel 

• It is heavy. 

• It is energy intensive in production. 

• Stainless steel is more expensive than cold rolled steel (approximately twice the cost). 

From looking at the characteristics of steel, stainless steel has a number of benefits over 

cold rolled steel. Stainless steel is resistant to corrosion, whereas cold rolled steel would 

require an enamel finish or other resistance coating to prevent rust from occurring. 

However, secondary materials such as paints and urethane finishes may pose hazardous 

environmental problems in manufacture and disposal. Also, stainless steel in its natural 

state creates an aesthetic that is true to itself, has timeless appeal and simplifies its 

appearance. Depending on its surface finish, it has the ability to reflect surrounding 

colours in a diffuse manner creating a refrigerator that would fit into many environments. 

Plastic 
While there are an endless number of formulations of plastic (of the thermoset and 

thermoplastic categories), one can only choose a few to determine their appropriateness 

for appliance parts design. The major considerations are that they be thermoplastics that 

lend themselves to recyclability. Thermosets will not be considered because they are not 

recyclable. The types of plastics that were investigated include polypropylene (PP), 

acrylonitrile-butadiene styrene (ABS), polycarbonate (PC) and polyphenylene oxide 

(PPO). All of these plastics are recyclable and some of their other properties will be 

described in brief detail below. 
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Polypropylene is light in weight, has good surface hardness and fair abrasion resistance. 

It possesses good chemical resistance and good electrical properties. Polypropylene is 

widely used for housewares and appliances because of its abilities to withstand high 

temperatures and mechanical abuse and it is also low in cost (Dubois and John, 1981). 

Acrylonitrile-butadiene styrene (ABS) is commonly described as being tough, hard and 

rigid but can also be quite flexible. It is commonly used in applications that require abuse 

resistance, colourability, hardness, electrical properties, moisture stability and limited 

heat resistance (104° C) (Dubois and John, 1981). 

Polycarbonate has good heat resistance, impact strength and dimensional stability. It is a 

rigid thermoplastic that will not crack, blister, soften, stain, tarnish, or corrode and will 

not add any taste or odour (Dubois and John, 1981). It is commonly applied to appliance 

components as well as other products requiring high temperature endurance and high 

impact strength. 

Polyphenylene oxide has good tensile strength, temperature resistance, creep resistance 

and impact strength. It is a versatile thermoplastic that has low mould shrinkage, a low 

thermal coefficient of expansion and negligible water absorption (Beck, 1980). 

Polyphenylene oxide is non-toxic and is appropriate for applications requiring not only 

toughness but resistance to acids, detergents, water and high temperatures. 

All of the aforementioned thermoplastics are suitable for, and may be subjected to, the 

production processes of injection moulding, blow moulding and extrusion. ABS and 

PPO are also suitable for thermoforming and rotational moulding. 

From consideration of these plastics it is evident that they each have their own merits and 

could be used for component parts. The use of plastics, however, does have its own 

drawbacks. Two drawbacks are that they may over time discolour or become brittle, thus 

having significant effects on the aesthetics and the life cycle of the refrigerator. Another 

drawback is that if the plastics are not recycled, the potentially hazardous waste they 

produce may sit in landfills for an indefinite period of time. The most important and 

major drawback at the time being however, is the 'cascade' effect in the recycling of 

plastics (Mackenzie, 1991). After recycling, high performance plastics cannot be used as 

they were in their original application. This has lead to recycled plastics being used in the 

fabrication of park benches, fence posts and other products, where the quality of the 

original plastic is diminished. In order for the plastics recycling infrastructure to work 
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successfully, new uses and a market for recycled plastics have to be found. Perhaps in 

five to ten years new uses may emerge, but until then, the amount of plastics used in the 

refrigerator design will be kept to a minimum. 

What are the tradeoffs between cost, performance and environmental impact? 

The materials that are available for products may either be natural or synthetic, recycled or 

virgin, renewable or nonrenewable, but there are no straight answers for determining 

which are least damaging to the environment (Mackenzie, 1991). Trade-offs have to be 

made with respect to environmental impact, cost and performance. For example, if 

materials are energy intensive in production such as aluminum or steel, but provide 

energy savings throughout their use, or increase the life cycle of the product or are easily 

recycled, then the initial costs may be justified. 

Are there ways to minimize the number of resources used by simplifying component 

design, designing for recyclability or designing for reuse? 

There are some general guidelines for designing for recyclability and they are as follows 

(Mackenzie, 1991): 

• All the components should be easy to disassemble. 

• The number of different types of materials should be kept to a minimum. 

• Materials should be compatible with one another. 

• Composite materials should be avoided wherever possible. 

• Materials should be easy to identify in the sorting stage. 

• Any materials that would contaminate the recycling process should be easy to 

remove. 

When designing for recyclability, materials that have a market at the end of their life 

cycles should be utilized, otherwise the purpose of recyclability is defeated. 

There are some general guidelines for designing for reuse and they are as follows 

(Mackenzie, 1991): 

• Components should be: 

- interchangeable between items. 

- repairable or easy to replace. 

- replaced without having an effect on the overall system of the product. 

• The exterior of the product should have timeless and classic appeal. 
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Designing with ease of assembly, simplicity and serviceability in mind is important when 

designing for reuse. 

The questions that have been posed are essential for providing the framework to 

determine which materials should be incorporated into the proposed refrigerator design. 

The effort to curb solid waste disposal problems and practice resource conservation with 

the development of recyclable and reusable products is here to stay. Designers who 

respond to the need for responsible products today and are required to consider the 

selection of materials and production processes, will definitely have an advantage in the 

future. 

3.7 Appropriate Market for the Product 

The market for products with improved environmental performance is growing rapidly. 

Environmental considerations are becoming an essential part of the design criteria for 

products, and at the same time, are becoming an essential part of the purchasing criteria 

for consumers. A major challenge facing designers and industry is the ability to provide 

products with improved environmental performance at no extra cost to the consumer. 

Extraneous factors involved in the process of 'redesign' (e.g., retooling, etc.), however, 

make additional costs appear inevitable at this time. Although a person may be required 

to pay more for a product, the trade-off may be longer term, where a more reliable, long-

lasting product and/or one that uses less energy, could result in benefits (e.g., savings) in 

the long run. These considerations are consistent with attempts to reduce excessive 

consumption in working towards more sustainable ways of living (Dr. Stuart Walker, 

pers. comm.). 

The market for the proposed refrigerator design is those individuals who are willing and 

able to incur potential higher costs and changes to their lifestyles through their concern 

for environmental issues. These individuals are the same people who would be interested 

in the concept of the sustainable community, where products with improved 

environmental performance would be welcomed. It is important to understand why the 

proposed refrigerator design would fit into a residential environment encouraging a 

sustainable way of living. The main reason for this fit is because of some of the similar 

objectives that run parallel through each. There are a number of goals in integrating a 

sustainable way of living into a community design and they are as follows (ASC News, 

1991): 
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• Minimize energy consumption and encourage the use of renewable energy. 

• Minimize water consumption. 

• Minimize and control waste from households and from any businesses within the 

community that rely on production processes. 

• Regulate waste disposal and pollution discharges. 

• Encourage local reuse and recycling programs, and environment and landscape 

cleanups. 

• Minimize the impacts of transportation on community life and the environment. 

• Plan and develop residences and land (open spaces) together to support vegetation 

and wildlife. 

• Ensure long term community development in which environmental problems are 

solved and innovative solutions are tried out. 

• Encourage user-participant planning and design and develop community management 

commitment. 

In looking at these goals, there are several alms that correspond directly to the objectives 

of the refrigerator design. These include the elimination of air quality hazards such as 

CFCs, improvement of energy efficiency, proposed reuse of materials and development 

of a long-lasting, quality product. In a sustainable community there are underlying alms 

to pollute less, conserve more and consume less and these notions are carried over in the 

proposed refrigerator design. The proposed refrigerator design is intended to be an 

alternative that could be implemented five to ten years from now, when the development 

of sustainable communities may be well on its way. 
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4 DESIGN DEVELOPMENT 

In generating concepts leading to the proposed design, there was a concentration on the 

following areas during the creative stage of the design process: the physical form of the 

refrigerator, including its capacity and placement in a kitchen environment; the need for 

providing appropriate storage temperatures according to the different types of food to be 

stored; ease of access to food items and overall ease of use; and the incorporation of a 

passive means of cooling. These areas will be discussed respectively to provide an 

understanding of how the proposed design evolved. While the refrigeration system, 

materials, manufacturing processes and relevant market (cost) were also necessary design 

considerations, they were only addressed for the design concept that showed the most 

potential. Since the design process is iterative, the design considerations were addressed 

several times during the design development stage and in finalizing the design details. 

4.1 Physical Form 

Initially in the design development process, there were no restrictions placed upon, the 

actual shape to be used other than it had to be complementary to the large number of 

possible kitchen arrangements that exist. The capacity of the refrigerator was thought 

about more in a qualitative than quantitative manner in the early stages. In other words, 

there was not a set capacity being used during the design process, rather the design 

concepts were sized by intuition. It was a challenge to explore forms that were 

aesthetically different from the conventional 'square box', although they were still 

dependent on the factors of practicality and ease of use. Thus, the notion of 'form 

following function' was adhered to as the design progressed. 

4.2 Appropriate Storage Temperatures 

In keeping with the food storage principles set out by the National Institute for the Food 

Service Industry (1985), separate compartments should exist for each food category in 

order to store food safely at optimum temperatures. As well, the use of multi-

compartments is more energy efficient for two reasons. First, not all of the 

compartments need to be kept at the lowest temperature, as is the case with a large 

singular compartment. Certain foods can be stored at higher temperatures, thus some 

compartments can be kept at a higher temperature, requiring less energy. Second, in a 
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conventional refrigerator, a large volume of cooled air is displaced with the opening of 

one large door. The refrigerator has to work longer and use more energy to absorb the 

warm air that is let in. A refrigerator with more than one door, on the other hand, would 

use less energy in the long run, since only a portion of the interior would be exposed to 

the ambient air when one of the doors was opened (Feldman, 1979). Throughout the 

design development, the incorporation of multi-compartments was explored to offer the 

user more options with respect to set temperatures for food types as well as to save 

energy. 

4.3 Ease of Use 

When brainstorming for ways in which the refrigerator's compartments could be set up, 

one thought kept recurring. It was important to have access to all of the food items 

including those that had a frequency for getting 'lost' at the back, particularly in a 

conventional refrigerator. Ideas which focused on ease of storage, storage flexibility and 

overall ease of maintenance became important. Other thoughts included designing an 

overall food storage system for cold food storage as well as dry food storage, or 

designing some sort of system that would serve a dual purpose. What also emerged were 

ideas on ways to configure components in a manner that would enhance energy efficiency 

as well as lend themselves to being modular so as to be disassembled and potentially 

recycled easily. 

4.4 Passive Means for Cooling 

It was important in the design development stage to explore ways of cooling without the 

use of electricity. As mentioned earlier in section 3.3, natural refrigeration methods such 

as using the climate or transpiration cooling were considered when trying to minimize the 

amount of energy a food storage system requires to work effectively. The option of 

using a passive means of cooling either within a mechanical refrigeration configuration or 

totally independent, as a separate 'appliance', was explored. 

4.5 Concepts 

The following are some of the preliminary design concepts that were generated leading to 

the proposed design. The advantages and disadvantages of each of the concepts are 

outlined respectively. 
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Concept 1 (figure 7) 

The main theme behind this concept was to use an external wall of a residence as a means 

for exposing one section of the refrigerator to the climate. 

Figure 7 

Pros of Concept 1 

• Minimizes energy used to cool 

the refrigerator by using the 

climate. 

• The rotating cylindrical form 

provides easy access to stored 

items. 

• Being built into a wall allows the 

refrigerator to be raised to a 

convenient height for the user. 

• Multi-compartments provide set 

temperatures for food storage, 

storage flexibility, and help to 

increase energy efficiency. 

II I 

II I 

II I 

II I 

II I 

II I 

II 

II 

Cons of Concept 1 

• The design is dependent upon the climate for consistent cooling, thus is unpredictable 

and unreliable. 

• Any passive cooling advantages in the winter months are countered by mechanically 

generated refrigeration- in the summer months. 

• Being built into an external wall may require custom design and potentially incur 

more costs and would probably be difficult to install retroactively. 
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Concept 2 (figure 8i& 8ii) 

Using the refrigerator for another purpose other than just for food storage was the 

underlying theme for this concept. Having the refrigerator as an 'island' unit placed in an 

open area of the kitchen could provide a working surface at counter height. 

Figure Si 

Pros of Concept 2 

• Minimizes energy used in the overall design by 

the incorporation of a compartment cooled by the 

process of transpiration. 

• Pull out drawers allow for easy access to stored 

items. 

• Multi-compartments provide set temperatures for 

food storage, storage flexibility, and help to 

increase energy efficiency. 

• Transparent doors prevent frequent door openings 

and unnecessary displacement of air. 

• Use as a workstation as well as a refrigerator. 

Cons of Concept 2 

• The placement of the transpiration compartment 

components (i.e., exposed porous surface) at 

counter level may be subject to ease of damage or 

malfunction. 

• The design is dependent upon having a fairly spacious kitchen where the refrigerator-

island would not be obtrusive. The requirement for a large open space to house the 

refrigerator-island may preclude it from many homes. 

• The design requires bending or crouching in order to access much of the stored items. 
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Concept 3 (figure 9) 

Similar to concept 2, the main focus of this concept was to integrate the refrigerator with 

a counter/cupboard system. A separate passive cooling compartment with 

complementary aesthetics acts as a part of the entire system 

Figure 9 

Pros of Concept 3 

• Minimizes energy used in 

the overall design by the 

incorporation of a 

transpiration compartment. 

• The transpiration 

compartment is modular and 

lends itself to convenient 

placement by the user. 

• Multi-compartments provide 

set temperatures for food 9-73 
uia 

storage, storage flexibility, 

and help to increase energy   

efficiency. 

• Transparent doors prevent frequent door openings and unnecessary displacement of 

air. 

• Rotating shelves and pull out drawers are incorporated for easy access to stored 

items. 

• The kitchen counter is transformed into an 'appliance cabinet' and may potentially be 

a space saver. 

Cons of Concept 3 

• The capacity of each compartment may be small in order to retain the depth of a 

typical counter, thus more compartments may be required or storage may be limited. 

• The design requires bending or crouching in order to access much of the stored items. 
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Concept 4 (figure 10) 

Concept 4 is representative of a design that would fit into an existing refrigerator space. 

It provides an environmentally responsible alternative for users who wish to replace their 

existing appliances without modification to their kitchen space. 

Figure 10 

 :2 

Pros of Concept 4 

• Minimizes energy used in the overall design by the 

incorporation of a transpiration compartment. 

• The transpiration compartment is integrated into the 

design and is placed where its components are 

unobtrusive. 

• Multi-compartments provide set temperatures for food 

storage, storage flexibility, and help to increase energy 

efficiency. 

• The compartments are configured with the coldest 

temperature at the bottom taking into account that warm 

air rises, while cold air is heavier and tends to descend. 

• The rotating shelves provide easy access to stored items. 

• Transparent doors prevent frequent door openings and 

unnecessary displacement of air. 

Cons of Concept 4 

The design would fit into an existing space but there is wasted space around it 

because of its cylindrical form and because most kitchens are based on rectangular 

forms (e.g., counters, cabinets). 

Summary 

In considering the concepts that would lead to an optimum design, it appeared that 

Concept 4 had the most potential as a refrigerator that would have an easy transition into 

an existing kitchen space. Concept 4 also had many worthy features and benefits which 

could be drawn upon for the proposed design. A variation of this concept became the 

basis for a design that would illustrate a more environmentally responsible refrigerator. 
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5 DESIGN PROPOSAL 

Through the process of design development, and by taking into account all of the design 

considerations, the proposed design concept was developed. The result is a synthesis of 

features that work to meet the criteria of the project (refer to section 2.2). The design 

proposal will be discussed as follows: Cabinet, Refrigeration System, Compartments, 

Freezer, Manufacturing Processes and Cost. Reasons for the design decisions (regarding 

form, materials, ease of use) will be described and supported with visual explanations. 

5.1 Cabinet 

The discussion of the cabinet is divided into the following sections: capacity, shape and 

dimensions, material and mobility. These will be discussed respectively. 

5.1.1 Capacity 

In the refrigeration industry there is a rule of thumb for determining the size of 

refrigerator appropriate for one's needs. The general rule is that a 340 L refrigerator 

should be sufficient for one to two people and 55 L should be added for each additional 

person. There are a number of considerations which may determine the size chosen, 

such as frequency of shopping, lifestyle of the individuals and the amount of entertaining 

they do, size of ma1s, frequency of eating times and the amount of space allotted in 

one's home for the appliance. 

It was decided that the design should have an overall internal volume of about 340 L, 

which includes the freezer compartment. It is aimed at a household of four and has been 

sized this way for the following reasons: 

• Since the refrigerator is aimed at a market that supports a sustainable way of living, it 

is speculated that there will be a reduction in the amount of food stored at one time. 

This is based upon the notion that in future communities designed with sustainable 

principles in mind, there will be a retail street environment where one will purchase 

small, fresh quantities of food on a daily or near daily basis (brought home by 

walking) rather than a large quantity of food each week at the supermarket (brought 

home by car) (Perks and Van Vliet, 1992). 

• A change in lifestyles is foreseen such that there will be at least some food production 

at a community level as well as the development of community gardens, thus 
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reducing the need for a large amount of storage in one's refrigerator. 

• The continuing trend to minimize the amount of packaging involved with food 

production should lead to more compact storage. 

• The larger the refrigerator, the greater the amount of energy required to run it (all 

other factors being equal). Acquiring a modest but functional size rather than one that 

'screams of excess' needs to be emphasized for the conservation of resources (Dr. 

Stuart Walker, pers. comm.). 

• A reduction in size may eliminate the practice of storing items that do not need to be 

kept at a cold temperature (e.g., bread, dried fruit, unopened condiments, etc.). 

Although some of the above reasons may appear to be somewhat idealistic at this time, it 

is important to initiate ideas that may influence users to rethink their practices of food 

consumption and storage, so that they are more in keeping with environmental 

considerations. 

5. 1.2 Shape and Dimensions 

The rectangular shape of conventional refrigerators has basically remained unchanged 

since the conception of the 'ice box'. The proposed refrigerator is intended to replace 

what exists now yet is still shaped according to what is perceived to work in a standard 

kitchen arrangement. The proposed design, illustrated in figure 11 (also refer to 

Appendix J), retains a rectangular framework at its back and sides in order to remain 

flush with the depth of a standard kitchen counter, thus retaining a complementary layout 

in the kitchen. The front of the cabinet however, is curvilinear due to the nature of the 

food compartments. There are four separate compartments ascending in temperature 

from the floor upwards. These compartments are the freezer (-18° C), meat/dairy (1° C), 

miscellaneous (40 C) and produce (8° C to 10° Q. The three lower temperature 

compartments are powered by mains electricity and the remaining compartment is cooled 

by a passive means of cooling. Three of the compartments have cylindrical interiors 

while the freezer is rectilinear. These will be discussed in detail in the 'Compartments' 

(5.3) and 'Freezer' (5.5) sections of the Design Proposal. 

Conventional refrigerators range in height from —1420 mm to 2130 mm, in depth from 

—610 mm to 790 mm and in width from —580 mm to 1220 mm. The dimensions of the 

proposed design are within this range, with a height of 1710 mm, depth of 740 mm and 

width of 740 mm, and are illustrated in detail in the technical drawings in Appendix K. 
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Figure 11 
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5. 1.3 Material 

The material chosen for the exterior of the cabinet is stainless steel. Stainless steel is very 

durable and long lasting and has remarkable strength and ductility. It is resistant to 

corrosion which is a very important property due to the amount of moisture generated in 

the refrigeration process. As well, this makes it sanitary, which is an important factor in 

a kitchen environment where food items are prevalent. Its surface is easy to clean and 

maintain and aesthetically, provides a natural, timeless appearance. Although it may be 

costly in production, the benefits of quality, durability and ease of recyclabiity, are 

judged to justify its initial costs. In fact, several manufacturers currently offer stainless 

steel appliances, including refrigerators (e.g., Sub-Zero Freezer Company, Inc.; 

Thermador). 

The type of stainless steel proposed is classified by the American Iron and Steel Institute 

as type '304'. It is a multi-purpose steel commonly used for food processing equipment 

and kitchen utensils. It has outstanding forming and welding characteristics, excellent 

corrosion resistance and good oxidation resistance. Its chemical composition includes 

8% nickel and 18% chromium. It has been recommended by those in industry that the 

use of 20 gauge sheet should suffice and that a standard 'number 4' finish could be an 

alternative (Del Fitzsimmons, pers. comm.). A number 4 finish gives a polished surface 

that is bright, satin-like and reflective. It is applied when ease of cleaning, appearance 

and high-resistance to corrosion are high priorities. 

Another alternative to the smooth finish stainless steel would be to use a textured stainless 

steel. Textured stainless steel offers the possibility of adding a highly durable coloured 

finish. Textured surfaces absorb abuse well with little degradation to the overall 

appearance. 

5. 1.4 Mobility 

For ease of cleaning and servicing, the cabinet is mounted on rollers allowing it to move. 

There are two pairs of standard rollers, front and back. The front rollers are adjustable 

and allow the refrigerator to be levelled once it is set into its place. 

To keep the refrigerator from moving, especially when the compartment and freezer 

doors are opened and closed, a screw is adjusted to touch the floor and lock the wheels in 

place. The adjustable front roller assembly for the cabinet is illustrated in figure 12. 
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Figure 12 
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(Source: Aithouse, et al., Modern Refrigeration 
andAir Conditioning, 1992) 

5.2 Refrigeration System 

The discussion of the refrigeration system is divided into the following sections: 

compressor, refrigerant, evaporator, condenser, temperature control and noise control. 

5.2.1 Compressor 

The compressor is the 'heart' of the refrigeration system. It is a motor driven component 

that draws the low pressure vapour refrigerant on the cooling side of the refrigerating 

cycle and compresses it into the high pressure condensing side of the system. The 

compressor chosen for the proposed design is the linear compressor. The linear 

compressor has many advantages as described previously in section 3.2.2. The linear 

compressor is proposed for use even though it is still in its prototype stage. In the future, 

however, other alternatives may be substituted in its place if they are deemed to be more 

suitable. The compressor is placed on the bottom, and at the back, of the refrigerator. 

The reasons for this placement are as follows: 

• The weight of refrigeration equipment is best kept close to the ground for stability. 

• It distances the equipment, and any noise it may make, away from the user. 

• It provides reasonable access for servicing and repairs. 

Although it has been noted that heat generated from the compressor may reenter the 

cabinet and cause warming, according to experts, the heat produced does not have a 

significant effect on the overall energy efficiency (Dr. Ayodeji Jeje, pers. comm.; Kevin 

Voutier, pers. comm.). 
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5.2.2 Refrigerant 

The refrigerant fluid absorbs heat in the evaporator by changing from a liquid to a gas, 

and releases heat in the condenser when it changes from the gaseous state back into a 

liquid. The choice of refrigerant in the proposed design was an important decision as one 

of the primary objectives of the project was to eliminate CFC use (refer to section 2.2). 

The refrigerant that is to be used in the proposed design is HFC- 134a. The reasons for 

this choice are discussed in section 3.2.1. Even though HFC-134a may only be an 

interim solution and is still in its early implementation stage for existing systems, it does 

have many qualities that justify its use until another more advanced refrigerant is 

developed. 

5.2.3 Evaporator 

The evaporator, also called the refrigeration coil, is the mechanism whereby the 

refrigerant vaporizes and absorbs heat. In the proposed design, there is a separate 

evaporator in each of the fresh food compartments which are powered by mains 

electricity. Each evaporator coil is housed externally on the compartment wall as 

illustrated in figure 13. 

The type of evaporator to be used on these 

compartments is the natural-draft coil, which 

allows natural air currents to flow across its 

surface to provide effective heat transfer. It is 

an economical and simple solution. 

Figure 13 

The two potential ways of creating the evaporator are as follows: 

1. Copper tubing can run externally along the back of each compartment. The tubing 

can then be coated with 'thermal mastic', a heat transfer compound or putty (figure 

14i). Thermal mastic replaces soldering for heat transmission. 

2. A double layered material, in this case, stainless steel, can be used for the 

compartment wall and the refrigerant passages can be stamped into both layers of the 

wall, as illustrated in figure 14ii. 
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Figure 141 
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THERMAL MASTIC 
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(Source: Del Fitzsimmons, Reggin Industries, 1994.) 

Figure 1411 

REFRIGERANT 
PASSAGE STAMPED 
IN EACH PLATE 

(Source: Whitman and Johnson, Refrigeration 
andAir Conditioning Technology, 1988.) 

While both ways are feasible, the final decision would have to be made at the 

manufacturing stage, when ease of assembly and cost could be taken into account. For 

the proposed design however, using the copper tubing appears to be the simplest and 

least costly alternative. 

The type of evaporator to be used in the freezer compartment on the other hand, will be a 

forced-draft evaporator. This incorporates the use of a small fan to direct the airflow into 

the freezer compartment (figure 15). The reason for using a forced-draft evaporator for 

the freezer is to allow electric heating elements (providing an automatic defrost system) to 

be located in the evaporator fins. Also, logistically, the configuration of the freezer 

design is more compatible with a forced-draft evaporator than with a natural-draft coil. 

This will be illustrated in detail in the 'Freezer' section (5.5) of the Design Proposal. 

Figure 15 

AIR FLOW 

(Source: Whitman and Johnson, Refrigeration 
andAir Conditioning Technology, 1988.) 

ALUMINUM FINS 
SPACED ABOUT 
3 M APART 

EVAPORATOR COIL 

The forced-draft evaporator 

consists of tubing with fins to 

increase the surface area of the 

tubes. The fins are spaced 

wide apart to prevent blockage 

of the air flow and to prevent 

frost from building up. Frost 

however, will form on any 

evaporator surface that is 

below the freezing point, so a 

defrost system must be 
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utilized. The automatic defrost system uses a heater to melt the accumulated frost, a 

thermostat to gage the operation of the heater and a timer to control the process of the 

automatic function. An automatic defrost system was chosen for the proposed design for 

the following reasons: 

• It is an unattended process and provides ease of use for the user, who is relieved of 

manually defrosting the freezer. Although it may be more costly than an manual 

defrost system (refer to the next point), this is offset somewhat by convenience for 

the user. 

• Although it can be argued that automatic defrost uses more energy because of the fan 

and motor used to direct air flow and because of the imbedded electric heaters, the 

trade-off in energy efficiency occurs with the frequency of ice removal. In a manual 

system, the user may allow the frost to build up, decreasing energy efficiency since 

the layer of ice would act as an insulator. Utilizing a low powered fan, motor and 

heaters in the automatic defrost system would prevent this, making its cost justifiable 

in the long run. 

• An adaptive defrost system may be incorporated into the freezer design. Adaptive 

defrost utilizes a microprocessor-based control system, where defrost only occurs 

when it is necessary rather than at preset time intervals. The thermostat can also be 

controlled to stop the defrosting process if all the frost has been eliminated, rather 

than continuing for a set amount of time. The adaptive defrost system works to 

reduce the amount of energy consumed. 

One final note is that after defrosting is 

accomplished, the water from the evaporator coil 

must be eliminated. A water collection pan is 

placed on the bottom of the refrigerator, close to 

the compressor (figure 16). Heat from the 

compressor can be directed through a discharge 

line that is passed through the pan and the 

evaporation of the water can occur. The pan 

may also be removed for cleaning, as it may 

collect debris being at the bottom of the 

refrigerator. 

HOT DISCHARGE LINE 
ROUTED THROUGH THE 
BOTTOM OF THE 
CONDENSATE PAN. 

(Source: Whitman and Johnson, Refrigeration 
andAir Conditioning Technology, 1988.) 

Figure 16 
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5.2.4 Condenser 

The condenser is the mechanism in a refrigeration system that transfers heat from the 

system to the ambient air as the refrigerant changes from a gas back to a liquid. All 

condensers are air cooled and are cooled either by natural convection or by forced air. 

The type of condenser chosen for the proposed design is the natural convection system. 

The reasons for this choice are that it is simpler in design and does not require any extra 

components to work efficiently, such as a fan and motor. 

Figure 17 

WARM AIR 

CONDENSER 
STANDS  OFF 
FROM BACK OF 
REFRIGERATOR. 

COOL AIR FROM FLOOR. 
AS IT IS HEATED. IT RISES. 

(Source: Whitman and Johnson, Refrigeration 
andAir Conditioning Technology, 1988.) 

The condenser is located at the back of 

the refrigerator (figure 17) and does 

however, require good air circulation 

around it, to deliver peak performance. 

The condenser should also be cleaned 

every six months to ensure that its 

efficiency is not compromised. 

5.2.5 Temperature Control 

In a mechanical refrigeration system, a controlled amount of refrigerant runs through the 

system in order to remove heat from the space that is to be cooled. In the proposed 

design, a proportioned amount of refrigerant will be required in order to keep each 

compartment cooled to its optimum temperature (excluding the one that is cooled by 

passive means). This system would work as follows: 

• In each compartment there would exist a sensing device that would monitor the 

temperature range that was required. Each sensor would have a 'low' set point and a 

'high' set point corresponding to the temperature range allowed within the 

compartment. 
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• The sensors would feed this temperature information into an electronic control 

system. 

• From the electronic control system, a manifold would be regulated. 

• The manifold, a chamber equipped with a network of pipes and valves, would control 

the amount of refrigerant to be distributed. 

The refrigeration system would require two manifolds: one with 'distributing' tubes 

which receive the refrigerant from the compressor, the other with 'collecting' tubes which 

send the refrigerant back to the compressor. The use of an electronic temperature control 

would alleviate the task of adjusting a thermostat manually inside each compartment and 

would be preferable since each compartment is set at a defined temperature. However, if 

necessary, the user could test the temperature within the compartment using a standard 

refrigeration thermometer. 

52.6 Noise Cancellation 

The mechanical workings of a refrigerator such as motors and fans are noise sources that 

need to be controlled in order to create a comfortable kitchen environment. The proposed 

design incorporates the system of electronic noise cancelling. 

Figure 18 

Electronic noise cancelling uses computer 

technology to analyse the noise that is 

generated. A microprocessor predicts its 

waveform and creates new sound waves 

called 'anti-noise'. These sound waves are 

180 degrees out of phase with the original 

noise source (figure 18) which, when 

projected out of speakers located near the 

original noise source, cancel out and muffle 

the sounds that are generated. 

NOISE SOUNOWAVE 

ANTI-NOISE SOUNDWAVE 

RESIDUAL NOISE SOUND WAVE 

(Source: Jancsurak, Appliance Manufacturer, June 1991.) 
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5.3 Compartments 
As was mentioned in the 'Cabinet! section (5.1.2), there are four separate food storage 

compartments in the proposed design. They will be referred to as the freezer 

compartment, the meat/dairy compartment, the miscellaneous compartment and the 

transpiration compartment. The discussion of the compartments will focus primarily on 

the miscellaneous and meat/dairy chambers. Many of the same features apply to the 

transpiration compartment as well, with the main difference being that the transpiration 

compartment does not rely on mains electricity to cool the compartment. It utilizes a 

passive system for cooling and will be discussed in further detail following the initial 

discussion of the fresh food compartments. The freezer will be discussed in detail in a 

separate section of its own. The discussion of the compartments is divided into the 

following sections: shape, volume and temperatures; insulation; evaporator; internal 

configuration; rotation; secondary shelves; doors; gaskets; hinges; handles; controls; and 

lighting. 

6.3.1 Shape, Volume and Temperatures 

The compartments are cylindrical in shape and are formed from 22 gauge stainless steel. 

This provides durability, corrosion resistance, ease of cleaning and sanitation. The type 

of steel proposed for the compartments is classified as type '410'. It has magnetic 

properties which are necessary for the use, in this case, with a magnetic door closure 

system. Its chemical composition includes 11% chromium. A standard 'number 2B' 

finish would be appropriate, leaving a polished, but not a brilliant surface finish (Del 

Fitzsimmons, pers. comm.). The transpiration compartment has an internal volume of 

—90 L, a temperature of 80 C to 10° C and is suitable for the storage of fruits and 

vegetables. Other items may be placed in the transpiration compartment if a slightly 

warmer than average refrigeration temperature is desired. For example, wine is often 

best when stored at this temperature, as well, hard butter may be placed into the 

compartment for softening. The miscellaneous compartment has an internal volume of 

—90 L and is set at a temperature of 4° C. This is the standard temperature for 

conventional refrigerators and has been incorporated into the proposed design for the 

storage of items such as eggs, condiments and other items requiring general storage. The 

meat/dairy compartment has an internal volume of —109 L and is set at a temperature of 1° 

C. This cooler temperature is ideal for doubling the shelf life of dairy items and for 

keeping meat (and fish) just above freezing, which is recommended by food storage 

guidelines (refer to Appendix D). Other items, such as beverages, may also be placed in 
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this compartment for cooler storage. It may be noted that the compartment with a height 

of 350 mm, is greater in height than the other two compartments (at 290 mm) to 

accommodate tall bottles. Separate compartments have been provided for each food 

category to meet the temperature requirements for safe and optimum cold storage. As 

well, multi-compartments are more energy efficient as discussed previously in section 

4.2. 

5.3.2 Insulation 

The insulation chosen for the compartments is vacuum panels filled with aerogel (refer to 

section 3.2.3). Aerogel that is encased within an outer shell made from a nonwoven 

polymer textile (e.g., pellon or an interfacing material used in sewing) and then sealed 

with a multilayer film would be inserted around each compartment wall (figure 19). 

Figure 19 

The aerogel would be 'vacuum-packed' into modular panels that would allow ease of 

assembly, disassembly and replacement, if necessary. Any gaps or crevices that may 

remain within the refrigerator, would be filled with polyurethane foam blown in using 

carbon dioxide, a CFC-free propellant. 
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5.3.3 Evaporator 

The evaporator for the compartments would be placed around the external wall of the 

miscellaneous and meat/dairy compartments. To account for the door opening, the coil 

would run about two thirds of the way around each cylinder. The placement of the coil 

would maximize the available area where the refrigerant could vaporize and absorb heat. 

This is illustrated in figure 20. 

Figure 20 
- - - 
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5.3.4 Internal Configuration 

The interior of the compartments have been designed to minimize the amount of cool air 

displaced when the doors to the compartments are opened. In the proposed design, each 

compartment utilizes a partitioning system that separates the compartment into three 

sections to further enhance this feature (figure 21). The partitioning system consists of 

three dividers that slide into a base that rotates within the compartment. When all three 

dividers are inserted, the amount of air displaced when the door is opened is minimized, 

because only about one third of the air in the compartment is exchanged with the ambient 

air. This results in a more energy efficient system. An approximate calculation of the 

energy savings can be found in Appendix E. 
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Figure 21 

DIVIDERS 

ROD 

The placement of the dividers is optional, allowing the user to customize the internal 

space as desired. For example, a large food platter may take up a great deal of room, 

therefore all of the dividers may have to be omitted. In this case, the displacement of air 

would obviously increase. On the other hand, two or usually all three of the dividers 

would be used to configure the space for general use. It should be noted that each third 

of the compartment is not sealed off completely, as air circulation is necessary for 

efficient cooling. 

The dividers could be made from either tempered glass or borosilicate glass. Both types 

of glass can withstand high impact and are easily recycled. Tempered glass is heat treated 

which results in it being up to five times as strong as ordinary glass. It is difficult to 

break, but when it does, it shatters into dull, small pieces. Borosilicate glass has 

excellent durability and has high resistance to shock and thermal shock. Applications 

include industrial and domestic use and it is commonly known by its tradename, Pyrex. 

A drawback to its use is that it is more expensive than tempered glass. While both types 

of glass are feasible for the proposed design, the use of tempered glass appears to be the 

least costly alternative. The use of glass provides ease of cleaning, transparency (for 

'see-through' views of all the sections so that food can be located without opening the 
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door) and aesthetically, glass is simple yet attractive. Each divider would have a 

rubberized extrusion edging for ease of handling and for protection against chipping. 

The rubber edge would also prevent the glass from rattling when in place. One edge of 

the divider would slide into a groove in the base (on the bottom of the compartment) and 

another edge, into a groove of a removable rod placed at the center of the compartment, 

(refer to figure 21). The rod acts as a supporting device for the dividers. It is not 

attached rigidly to the base or the ceiling of the compartment so it does not hinder the 

rotation in any manner (figure 22). 

Figure 22 

For ease of placing the dividers into the rod, one divider could be 

permanently attached to the rod. The rod itself would be made by 

extrusion from polyphenylene oxide. Extrusion would form a 

hollow tube and moulded 'caps' would fit onto each end of the 

tube to form the rod. Polyphenylene oxide is a thermoplastic that 

has good tensile and impact strength, good temperature and 

chemical resistance, is non-toxic and, most importantly, is 

recyclable. 

5.35 Rotation 

The rotation within the compartment provides ease of access for items that are placed at 

the back of the chamber. As shown in figure 23, the stainless steel compartment has a 

shallow recessed area (die stamped) in its base for the rotating tray to be housed. The tray 

consists of a platform, made from polyphenylene oxide or stainless steel, with a number 

of nylon wheels attached to the bottom. 

RECESSED AREA NYLON WHEELS 
IN COMPARTMENT ROTATING TRAY 

Figure 23 
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The tray would be sized so that it could easily fit diagonally through the opening of the 

compartment and thus, easily removed for cleaning. This tray would be rotated by an 

edge driven capstan drive and along the edge of the platform, pressure from a rubber 

capstan roller would be applied. 

A small motor would turn the 

capstan, which would 

subsequently turn the platform 

along its edge (figure 24) via 

finger controls on the front of 

the cabinet. 

Figure 24 
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beginning and the end of each 
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A gradual and constant speed would be generated in each of the three compartments by 

small 'shaded pole' or 'skeleton' motors. These types of small motors are commonly 

used for applications such as base rotation in microwave ovens. A gentle speed would 

keep food items stable within the compartment during rotation. These motors have a very 

low starting torque and require little energy to run. An approximate calculation of the 

energy used by the motors is found in Appendix F. 

On top of the tray three horizontally placed pie shaped pieces of glass (tempered) are 

fitted that expand the size of the platform, creating the primary shelf for the food items 

(figure 25). The platform would be die stamped with small circular depressed areas. 

Pegs would be cast onto the bottom of the glass pie segments and these would key into 

these depressions. These segments are in separate pieces to, again, accommodate the size 

of the compartment opening and to ease removal for cleaning. The pieces would be cast 
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into a shape that would create a groove when they were placed side by side. It is these 

grooves that the vertical dividers slide. 

Figure 25 

GLASS PIE 
SEGMENTS 

5.3.6 Shelves and Baskets 

To further customize the interior of the compartments, removable shelves and baskets 

may be freely inserted to optimize storage space (figure 26). 

Figure 26 
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The shelves provide support for stacking food items and make items more accessible and 
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visible. The chosen material for the shelves is heavy gauge stainless steel wire. The 

wires are spaced close together for durability, to withstand a greater amount of weight 

and to eliminate the tipping of food items. The supporting legs of the shelves are tipped 

with small rubber 'feet' to prevent rattling and slippage on the glass surface. The feet 

would be easily removed when the racks were cleaned and also at the time of 

disassembly. Steel wire baskets, also made from heavy gauge stainless steel wire, could 

be produced for compartments to contain items that have a tendency to roll about (e.g., 

eggs, produce, etc.). 

5.3.7 Doors 

The doors of the compartments are transparent. Transparency allows the user to view the 

contents of the compartment before opening the door. Determining what one needs 

before opening decreases air exchange and loss of cold air, as the door is only opened 

once the particular 'third' of the compartment is aligned. 

The doors to the compartments would be made from a curved 'sandwich' of glass 

(tempered or borosilicate) with one layer. of acrylic and two layers of air in between and 

would be held together with a plastic 'spacer' (extruded from polyphenylene oxide) 

(figure 27). 

Figure 27 
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This sandwich would be housed in a frame consisting of a front and back panel created 

from die stamped stainless steel (20 gauge flat steel). Insulation such as aerogel could be 

placed within the frame to aid in providing thermal resistance. The triple pane sandwich 

construction would also ensure excellent thermal resistance and a low thermal 

conductivity, thus satisfying the insulation requirements for the front of each 

compartment. Acrylic is used as the middle layer because it helps to increase the 

insulation as well as lighten the weight of the door (compared to a door made with three 

panes of glass). Acrylic is more lightweight than glass, yet is still durable and highly 

transparent. Although its surface can be scratched easily, it would be protected by the 

outer panes of glass in this case. It is suitable for the process of thermoforming which 

would also be applied in this case. The glass and the acrylic could be curved in the 

following manner: 

• Flat pieces, cut to size, would be placed upon moulds and be exposed to low 

temperatures just above the softening point. 

• The materials would take on the shape of the mould by sagging or slumping. The 

surface of the materials would be left unmarred because the surface of the actual 

mould material is smooth. 

The doors would be inset into the opening of the compartments, resulting in a flush front 

exterior. Aesthetically, this solution appears to be more elegant and less obtrusive than 

having the doors attached to the outside of the cabinet, as is usually found in most 

conventional refrigerators. Also, because of the cabinet's curvilinear nature, a smooth 

surface helps to minimize the overall depth of the refrigerator. 

5.3.8 Gaskets 

Flexible gaskets are used on the frame of each door to provide a leakproof seal when the 

door is closed. A steel retainer strip fastens the gasket to the door. 

The gasket has a cushion of air that compresses when the door is closed and also has a 

built in magnet to provide a good seal (figure 28). A gasket that fits properly is an 

important factor for preventing cold air loss. The material for the door gaskets would be 

rubber or flexible vinyl (polyvinyl chloride). Both are low cost materials, have good 

physical and strength properties and can be subjected to a wide range of production 

processes. In this case, they would be extruded to make the continuous profile shape. 
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Figure 28 
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5.3.9 Hinges 

Since the compartment doors are inset, the type of hinge system utilized is a variation of 

the standard 'concealed bearing hinge' (figure 29). 

Figure 29 
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A single hinge would be buried alongside 

the edge of the compartment opening and 

attached to the door. The hinge would 

run alongside the entire door, and 

aesthetically provide a simple and discrete 

solution. The hinges would be made 

from stainless steel (blanked and rolled) 

which would provide the strength 

required for proper door alignment, 

essential for preventing cold air from 

escaping and helping to maximize energy 

efficiency. 
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5.3.10 Handles 

Unlike the compartment doors, the handles for the doors are not inset into the actual door 

frame but are fastened horizontally to the door frame's exterior (figure 30). 

The handles are formed (bent) from stainless steel rod r 

and are fastened to the door (from the inside with 

screws), thus providing a clean finish, as well as ease 

of assembly and disassembly. Alternatively, a casting 

process could be used to form the handles. The form 

of the handles echo the shape of other components 

found in the refrigerator such as the curvilinear front 

and circular elements incorporated into the transpiration 

compartment. Ergonomically, the handles are sized to 

fit a large range of users and are formed to feel smooth 

and pleasing to the touch. The handles are also 

designed to feel solid and be strong to withstand the 

impact of normal use. 

Figure 30 
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5.3.11 Controls 

There are three sets of control switches that operate the rotation within the compartments. 

Two sets are centered below the transpiration and miscellaneous compartments 

respectively and the other is centered above the meat/dairy compartment. They are 

positioned this way to provide ease of reach without obstructing the view to the interior 

of the compartments. The configuration of the control switches is illustrated in figure 31. 

The system works in the following manner: 

• By pressing the triangular button to the right, the compartment would rotate to the 

right, but only one third of the way around the entire compartment (one section). 

• The left triangular button would work in the same manner but in the opposite 

direction. 

• By pressing the round button in the middle, the light source would be activated 

without causing any rotation to occur. This would be useful if the compartment was 

already positioned to the section the user wished to access. In addition, the light 

would be activated automatically once a door was opened. 
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Figure 31 - - 
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The system is electronically designed so that the user would only be required to push the 

button once to make the rotation occur, rather than having to hold it down for a set 

amount of time. The interior light would be activated when any button was pushed to 

provide visibility for ease of access. The light source would be connected to a timer that 

would cause the light to fade 30 seconds after the button was pushed. Since the base 

rotates from one third to one third, and the section dividers line up exactly with the edges 

of the door opening, a means to remove the dividers is required. One solution is to 

program the control switches to rotate the base one sixth of the way around so that the 

divider would be in the center of the door opening. This could be accomplished by 

pushing one of the arrow buttons and the middle button at the same time. Another 

solution would be to allow the user to override the motor if necessary and manually rotate 

the base to where they preferred. The manual override would probably be the simplest, 

and most convenient to implement and use. 

5.3.12 Lighting 

The interior of the compartments should be well lit, when required by the user, in order 

to make it easier to find food items. The lightbulb required for illumination is a very 

small 10 to 15 watt bulb, similar to a sewing machine bulb or Christmas light. This is 

housed close to the door opening in the ceiling of the meat/dairy and miscellaneous 

compartments, and in the base of the transpiration compartment (figure 32). 
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Figure 32 
TOP VIEW 
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TRANSPIRATION 
COMPARTMENT COMPARTMENT 

This allows the section closest to the door to be well-lit, serving its function as each 

section is rotated. The lightbulb is located in the base of the transpiration compartment 

because the porous plate used for the transpiration process must be in direct contact with 

the compartment (i.e., the steel ceiling) so there is no space at the top of the compartment 

for the light bulb, socket or wiring. 

5.3.13 Signage 
As was mentioned in section 5.3.1 (Shape, Volume and Temperatures) each of the fresh 

food compartments is designed to store certain foods. Adequate signage would be silk-

screened onto the bottom left-hand corner of the outer pane of glass, of each compartment 

door, to indicate the foods 

that should be stored in that 

compartment. The signage TRANSPIRATION 
COMPARTMENT 

for each compartment is - 10 C) 

illustrated in figure 33. 

Figure 33 
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5.4 Transpiration Compartment 

The transpiration compartment is distinguished from the other two fresh food 

compartments by its method of cooling (refer to Appendix A for an introduction to the 

principle of transpiration cooling). The compartment uses a transpiration system which 

will be discussed according to its overall configuration and its working principle. 

The transpiration system is situated on the top of the compartment. The ceiling of the 

transpiration compartment is actually the top of the refrigerator cabinet, comprised of a 

plate of stainless steel. The top side has been die stamped to form a slightly protruded 

surface upon which a 'porous plate' sits. Around the raised metal, there is a die stamped 

moat' area to accommodate a shallow ring of water to be housed (figure 34). 

Figure 34 
POROUS PLATE 

MOAT 

RAISED STAINLESS 
STEEL 

The water seeps through the porous plate, causing saturation, as well as creating a very 

thin layer of water which remains between the plate and the raised stainless steel. 

Through the process of transpiration cooling, water evaporates into the ambient air from 

the exposed surface of the water saturated porous plate. The latent heat of evaporation is 
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extracted from the water within the porous plate and this keeps the plate cool (Dr. Ayodeji 

Jeje, pers. comm.). Heat is conducted into the porous plate from the transpiration 

compartment. As the evaporation continues, water is continuously drawn in by 

capillarity from the moat into the porous plate to keep it saturated with water (Dr. 

Ayodeji Jeje, pers. comm.). This replenishes what is lost. A steady state is established 

to provide cooling to the compartment through the continuous evaporation of water. The 

rest of the transpiration system is configured as follows (figure 35i): 

Figure 351 

QUICK 
DISCONNECT 

POROUS PLATE 

STAINLESS 
STEEL MOAT '---- - VALVE 

• Covering the moat and 

the edge of the porous 

plate is a flat band 

made from aluminum 

or stainless steel. In 

conjunction with a 

rubber ring, the band 

creates.a seal, 

preventing air from 

becoming trapped 

within the moat. The 

band is held in place 

by clips that are placed 

around its perimeter. 

• Attached to the moat is a tube, which in turn, is attached to a water reserve that 

provides a continuous source of water. The tube is fitted with valves that close off 

the water flow and a 'quick disconnect' mechanism, all of which aid in the 

detachment of the water flow from the moat. 

• The ring of water (the moat) needs to be constantly replenished, therefore the metal 

band creates a closed system resulting in a constant intake of water. If the moat is not 

filled completely and contains air, the continuity is broken with the water reserve. 

The closed system relies on the principle of capillarity whereby the porous plate 

draws water upwards from the moat, which in turn, draws water from the reserve. 

Capillarity in the porous plate is dependent upon the closed system and the cleanliness 

of the liquid to be drawn upwards. 
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• It may be noted that for the first use of the transpiration unit, or for the system to start 

up, a small screw valve placed in the moat cover allows air to escape out of the moat 

area to allow water to flow into the moat. When the moat is full of water, the valve is 

closed thereby creating the closed system. 

• The water reserve holds about 4.5 L of distilled water and would require filling by the 

user approximately once a week. This was determined by a rough calculation of the 

rate of water evaporation that would occur on a daily basis (refer to Appendix G). 

Distilled water is required to prevent the build up of minerals, not only in the moat 

area but also in the porous plate itself. 

• The water reserve is long and cylindrical in form and has a stainless steel wall (figure 

35ii). It has a stainless steel base on one end and houses a glass insert in the other 

end. The glass end is situated at the front of the refrigerator. The glass provides an 

easy to read indicator for the amount of water that remains in the reserve. There is a 

hole and plug in the top of the reserve for refilling. 

Figure 351i 

• The water reserve can be easily 

removed for cleaning, as it is 

freely positioned in a recessed 

area of a 'cover' that sits on 

top of the cabinet. The cover 

is slightly sloped and encloses 

the components of the 

transpiration system (e.g., the 

porous plate, moat, etc.). The 

front of the cover follows the 

curve of the front of the 

refrigerator and has narrow 

slits that are cut out for the 

ventilation of air, while the 

distance between the cover and 

the porous plate is small (- 20 

IEI 
WATER RESERVE 

COVER 

mm) creating a low and flat channel for air flow. 

• A small, low wattage fan is placed inside and at the back of the cover. This creates a 

continuous, yet gentle, flow of air which assists the evaporation process. The use of 

a fan ensures good air flow across the plate, providing improved and consistent 

performance. The fan also prevents debris, such as dust, from settling onto the plate, 
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and blocking its pore structure. Such a blockage would reduce the effectiveness of 

the evaporation process. A fan requires very little energy to run continuously (much 

less than the energy that would be required to cool the compartment with mains 

electricity). An estimate of the energy used by the fan is found in Appendix F. 

The use of a transpiration system in the proposed design utilizes a natural refrigeration 

process to help minimize energy consumption in the overall design. For the system to 

function efficiently, it is dependent on three outside factors, which are: the ambient 

temperature, the humidity, and rate of air flow. As the ambient temperature increases, the 

rate of evaporation increases; as the humidity increases, the rate of evaporation decreases; 

and as the rate of air flow increases, the rate of evaporation increases. 

There is also a direct relationship between the porosity and geometry of the porous plate 

and the rate in which heat is extracted from the compartment. The requirements of the 

porous plate for the proposed design are the following: 

• It should be placed on a horizontal surface. There is the need to keep the volume of 

water between the porous plate and the steel compartment small, but the surface area 

large. 

• It should be flat (e.g., a corrugated surface is not recommended as it may 

compromise the plate's properties of strength and durability (Dr. Ayodeji Jeje, pers. 

comm.)). 

• It should be used with distilled water to prevent buildup of minerals and should be 

cleaned on a regular basis, to remove other buildup such as bacteria and debris. 

• It should be made out of sintered glass, or any other porous material that has a pore 

structure large enough to remove moisture, yet small enough for liquid to rise through 

them. Sintered glass is prepared by heating glass beads (compressed glass) until they 

bind together to form a porous mass. 

• In the proposed design, the porous plate need only be 10 mm in thickness to serve its 

purpose. It does have a fairly large diameter to cool the compartment, therefore it is 

divided into two pieces that fit together, to ease lifting, handling and cleaning. 

Experiments would have to be conducted to validate that the transpiration process was 

working efficiently, and if it was not, the specifications of the porous plate and the other 

components would possibly have to be altered accordingly. The materials used for the 

components of the transpiration system were chosen for their properties of durability, 

strength, ease of cleaning, recyclability, and should ensure a long life cycle. 

-71-



5.5 Freezer 

The discussion of the freezer is divided into the following sections: shape, volume and 

temperatures; insulation; drawer system; and door gasket and handle. 

5.5.1 Shape, Volume and Temperature 

The freezer compartment is rectilinear in shape and is comprised of two bins which stack 

together, but are accessed by one main drawer (figure 36). 

Figure 36 

Top BIN 

LOWER BIN 

It has an internal volume of —51 L, small by today's standards, and is set at a temperature 

of -18 C. The reasons for incorporating a small freezer are as follows: 

• More energy is generally required to run a freezer (Energy, Mines and Resources 

Canada, 1992). 

• To repeat a point that was made earlier in the Design Proposal, since the refrigerator 

is aimed at a market that supports a sustainable way of living, it is speculated that 

there will be a larger selection of fresh foods available with a return to food 

production at the community level, and therefore a reduction in the amount of food 

stored, and particularly requiring freezing, at any given time. 
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• With the onset of sustainable communities, individuals may share one large 

communal freezer to minimize energy consumption. 

The freezer compartment is placed at the bottom of the cabinet because it tends to be the 

compartment that is accessed less frequently. Although some bending is necesary for 

accessing items, a roll out drawer system makes this easier and also makes it easier for 

the user to view the contents. 

5.5.2 Insulation 

The insulation used in the freezer compartment, like the other compartments, is aerogel 

enclosed in vacuum panels (refer to section 5.3.2). These vacuum insulation panels 

would be inserted around the perimeter of the freezer compartment and in the front of the 

drawer (figure 37). 

Figure 37 

-73-



5.5.3 Drawer System 

A drawer system for the freezer should be more energy efficient than a system with a 

door that swings open. Cold air is heavier than warm air and tends to descend, therefore 

less cold air escapes when a drawer is opened (Feldman, 1979). Energy efficiency is 

also increased by having a drawer which consists of two bins that fit together. While 

they always roll out together, the top bin is able to roll back into the compartment, 

exposing the bin below it. The top bin is used to hold more frequently accessed items, 

such as ice cubes, and has the added benefit of preventing cold air from being released 

from the entire freezer drawer. Thus energy is conserved since the refrigerator does not 

have to work longer and use more energy to absorb the warm air that would be otherwise 

let into the freezer. 

The bins are injection moulded from polyphenylene oxide since it is recyclable, has good 

tensile and impact strengths and good temperature resistance. The latter is an important 

property required for this compartment since at this very low temperature, materials 

should be avoided that are susceptible to cracking and brittleness. The bins run on a track 

and roller system. The lower bin is supported by tracks and rollers that are fastened to 

the interior walls of the freezer compartment. The top bin is also supported by a track 

and roller system, but it also utilizes the top, outer ridge of the lower bin as a track. The 

rollers provide a smooth motion when the drawer is pulled open or pushed closed. Even 

when the freezer is fully loaded, this easy action should not be compromised, nor should 

there be enough weight to cause the rest of the cabinet to tilt forward. The track and 

roller systems also incorporate the necessary measures (i.e., stopping mechanisms) to 

prevent the bins from sliding completely out of the refrigerator. The option to override 

these stopping mechanisms would exist however, to allow the drawer to be initially 

installed and later removed, if necessary. 

5.5.4 Door, Gasket and Handle 

The front of the drawer is made from stainless steel, for the same reasons as mentioned 

previously in the 'Cabinet' section (5.1.3). Attached to the rear is a plastic liner, 

thermoformed from polyphenylene oxide, which houses the insulation panel. The freezer 

compartment also utilizes the same gasket (refer to figure 28) and handle style found on 

the other compartments. The larger freezer handle would be placed in a horizontal 

manner close to the top of the drawer (refer to figure 36 or 37). 
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5.6 Manufacturing Processes 

The discussion of the manufacturing processes will, in a general manner, focus upon 

how the refrigerator will be assembled and how its construction will have an effect on the 

replacement of parts and ultimate disassembly. Supplementary illustrations will be used 

to provide visual explanations of some of the phases of the manufacturing process. It 

should be noted that this is only a general overview of how the manufacturing might be 

carried out. Further analysis by manufacturing specialists would be required at the 

prototype and implementation stages. The discussion of the refrigerator's assembly is 

divided into the following sections: cabinet, fresh food compartments, freezer and final 

construction. 

5.6.1 Cabinet 

The manufacturing, process begins with the construction of the cabinet. Using 20 gauge 

stainless steel, the primary pieces of the cabinet are sized. The pieces, called 'blanks' 

(figure 38) are sheared from the flat steel through an automated process. 

Figure 38 

TOP AND SIDES A computerized punch then creates the apertures and 

notches in the blanks which allow for ease of bending 

when constructing any corners or edges. An automated 

process for fabrication would have to be utilized, 

otherwise processes may become too labour intensive. 

Presently in the refrigeration industry, about 60 percent of 

the assembly is accomplished by automation (Dennis 

Klem, pers. comm.). 

The top section of the cabinet would be die stamped to 

accommodate the configuration of the transpiration system 

(figure 39). 
KEY-IN 
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This would include a protruding surface for the porous plate to rest upon and a 

depression for the water source. In the protruding surface, six small circular depressions 

would act as 'key-in' points for the placement of the sintered glass. These also act to 

keep the glass from sliding out of position. The sintered glass would be cast with small 

half spheres on its underside which would line up with the depressions. There would 

also be small circular depressions in the corners of the top section which would act as 

key-in points for fitting the cover that protects the transpiration system. The cover would 

be die stamped from 22 gauge stainless steel, type 304, and have a number 4 finish (refer 

to section 5.1.3). 

Figure 40 

L-JOINTS 

To create a skeletal framework for the refrigerator, 

extruded L-brackets' made from structural plastic, in this 

case, polyphenylene oxide, are fastened at key points to the 

blank by means of mechanical fasteners (figure 40). 

These brackets act as support structures for each of the 

fresh food compartments. Plastic material is used to create 

a thermal barrier 

between the stainless 

steel used for the 

compartments and 

the stainless steel 

used for the cabinet. 

The main blank for 

the cabinet would be 

bent by industrial 

presses to create the 

supporting structure 

for the entire 

refrigerator (figure 41). A square plate would be 

spot welded to the bottom of the 'cage-like' 

structure to provide a solid supporting base. 

Rollers would be mounted onto the base for 

mobility (refer to section 5.1.4) 

Figure 41 

SUPPORTING 
PLATE 
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5.6.2 Fresh Food Compartments 

For the construction of the fresh food compartments, a number of blanks would be 

sheared from 22 gauge stainless steel, type 410, with a number 2B finish (i.e., a 

polished, but not a brilliant surface finish). The fresh food compartments have the shape 

of large cylinders with the wall of the compartments made by roll forming the steel into 

cylindrical forms. The cylinders would be fastened by means of spot welding. The 

cylinders would have an aperture, forming the opening for the compartment. The cut out 

edge would be finished with a rubberized extrusion edging to provide a smooth rim. The 

miscellaneous compartment cylinder and the meat/dairy compartment cylinder would each 

be fitted with a natural draft coil evaporator running along its exterior. 

The base of each compartment would consist of a 'sandwich' structure (figure 42). 

Figure 42 

The top layer of the sandwich 

would be die stamped with a 

circular depressed area 

allowing the cylinder to be 

fitted into the compartment 

base with an '0-ring' (a thin 

ring of rubber which creates a 

tight seal). The top layer 

would also be die stamped with 

a second depressed area to 

accommodate the rotational 

base for the compartment. 

RECESSED AREA 
FOR HOLDING 
CYLINDER 
AND 0-RING 

RECESSED AREA 
FOR ROTATIONAL 
BASE 

AEROGEL 

SANDWICH BASE PLEATS FORMED 
VA TH THE METAL 

For the transpiration compartment, a third depression in the top layer would provide 

housing for a small light bulb, allowing the compartment to be lit from the bottom as well 

as allowing the bulb to be placed in a convenient location for ease of replacement. For 

the miscellaneous and meat/dairy compartments, a third depression in the bottom layer of 

the sandwich (respectively in the base of the transpiration compartment and the 

miscellaneous compartment) would provide housing for a small light bulb, allowing the 

compartment to be lit from the top. 
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The bottom of the sandwich would consist of a plate of steel, folded to create two pleats 

which provide proper support for the weight of the compartment (refer to figure 41). In 

the middle of the sandwich, vacuum insulation panels filled with aerogel would be placed 

to provide insulation between each fresh food compartment. A set of control switches, 

which operate the rotation within the compartment, would be placed at the front of the 

sandwich (refer to figure 31). The control switches would fit into a face plate, which 

covers the front of the sandwich and acts as part of the surface of the front exterior of the 

refrigerator. The sandwich also houses the electrical wires for the control switches and 

the light source. 

Each compartment would be constructed as a single unit which would slide onto the 

support structures within the cabinet from the back (figure 43). 

Figure 43 

Vacuum insulation panels filled 

with aerogel would be inserted 

around the cylinders to provide 

the insulation for the 

compartments. It should be 

noted that the bottom of each 

compartment acts as the ceiling 

for the compartment below it, 

except in the case of the 

transpiration compartment, 

which utilizes the top of the 

cabinet as its ceiling. 
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5.6.3 Freezer 

The freezer compartment is similar in construction to the fresh food compartments. A 

blank would be sheared and punched from 22 gauge stainless steel. The track and roller 

system for the drawer would be fastened to the steel at key points by mechanical 

fasteners. The steel would then be folded to form a rectangular compartment, the seams 

of which could be continuously welded or spot welded. The rectangular compartment 

would have an aperture, forming the opening through which the freezer drawer would 

slide in and out (refer to figure 37). As with the other compartments, the cut out edge 

would be finished with a rubberized extrusion edging to provide a smooth rim. 

A sandwich construction would also be used for the compartment's base with a vacuum 

insulation panel filled with aerogel inserted between the bottom of the rectangular form 

and another layer of steel. This layer of steel would run along the bottom of the 

compartment and up the back to help enclose the vacuum insulation panels that would be 

inserted around the perimeter of the compartment. The freezer compartment would slide 

into position from the back of the cabinet and would be fitted with the forced air 

evaporator once in place (figure 44). 

Figure 44 

The freezer drawer would consist of a front 

exterior panel that is a sheared and curved piece 

of 22 gauge stainless steel, injection moulded 

polyphenylene oxide for the stacking bins and a 

thermoformed door liner also made from 

polyphenylene oxide. Using mechanical 

fasteners, the handle, liner and a gasket would 

be attached to the steel front; the additional 

rollers used for sliding the drawer would also be 

attached to the bins; and the bins would 

subsequently be attached-to the liner. The 

drawer would then slide in from the front of the 

cabinet. 
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5.6.4 Final Construction 

To complete the construction, a stainless steel panel, which secures the various 

components in their place, is fastened to the back of the cabinet by mechanical fasteners. 

The doors are inserted onto their respective compartments and hinged, and the interior 

components of the compartments are installed. These include the rotational base, the 

supporting pole for the base extension (glass pie segments) and the dividers, the 

segments and the dividers themselves, and any secondary shelves. 

Components have been designed to fit together easily and to be taken apart easily. This 

allows for ease of cleaning, repair, replacement of parts, disassembly of parts and ease of 

sorting of materials for recycling purposes. Welding has been kept to minimum in order 

to lessen the labour involved in manufacturing, since welding is a labour intensive 

process. The seams where separate pieces join and the use of any mechanical fasteners 

results in an honest aesthetic in the refrigerator design. Lack of welding eases 

disassembly and allows the refrigerator to be broken down into its various parts without 

additional high energy processes (Dr. Stuart Walker, pers. comm.). This not only eases 

recycling but also allows for reuse of parts for new or refurbished refrigerators (Dr. 

Stuart Walker, pers. comm.). 

5.7 Energy Consumption 

From performing calculations for determining an estimate of the energy consumption of 

the proposed design compared to that of a conventional refrigerator (discussed and 

presented in detail in Appendix E), the following conclusions were drawn: 

• The steady heat loss of the proposed design was found to be approximately 73% of 

the conventional refrigerator, therefore, the proposed design is approximately 27% 

more energy efficient with respect to energy loss. In other words, with respect to the 

amount of energy used per day by the proposed design (in use) compared to the 

conventional refrigerator (in use), the proposed design is approximately 27% more 

energy efficient than the conventional refrigerator. 

• Since heat loss occurs partly with the displacement of air from a refrigerator, the use 

of multi-compartments with separate doors was found to be more energy efficient 

than the use of one main refrigerator door. 

It has to be emphasized that the calculations were meant to only provide a very simplified, 

quantitative measure of the energy consumption, and a more precise and detailed analysis 

-80-



by engineering experts would be required with the future development of the proposed 

design. 

5.8 Cost 

An estimated breakdown of the costs involved in producing the refrigerator is presented 

in Appendix H. It should be noted that a complete and in-depth cost analysis is 

recommended, before a prototype of the refrigerator is made, with the consultation of 

engineers, manufacturing, and marketing specialists. 

On the price scale, the average price for a 511 L (- 18 Cu. ft.) refrigerator, a size 
commonly used in North American homes, can range in price from $1130 to $1500, 

depending on its features (brand name Amana). However, a higher quality refrigerator 

can cost up to $4500 (brand name Sub-Zero). In looking at the general costs for 

materials and fabrication of the refrigerator and by taking into account a markup of twenty 

five percent at both the distribution stage and the retail stage, the retail cost of the 

proposed design would be approximately $2000. This is more expensive than the cost of 

the average priced refrigerator, but significantly less than the cost of the higher priced 

Sub-Zero refrigerator. 

The proposed design is a replacement for a conventional refrigerator and possesses the 

qualities of being CFC-free, more energy efficient, easy to use, aesthetically appealing, 

long-lasting, and overall, a high quality appliance. Although the consumer may be 

required to pay more for the refrigerator at the beginning, the long term benefits of the 

refrigerator are thought to outweigh its initial costs. As a final note, given the primary 

materials used (e.g., stainless steel, glass) and the ability to repair and replace many of 

the refrigerator components, the proposed design should have a considerably longer life 

than the average refrigerator (17 years being the average). This would increase the long 

term benefits but also provide a longer term over which the costs would be recovered. 
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6 RECOMMENDATIONS 

The design proposal that has been presented, is an initial vision in the development of an 

environmentally sensitive refrigerator. A pertinent question that needs to be posed is, 

"What happens after the design proposal stage?" This project made it possible to explore 

the design of a refrigerator to a conceptual stage and has been presented in a manner that 

is certainly open to further study. Some recommendations for the continuation of this 

project, as well as for future study, include the following: 

• Focus interviews should be conducted with groups of individuals to determine their 

reactions to the design with respect to aesthetics, function, ease of use, and overall 

acceptance. 

• There should be a performance analysis conducted by engineering experts to confirm 

the engineering.principles that are outlined in the design proposal. Their role would 

also include designing the electronic control system and electrical systems as well as 

ensuring that the mechanics and working details of the refrigerator are sound through 

a thorough analysis of dynamic behaviour (Dr. Stuart Walker, pers. comm.). 

• There should be an analysis conducted by manufacturing specialists to confirm the 

production principles that are outlined in the design proposal. Their role would also 

include providing a detailed cost analysis of the refrigerator. 

• After the analyses were completed by the engineering and manufacturing experts, a 

prototype should then be developed. 

• A human factors analysis should also be conducted with the design undergoing a 

series of ergonomics tests such as the expert appraisal test (the expert may be an 

ergonomist or a expert of a particular product), the performance test (do not use 

human subjects but attempt to simulate the use of the refrigerator), and the user trial 

(field testing where the users interact with the product) (Rennie, 1981). 

• There could be further study into alternative and renewable energy sources. Since 

this project focused primarily on the refrigerator itself, future developments could 

include implementing external energy sources, such as solar energy, to help run the 

appliance. An example of how a photovoltaic compression (solar powered) 

refrigerator would be configured is illustrated in Appendix I. 

• A complete life cycle assessment of the refrigerator could be conducted in order to 

analyse the appliance using a 'cradle to grave' approach. This would include looking 

at the chain of events from the raw materials extraction stage through to the eventual 

disposal of the product. Such an analysis could be used to optimize choices for 
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materials and production processes, minimizing their effect on the environment 

throughout the product's life cycle. 

The aforementioned recommendations will provide the further insight and understanding 

required to design and produce an environmentally sensitive refrigerator for the market 

and will take the proposed refrigerator design from a concept to a reality. 
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7 CONCLUSION 

"Redesigning is not just about design to surprise by using new 

ideas. It carries design into unexplored areas, rediscoveries and 

new structures." 

- Akiko Takehara (Beylerian, 1990) 

The design of a refrigerator that is environmentally sensitive has posed many challenges. 

The ones of utmost importance being, the elimination of the use of chlorofluorocarbons, 

increasing energy efficiency and minimizing any adverse impacts, that an appliance such 

as a refrigerator has, on the environment. Its essential redesign increases one's 

awareness with respect to ongoing environmental issues and confirms that designers have 

to be responsible for addressing these issues in the design process. 'Eco-themes' are 

becoming more popular in the marketplace where there is a focus in particular on quality 

and value; the rejection of entirely quantitative consumption goals; a desire for products to 

be long-lasting and a growing interest behind the philosophy of the product (Mackenzie, 

1991). The design of the refrigerator has taken these factors into account and is a concept 

that has the potential for further development with respect to addressing these kinds of 

eco-themes. The proposed design of the refrigerator tries to exemplify that, by rethinking 

how something functions and by changing our lifestyles to consider unexplored areas, 

rediscoveries and new structures, we will be able to ride the next wave of design and 

adopt a more sustainable way of living. 
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APPENDIX A 

Historical Overview 

"0 for a draught of vintage! that hath been cool'd a long age in 
the deep delved earth." 

- John Keats (1795-1821) 

Since the Paleolithic period (100 000 B.C.) cold storage has been used to prevent foods (e.g., 

game) from perishing. Since this time, the cooling of food has been essential for lengthening 

food's storage period and keeping it safe to eat. The progression in the means for cooling food 

for domestic purposes has developed from the use of natural refrigeration through the invention 

of the ice box to mechanical refrigeration as we know of it today. Each of these ways of 

producing cooling will be discussed in relation to the design, cooling principles and cultural 

influences and attitudes which pertain to them. 

Natural Refrigeration 

Two physical phenomena were used in remote times to produce cooling that was useful to 

humankind. The first of these natural phenomena involves the vapourization of water. 

Evaporative cooling, also known as transpiration cooling (cooling by the evaporation of 

water), was used by the ancient Egyptians and is depicted in wall frescoes dating around 2500 

B.C. Egyptians are illustrated fanning earthenware jars filled with water to cool them and 

accelerate the evaporation of water through the porous pottery (Thévenot, 1979; Watt, 1986). 

The scientific principle behind evaporative cooling is heat and water transfer. Heat is absorbed 

when the liquid that permeates the earthenware vessels changes to vapour. Such benign 

evaporative cooling is still practiced today with the use of porous water vessels by peoples in 

Africa and India, and with the use of canvas-covered canteens by recreation campers and by 

individuals in the military. 

The second natural phenomenon involves the terrestrial radiation of heat towards space. 'Sky 

cooling', as it is also called, occurs during the night and will, with a clear sky, reduce the 

ground temperature to below 0° C, even in hot climates. In Egypt and India, a layer of ice 

forms when water is placed in a shallow earthen pan, and set in shallow beds of straw in the 

dug up earth. 
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Other natural means which provide cooling are more obvious and include dark or shady areas, 

ice and snow. The use of natural ice and snow has commonly been used in areas where it 

occurs and could be collected easily. The use of ice progressed to the point where it was 

harvested in the winter, and stored for use during the hot season. Ancient civilizations such as 

the Mesopotamians (2000 B.C.), Greeks and Romans stored ice and snow in deep covered pits 

that were insulated with straw. This was the development of one of the first 'primitive' 

refrigerators. Other ancient cultures also used ice houses as is described in the following 

Chinese poem dated around 1100 B.C. (Ford, 1986): 

"In the days of the second month, they hew out 
the ice with harmonious blows; 
And in the third month, they convey it 
to the ice house." 

The use of ice pits and houses continued in the 16th century in South America and all over 

Europe and North America from the 17th century until the early 20th century. 

The Ice Box 

People have taken advantage of natural ice throughout history, but it was in the 1800s that it 

began to be commonly used in households with the invention of the ice box. Originally, ice 

was considered to be a luxury, but it became a necessity with the demand for more effective 

and sanitary food preservation and transportation. Before the advent of the ice box, food was 

usually stored in a 'larder' which was a cool, ventilated room or cupboard located on an east-

or north-facing wall. It is interesting to note that culturally, the diet of the average individual 

was modified between 1830 and 1860 because of the convenience of the ice box. Fresh fruit 

and vegetables were more readily available instead of just basic bread and salted meat. 

The first ice boxes used in North American homes appeared as early as 1830. The ice box was 

generally a well-insulated cabinet for holding blocks of ice. Most were lined with zinc, slate, 

porcelain, galvanized metal, or wood with a wall of insulation of either charcoal, cork, flax 

straw fibre, or mineral wool and a outer casing made from oak, although pine and ash wood 

were also used. Originally, food was laid directly onto the ice block inside of the cabinet, but it 

was found that some foods, in particular meat, were discoloured this way. This lead to the 

development of ice boxes with a separate ice compartment by 1856. The efficient functioning 

of the ice box depended upon the regular replacement of fresh ice. Thus the ice box was 

commonly placed on the back porch of the house, where it could be easily accessed by the ice-
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man. The ice boxes varied in size and holding capacity and a block of ice could last for a day 

or longer. Around 1923, with the onset of practical mechanical refrigeration, ice boxes' 

construction and insulation were improved thus improving their functionality and requiring the 

replacement of ice about once a week, instead of every other day. 

Mechanical Refrigeration in the Home 

Between 1830 and 1880, there were many mechanized refrigerating machines that were 

patented that could make ice as well as cool large compartments without making ice. During 

this time period, Jacob Perkins patented a refrigerating machine in Britain (1834); Dr. John. 

Gorrie received a U.S. patent on a machine (1851); and Ferdinand Carré of France invented a 

third machine (1860). Since machines such as these were first used for commercial purposes 

(e.g., meat storage, beer making), homes depended on the visits from the ice-man until well 

into the 1920s (Ford; 1986). It was also between 1830 and 1880 that the two scientific 

principles which were to become the basis for modern refrigeration were discovered: 

compression and absorption. Mechanical refrigeration using compression and absorption 

works on the principle that the vapourization and condensation of a cooling fluid (i.e., 

refrigerant) causes low temperatures to be created. A compression-type refrigeration unit is 

powered by an electric motor whereas an absorption unit utilizes gas and heat energy as a 

source of power and has no moving parts. Finding a suitable refrigerant for the refrigerator 

was a primary focus between the years 1900 and 1930 (Sparke, 1987). 

The history of refrigerants begins with the development of absorption and compression 

refrigeration in the 1860s with several compounds tested as refrigerants in the following 

decades. Ether, ammonia, carbon dioxide, sulphur dioxide and methyl chloride are just a few 

of a number of refrigerants that were proposed or used for a short time. Many of the 

refrigerants had problems associated with them such as being toxic, flammable, corrosive and 

offensive smelling. Three developments between the years 1920 and 1930 lead to the appeal 

for having a refrigerator in the home: it became a self contained unit with all parts in one 

machine, there were automatic controls, and there was the development of a safe refrigerant 

(Ford, 1986). The rise of demand for household refrigerators in the 1920s, the local laws 

restricting unsafe refrigerants and the bad publicity revolving around refrigerators that lead to 

death, drove the management of the Frigidaire Corporation to conclude that "the refrigeration 

industry needs a new refrigerant if they ever expect to get anywhere" (Nagengast, 1989). In 

1928, Frigidaire requested the assistance of the General Motors research laboratory to develop 

such a refrigerant and a research team headed by Thomas Midgley Jr., unfolded the 
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chlorofluorocarbon family of refrigerants. 

The first refrigerators produced between the years 1913 and 1915 by companies such as 

Frigidaire and General Motors were still wooden models, that were basically electric powered 

ice boxes. In 1926, Frigidaire was the first to produce a steel refrigerator although it still had 

an exterior resembling that of a wooden cabinet. A year later, General Electric produced a steel 

refrigerator with components that were integrated into the design and thus altered its 

appearance. By the 1930s, the refrigerator was already considered to be a necessity for the 

home and consumption for this new appliance was on the rise. 

It was during the 1930s that the refrigerator, as with many other products, received the 

attention of many industrial designers. The design of the refrigerator has undergone many 

changes since the emergence of the all steel construction. In the 1930s, refrigerators were 

designed to suit the machine age of 'streamlining' and were modeled in the fashion of an 

automobile. Products which were designed in a streamlined style began to become status 

symbols and encouraged consumers to desire these products (Sparke, 1987). In the 1950s and 

1960s, the 'fitted' kitchen became popular, and the refrigerator along with other appliances 

acquired a 'built-in' appearance. Since that time, there have been many developments with 

respect to capacity, functionality, ease of use and energy requirements that have changed the 

refrigerator, however in many minds, it still remains the functional 'white-box', a common 

sight in any kitchen. The evolution of some of the key design innovations (in North America) 

with respect to the refrigerator from the late 1910s to the present are as follows (Ford, 1986; 

Sparke, 1987): 

1913-1918 • First domestic refrigerators (wooden models). 

- the 'Domeire' - first manufactured in Chicago in 1913 

- the 'Guardian' - first produced in 1915 

- the first 'Frigidaire' - produced in 1918 

• Design of one of the first self-contained refrigerators. 

- the 'Kelvinator' 

1926 • Frigidaire produces an all steel refrigerator. 

1927 • General Electric introduces the 'Monitor Top'. 

- placement of the compressor on top to reduce bulk 

- emergence of a very small freezer 
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1930 • Streamlining - automotive styling and chrome trim. 

• Use of interior of door for extra shelf space. 

• Use of stainless steel for main shelves. 

1940-1950 • Appearance of the two part refrigerator with a large freezer. 

- mechanisms placed in the back, side and underneath 

1957-1960 • Refrigerators designed with a 'built-in' appearance. 

- for integration within a fitted kitchen 

1970-1990 • Development of-

- compact refrigeration (e.g., bar, under the counter, etc.) 

- solar-powered refrigerators 

- emphasis on energy conservation features 

- emphasis on enhanced performance, functionality, ease of use 

1990 • Research and Development of: 

- new refrigeration technologies (e.g., thermoacoustic, etc.) 

- CFC free 

- environmentally responsible 

- etc. 

The mechanization of refrigeration has had a dramatic impact on life since the late nineteenth 

century. In looking at the evolution of the refrigerator, its form and technology has basically 

remained unchanged for a great number of years. What used to be regarded as a symbol of 

health and efficiency as well as a symbol of affluence, is now regarded as an appliance that is 

currently undergoing environmental scrutiny. Industrial designers now have a new challenge 

in creating products for cold food storage that not only address issues of function, safety and 

aesthetics but also environmental impact considerations. 

-96-



APPENDIX B 

Summary of Design Options Affecting Energy Consumption 

(Source: ORTECH International, 1989.) 

Design Options Advantages Disadvantages 

High efficiency compressor 

(EER increased from 4.5 to 5-5.3) 

- energy savings (-11-15%) 

- easy implementation 

- cost 

Foam insulation substitution 

(in doors) 

- energy savings: 

refrigerator (2-7%) 

freezer (10-15%) 

- readily available technology using 

a substitute blowing agent 

- CFC elimination 

- cost 

Improved foam insulation 

(K value) 

- energy savings (4%) - blowing agent substitution will 

likely increase K value 

- process development required 

- possibly increase production line 

time 

- increased foam material costs 

Improved fans and motors - energy savings (3-5%, if both 

evaporator and condenser fans are 

replaced with 8W units) 

- higher cost 

- application limited mainly to 

evaporator fans 

Increased insulation thickness - energy savings: 

refrigerator (2%) 

freezer (10%) 

- space use tradeoffs 

- diminishing returns as more is 

added 

Adaptive defrost 

(Smart controls to adjust time 

between defrost cycles to minimise 

energy) 

- some energy savings (-.20 

kWh/year) 

- energy savings fairly small 

- expensive (although speculative) 

- reliability unknown (test 

procedure is recommended) 

Evacuated insulation panels - energy savings (-15%) - unknown life and effectiveness 

and time to implement 
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Variable speed compressor 

(to match capacity with load) 

- less cycling 

- lower energy consumption of 

compressor (10-20% net savings) 

-better temperature control under 

high load 

- soft start (low speed) 

- increase energy consumption of 

fans because of increased run time 

- cost and performance impacts are 

not known 

Use of natural convection currents 

(instead of fans) 

- removal of fans eliminates 

electrical energy used by them and 

reduces load by the heat dissipated 

by the evaporator fan motor 

- air flow paths must be redesigned 

- temperature variation within 

compartments is generally greater 

Relocation of compressor and 

condenser to top 

Relocation of evaporator motor to 

the outside 

- elimination of condenser fan and 

its consumption 

- elimination of heat load from the 

evaporator fan motor 

- reduced heat load on the 

refrigerator compartment 

- cost of redesign 

- modification of traditional 

practice and consumer preference 

for easiest access to food 

compartments 

- possible air leakage problems 

around fan motor shaft 

Condenser anti-sweat heater - uses condenser heat instead of 

resistance heat to keep cabinet 

surface above dewpoint temperature 

- potential for energy saving (-100 

kWh/year) 

- cost and performance impacts are 

not known 

Enhanced heat transfer surfaces - improved performance of heat 

exchangers 

- cost versus performance 

Increased evaporator surface area - improves heat exchanger 

effectiveness 

- requires additional material and 

generally more space, therefore cost 

can encroach on refrigerator interior 

volume 
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Two compressor system - separate systems for refrigerator 

and freezer compartments allows 

more efficient operation (reduced 

AT for refrigerator) 

- reduced demand for defrosting: in 

both compartments, air is not 

mixed and heaters are not required 

to defrost refrigerator portion and 

there is no added heat load 

- increased cost and maintenance 

- smaller compressors tend to be 

less efficient 

- additional volume of mechanical 

components 

Increased heat exchanger thermal 

capacitance 

- average condenser to evaporator 

difference is reduced thereby 

improving COP 

- cabinet temperature is held within 

a narrower range 

- system is better able to tolerate 

addition of large food loads in 

conjunction with improved 

thermostat saved (-20%) 

- reduced advantage with variable 

speed compressor 

- cost and design details are 

unknown 

Line voltage controller 

(electronic load detection and power 

control) 

- improves motor efficiency at part- 

load - energy savings (20%) 

- load is sensed through 

measurement of phase angles and 

power is cutup to 100 times/sec 

reducing losses and consumption 

- device should most likely be 

applied only to the compressor load 

so that fan driven air flow is 

maintained 

- testing recommended, reliability 

is unknown 

Improved door gasket - reduced heat loss 

- reduced infiltration 

- tendency for ice to form between 

gaskets reducing performance 

- double door gasket is visually 

unattractive 

- more difficult to meet minimum 

door opening force requirement 

(Child Safety Act) 
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Reduce heat load or through-the 

door feature 

(through the use of foamed door 

insulation and improved designs) 

- reduced heat load 

Compartment thermometers 

Door open alarm 

Door closing assistance - modified 

hinge or latch  

More doors and/or compartments 

Separate evaporators in refrigerator 

and freezer 

- saves energy consumed by 

allowing controls to be easily set 

to optimum storage temperatures  

- protects food against warming 

- saves energy 

- current refrigerators do this to 

some extent 

- saves energy by keeping some 

compartments at higher 

temperatures 

- reduces defrost requirements, 

compressor energy consuniption 

and door gasket air leakage 

- standard will not recognize any 

improvement  

- higher cost 

- greater gasket length and more air 

leakage  

- In 1989, temperature gradients in 

the food compartments, slow 

response, internal moisture and two 

compartment temperature balancing 

- cost is unknown 

Improved expansion valve 

(to replace capillary tube) 

- provides better performance for 

variable operating conditions 

- requires a system design 

modification 

- cost 

Refrigerant mixtures - enhanced capacity modulation and 

higher efficiencies at different 

operating conditions 

- highly developmental 

- no practical improvements in 

efficiency have yet been 

demonstrated 

Fluid control valve - reduces off-cycle refrigerant 

movement which carries heat from 

condenser (high pressure) to 

evaporator (low pressure). 

- will lengthen the off-cycle and 

reduce compressor run time 

- most important with rotary 

compressors, maintains operating 

pressures for next cycle  

- cost of device and control 
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Two stage two evaporator system - lower temperature difference - cost, unproven 

Stirling cycle refrigerator - no use of CFCs 

- possible improvement in energy 

efficiency 

- unknown 
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APPENDIX C 

Temperatures that Affect the Life or Death of Microorganisms 

(Source: The International Commission on Microbiological Specifications for Foods, 1980.) 

Celsius 

91   

82 

77 
74 
71 

66 

60 

54 

49 

43 

38 

21 

7 

-18 

-23 

- J Vegetative bacteria rapidly killed 
in foods cooked to or above 

- this temperature 

Store or display hot 
cooked foods at or 
above this temperature 

Usual temperature 
of kitchens 

Store cold foods at or 
below this temperature 
(slow bacterial growth) 
shelf life increased as 
temperature decreases 
to freezing point 

- J Recommended temperatures for 
- storing frozen foods 

Rapid bacterial 
growth 

Danger zone, foods 
should not be kept 
within this range 
for long periods 
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APPENDIX D 

Refrigerated Storage of Foods 

(Source: National Institute for the Food Service Industry, 1985.) 

Food Recommended 

Temperatures 

(°C) 

Maximum Storage 

Periods 

Comments 

Meat 

Roasts, steaks, chops 0- 2.2  3 to 5 days Wrap loosely 

Ground and stewing 0- 2.2  1 to 2 days Wrap loosely 

Variety meats 0- 2.2  1 to 2 days Wrap loosely 

Whole ham 0- 2.2  7 days May wrap tightly 

Half ham 0- 2.2  3 to 5 days May wrap tightly 

Ham slices 0- 2.2  3 to 5 days May wrap tightly 

Canned ham 0- 2.2  1 year Keep in can 

Frankfurters 0- 2.2  1 week Original wrapping 

Bacon 0- 2.2  1 week May wrap tightly 

Luncheon meats 0- 2.2  3 to 5 days Wrap tightly when opened 

Leftover cooked meats 0- 2.2  1 to 2 days Wrap or cover tightly 

Gravy, broth 0- 2.2  1 to 2 days Highly perishable 

Poultry 

Whole chicken, turkey, 

duck, goose 

0- 2.2  1 to 2 days Wrap loosely 

Giblets 0- 2.2  1 to 2 days Wrap separate from bird 

Stuffing 0- 2.2  1 to 2 days Covered container 

Cut-up cooked poultry 0- 2.2  1 to 2 days Cover 

Fish 

Fatty fish -1.1 - 1.1 Ito 2 days Wrap loosely 

Fish - noticed -1.1-1.1 1 to2days Wrap loosely 

Fish - iced 0 3 days Don't bruise with ice 
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Shellfish 1 to 2 days Covered container 

Eggs 

Eggs in shell 

Leftover yolks/whites 

Dried eggs 

4.4 - 7.2 

4.4 - 7.2 

4.4 - 7.2 

I week 

2days 

1 year 

Do not wash 

Cover yolks with water 

Cover tightly 

Reconstituted eggs 4.4 - 7.2 I week 

Cooked dishes 

with eggs, meat, 

milk, fish, 

poultry 

0- 2.2 Serve day prepared Highly perishable 

Cream-filled 

pastries 

0- 2.2 Serve day prepared Highly perishable 

Dairy Products 

Fluid milk 

Butter 

3.3 - 3.9 

3.3 - 4.4 

5 to 7 days after date on 

carton 

2 weeks 

Keep covered and in 

original container  

Hard cheese 3.3 - 4.4 6 months Cover tightly 

Soft cheese 3.3 - 4.4 7 days Cover tightly 

Evaporated milk 

Dry milk (nonfat) 

Reconstituted dry milk 

10-21.1 

10-21.1 

3.3 - 4.4 

7 days 

1 year (unopened) 

1 year (unopened) 

Refrigerate after opening 

Refrigerate after opening 

Treat as fluid milk 

Fruit 

Apples 4.4 - 7.2 2 weeks Room temp. till ripe 

Avocados 4.4 - 7.2 3 to 5 days Room temp. till ripe 

Bananas 4.4 - 7.2 3 to 5 days Room temp. till ripe 

Berries, cherries 4.4 - 7.2 2 to 5 days Unwashed for storage 

Citrus 4.4 - 7.2 I month 

Cranberries 4.4 - 7.2 I week 

Grapes 

Pears 

4.4 - 7.2 

4.4 - 7.2 

3 to 5 days 

3 to 5 days 

Room temp. till ripe 

Room temp. till ripe 
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Pineapples 4.4 - 7.2 3 to 5 days Refrigerate (lightly 

covered) after cutting 

Plums 4.4 - 7.2 1 week Unwashed for storage 

Vegetables 

Sweet potatoes, mature 

onions 

I to 2 weeks at room 

temp. 

Ventilated containers for 

onions 

Squashes, rutabagas 15.6 3 months Ventilated containers 

Potatoes 7.2 -  10 30 days Unwashed for storage 

All other vegetables 4.4 - 7.2 5 days maximum for 

most; 2 weeks for 

cabbage, root vegetables 
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APPENDIX E 

Calculations for an Estimate of Energy Consumption 

Data 

Conventional Refrigerator 

(excluding freezer) 

--34OL 

Proposed Design 

(excluding freezer) 

—340L 

Volume of air displaced when 

door is opened: 

- empty 

- with average food load 

(food load is 112.5 L for a 

family of four) 

229.53 L 

117.03 L 

comp. 1&2 comp. 3 

34.31 L 40.75 L 

22.64 L 26.9 L 

(1/3 of the total volume displaced, 

taking into account that there are 

three sections in each 

compartment.) 

Ambient temperature 25° C 250 C 

Internal steady state 

temperature inside refrigerator 3.3° C 

comp. 1&2&3 respectively 

8° - 10° C 

4°C 

'cc 
Thickness of insulating 

material 4.83 cm 4.83 cm 

k (thermal conductivity)* polyurethane foam 

0.030 W/mK 

aerogel 

0.017 W/mK 

Internal dimensions of walls width 71.12 cm 

depth 52.07 cm 

height 61.98 cm 

comp. 1&2 comp. 3 

w 56.72 cm 56.72 cm 

d 56.72 cm 56.72 cm 

h 32 cm 38 cm 

* Source: Fricke, Jochen. "Aerogels and their applications", Journal of Non-Crystalline Solids  (147&148), pp. 

356-362, 1992. 
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Calculations for Heat Loss 

(Density of air) Pair =  1.18 kg/M3 

(Capacity of air) Cp = 1.006 kJ/kg K 

Conventional Refrigerator 

• AQ  = Energy required to cool air back to normal 

• Empty Vajr = 229.53 (10-s) rn3 

zQ1 =VpCpT 

= (229.53 x 1c13)(1.18)(1006)(25° - 3.3°) 
= 5912.61 J  

Normal load Vair = 117.03 (10-s) rn3 

Q2 =VpCpLT 

= (117.03 x 10)(1.18)(10O6)(25° - 3.3°) 
= 3014.65 J  

1) Assume there is no freezer unit. 

2) Assume infinite heat transfer coefficient 

inside and outside refrigerator. 

3) Neglect resistance of metal or plastic 

coatings inside and outside. 0.7112 

• Use shape factor method factor to analyse (used for rectangular enclosures): 

• Take into account: walls (dimensions, edges, corners, thickness of the wall). 

• S = Shape factor 

• Wall thickness = 4.83 cm 

• k=0.03W/rnK 

S = [2(7.667) + 2(6.682) + 2(9. 126)] + 0.54 [4(0.6198) + 4(0.7112) + 4(0.5207)] + 

8(0.0483)(0.15) in 

S = 46.95 (walls) + 3.9997 (edges) + 0.05796 (corners) 

S=51.0077m 
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• Q = Rate of heat transfer 
(Heat entering from the outside to the inside when the refrigerator is fully closed.) 

Q =kSAT 
= (0.03)(51.007)(25° - 3.3°) 

=33.206W=J/s 

.. Energy loss/hr = 33.206 x 3600 = 119541.60 J  

... Energy loss/hr /Q1= 119541.60J/5912.61 J=202 

• Energy loss/hr is equivalent to 20 times of opening the refrigerator and complete drainage 

of the air without warming up the refrigerator interior, wall, etc. 

Proposed Refrigerator Design 

Chamber 1 (empty) Vajr = 34.31 (10 3) m3 

AQ3 =VpCpiT 

= (34.31 x lo-3)(1.18)(1006)(25° - 10°) 
= 610.93 J  

Chamber 2 (empty) Vajr = 34.31 (10-3) m3 

AQ4 =VpCpT 

= (34.31 x 10)(1.18)(1006)(25° - 4°) 
= 855.30 J 

• Chamber 3 (empty) Vajr = 40.75 (10) m3 

AQ5 =VpCptT 

= (40.75 x 10- )(1.18)(1oo6)(2s° - 1°) 
= 1160.96 J  

(Note: for each chamber, only 1/3 of the air is drained.) 
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1) Estimate heat loss for the entire refrigerator. 

2) Assume standard temperature is 3•30 C 

throughout. 

3) Neglect freezer section. 

• Wall thickness = 4.83 cm 

• k=0.017W/mK 0.5672 

S = [4(11.9781) + 2(6.6608)] + 0.54 [4(1.02) + 8(0.5672)] + 8(0.0483)(0.15) in 

S = 61.234 (walls) + 4.6535 (edges) + 0.05796 (corners) 

S=65.945m 

Q =kST 
= (0.017)(65.945)(25° - 330) 

= 24.3271 W=J/s 

.. Energy loss/hr = 24.3271 x 3600 = 87577.56 J  

.. Energy loss/hr /AQ5 =  87577.56 J / 1160.96 J = 75.4 

• Energy loss/hr is equivalent to 75 times of opening chamber 3 with air displaced from 1/3 

of the compartment. 

Energy Loss Comparison 

= 24.3271 J/s (proposed design) / 33.206 J/5 (conventional) x 100 

=73 

• The steady heat loss of the new design is 73% of the conventional refrigerator. 

The proposed design is 27% more energy efficient with respect to 

undesirable heat gained from the environment. 

Notes: 

• Energy loss during door opening: The number of openings that constitute a total 'washout' 

of air is what matters, not just the total number of openings. 

• Conclude: The use of multi-compartments is more energy efficient than the use of one large 

refrigerator door. 
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Calculations for Energy Use Per Day 

• Add volume displaced in two compartments of proposed design/volume displaced in 

conventional refrigerator x energy required to cool displaced air back to normal in 

conventional refrigerator. 

= 34.31 + 40.75 I 229.53 x 5912.61 

= 75.06 / 229.53 x 5912.61 

= 1933.52 J  

(Amount of energy required to cool down the air in the proposed design.) 

• 5912.61 J compared to 1933.52J 

1933.52 / 5912.61 x 100 = 32.7% 

Saving in energy is - 67% for a first time opening. 

• Assume over 12 hours, that there is 1 significant opening/hr: 

conventional refrigerator: 12 x 5912.61 J = 70951.32 J 

proposed design: 12 x 87577.56 J = 23202.24 J 

• Energy loss at steady state: 

conventional refrigerator: 119541.60 Jfhr 

proposed design: 87577.56 J/hr 

• Energy use per day (in use): 

conventional refrigerator = (119541.60) 24 hours + 70951.32 

= 2868998.40 + 70951.32 

= 2939949.72 J 

proposed design = (87577.56) 24 hours + 23202.24 

= 2101861.44 + 23202.24 

= 2125063.68 3 

2125063.68 / 2939949.72 x 100 = - 73% 

.. The proposed design is approximately 27% more energy efficient than the 

conventional refrigerator. 
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Summary of the Calculations for Estimating Energy Consumption 

Conventional 

Refrigerator 

Proposed Design Energy Savings 

(%) 

Rate of heat transfer 

(Q) (Joules/second) 
- Heat entering from 

the outside to the 

inside when the 

refrigerator is fully 

closed.) 

33.206 24.3271 27 

Energy loss at steady 

state 

(Joules/hour) 

119541.60 87577.56 27 

Energy required to 

cool air back to 

normal when the 

refrigerator is empty. 

(One significant door 

opening) 

(AQ) (Joules) 

5912.61 1933.52 67 

(for a first time 

opening) 

Energy use per 

day 

(Joules) 

2939949.72 2125063.68 27 
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APPENDIX F 

Calculation for Determining Energy Use of the Fan and Motors 

(For the Fresh Food Compartments) 

Calculation for Determining Energy Use of the Fan (for the Transpiration 

Compartment) 

• Specification for fan: 1.68 watts 

• Cost per kilowatt hour: $0.062 (The City of Calgary Electric System, January 1994). 

Energy used per month: 

1.68 W / 1000 = 0.00168 kW 

0.00168 kW x 720 hours (in one month) = 1.2096 kWh 

Cost of energy used per month: 

1.2096 kWh x $0.062 = $0.08  

Calculation for Determining Energy Use of the Motors (for the Fresh Food 

Compartments) 

• Specification for motors: 10-15 watts 

• Cost per kilowatt hour: $0.062 (The City of Calgary Electric System, January 1994). 

Energy used per month: 

15W (maximum) /1000 = 0.15 kW 

Assume over a 12 hour period, 1 hour of constant running for all 3 motors: 

0.15 kW x 30 hours (in one month) = 0.45 kWh  

Cost of energy used per month: 

0.45 kWh x $0.062 = $0.03  
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APPENDIX G 

Calculation for Determining Rate of Water Evaporation 

Rate that heat will be transferred into the compartment / Heat of vaporization of water at 25° = 

How much water has to be evaporated each day to make the system work 

• Rate of heat transferred into the transpiration compartment: 

Q = Rate of heat transferred 
k = Thermal conductivity 

S = Shape factor 
AT = Change of temperature 

Q =kST 
= (0.017)(65.945)(25° - 10°) 

= 16.8160 J/s  

Using data from Appendix E: 

16.8160 J/s x volume of compartment / total volume of three compartments 

= '16.8160 x 102943.71 cm3 / 328133.07 cm3 
= 5.2756 J/s 

= 18992.19 J/hr 

= 455812.53 J/day 

Heat of vapourization of water = 2.2591 x 106 J/1g 

• 455812.53 J/day / 2.2591 x 106 J&g 

= 0.2 kg/day 

0.2 L/day 

(Note: This calculation is an approximation since the data used was based upon deduction.) 

.. Taking significant error into account, a range from 0.2 L to 0.5 L of water per day, would 

probably be more appropriate. This is the amount of water that has to be evaporated in 

order to make the transpiration system work. 

.. The water reserve should hold about 4.5 L so the user would fill it with a 4 L bottle of 

distilled water every week. 
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APPENDIX H 

Cost Estimate for the Proposed Design 

Part 

stainless steel 

• cabinet (external) 

• base of cabinet 

• back panel of cabinet 

compartment 1 

• wall 

• sandwich support 

compartment 2 

• wall 

• sandwich support 

compartment 3 

• wall 

• sandwich support 

freezer 

• wall 

• sandwich support 

subtotal 

aerogel 

• compartment 1 

• compartment 2 

• compartment 3 

• freezer 

subtotal 

stainless steel (doors) 

• compartment 1 

• compartment 2 

• compartment 3 

subtotal 

Quantity (-) 

31262 cm2 

5476 cm2 

10138 cm2 

3216 cm2 

12432 cm2 

3216 cm2 

12432 cm2 

3819 cm2 

12432 cm2 

7330 cm2 

6808 cm2 

12580 cm2 

12580 cm2 

13912 cm2 

9063 cm2 

1426 cm2 

1426 cm2 

1522 cm2 

Material Cost 

$3.12! 929 cm2 

$3.12! 929 cm2 

$3.12! 929 cm2 

$1.90! 929 cm2 

$1.90! 929 cm2 

$1.90! 929 cm2 

$1.90! 929 cm2 

$1.90! 929 cm2 

$1:90 / 929 cm2 

$1.90 ! 929 cm2 

$1.90! 929 cm2 

$2.00! 929 cm2 

$2.00 / 929 cm2 

$2.00 / 929 cm2 

$2.00! 929 cm2 

$3.12! 929 cm2 

$3.12! 929 cm2 

$3.12! 929 cm2 

Price (-$) 

105.00 

18.40 

34.05 

6.60 

25.45 

6.60 

25.45 

7.80 

25.45 

15.00 

13.95 

283.75 

27.10 

27.10 

29.95 

.19.50 

103.65 

17.50 

17.50 

18.70 

14.70 
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tempered glass (doors) 

• compartment 1 

• compartment 2 

• compartment 3 

subtotal 

acrylic (doors) 

• compartment 1 

• compartment 2 

• compartment 3 

subtotal 

tempered glass (doors) 

compartment 1 

• base 

• dividers 

compartment 2 

• base 

• dividers 

compartment 3 

• base 

• dividers 

subtotal 

fan for transpiration 

compartment 

motors for compartment 

rotation 

Materials Total (list price) 

Materials Total 

(wholesale price) 

3648 cm2 

3648 cm2 

4332 cm2 

1824 cm2 

1824 cm2 

2166 cm2 

4096 cm2 

3072 cm2 

4096 cm2 

3072 cm2 

4096 cm2 

3648 cm2 

1 

3 

$6.50/929 cm2 

$6.50/929 cm2 

$6.50 / 929 cm2 

$2.51 / 929 cm2 

$2.51 / 929 cm2 

$2.51 /929 cm2 

$6.50 / 929 cm2 

$6.50/929 cm2 

$6.50 / 929 cm2 

$6.50/929 cm2 

$6.50/929 cm2 

$6.50 I 929 cm2 

$22.00 each 

$25.00 each 

25.55 

25.55 

30.30 

81.40 

4.90 

4.90 

5.85 

15.65 

28.70 

21.45 

28.70 

21.45 

28.70 

25.55 

154.55 

22.00 

75.00 

750.00 

375.00 
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• Add mechanical components, 

hardware, miscellaneous 

parts 

• Add 50% for labour 

• Add 25% for manufacturer's 

markup to the dealer 

• Add 25% for retailer's 

markup to the consumer 

GRAND TOTAL 

500.00 

440.00 

330.00 

400.00 

-$2000.00 
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APPENDIX I 

Photovoltaic Compression (Solar-Powered) Refrigerator 

(Source: I.T. Power, 1992.) 

PHOTOVOLTAIC 
ARRAY 

BATTERY SUB-SYSTEM SOLAR SUB-SYSTEM 

REFRIGERATOR 

REFRIGERATOR SUB-SYSTEM 

When implementing solar energy, an assessment would have to be made of the user 

requirements in order to determine, among other things, the size of photovoltaic arrays 

necessary to fulfill the daily energy demand. Also taken into account would be the power 

rating of the equipment to be used, an estimate of the number of hours of daily operation, 

and the seasonal variations (Derrick, et al., 1989). 
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APPENDIX J 

Computer Renderings of the Refrigerator 
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APPENDIX K 

Technical Drawings 
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DRAWING: TRANSPIRATION SYSTEM 

DRAWING NO: 05 DRAWN BY: JL 

SCALE: 1:6 

DIMENSIONS: mm 
DATE: 94.09.01 
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DRAWING: COMPARTMENT DOORS 

DRAWING NO: 06 DRAWN BY: JL 

SCALE: 1:4 
DATE: 94.09.01 
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DRAWING: COMPARTMENT HANDLES 

NUMBER: 07 DRAWN BY: JL 

SCALE: 1:4 

DIMENSIONS. mm 
DATE: 94.09.01 
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DRAWING: CONTROL PANEL 

DRAWING NO: 08 DRAWN BY: JL 

SCALE: 1:1 

DIMENSIONS: mm 
DATE: 94.09.01 
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DRAWING: FREEZER 

DRAWING NO: 09 DRAWN BY: JL 

SCALE: 1:6 

DIMENSION& mm 
DATE: 94.09.0 1 
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DRAWING: FREEZER HANDLE 
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