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ABSTRACT 
To use electricity, especially during peak demand periods, to cool fridges makes cold air 
seem as an overlooked resource for reducing the electrical energy spent on operating 
household refrigerators.  
 
This thesis investigate whether an automatic device for supplementary cooling of a 
fridge using cold outside air can be retrofitted to a fridge in order to save energy. 
 
Prototypes were constructed to facilitate iterative optimization resulting in a POC design 
that reduces the energy consumption for a retrofitted refrigerator by 82-93% while 
maintaining the temperature inside the fridge at +4 °C. This is particularly valuable 
during peak demand periods. 
 
Modern materials designed for ducts and insulation together with mass produced fans, 
sensors and control electronics of high quality and at low cost make retrofitting of 
currently marketed refrigerators to a viable proposition. 
 
The individual household can reduce its cost for electricity and over some years reach 
payback of the installation cost. On a larger scale, retrofitting offers a contribution for 
energy consumers in general as well as grid operators who benefit from reduced peak 
demand and the costs associated with maintaining marginal capacity. 
 
A conservative estimate suggests that latitudes and altitudes with climate that permit 
economically justified retrofitting holds globally some 200-500 millions of refrigerators. 
The volume speaks for an interesting opportunity to use cold air as a valuable resource.  
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SAMMANFATTNING 
Att använda el för att kyla kylskåp, speciellt när efterfrågan är som störst under de allra 
kallaste vintermånaderna, kan framstå som ett slöseri med all kall luft som då omger 
oss.  
 
Den här rapporten beskriver hur befintliga kylskåp kan modifieras med fläktautomatik 
som gör att kall utomhusluft assisterar kylskåpets kompressor så att den totala 
energiförbrukningen sänks. 
 
Prototyper konstruerades för att möjliggöra iterativ optimering. Detta resulterade i en 
POC-design som minskar energiförbrukningen för ett kylskåp med 82-93% och med 
bibehållen temperatur på +4 °C i kylskåpet. 
 
Med rör och isolering gjorda i moderna material och med massproducerade fläktar, 
sensorer och styrelektronik av hög kvalitet till lågt pris, så kan kylskåp modifieras för 
kylning med utomhusluft på ett relevant och kostnadseffektivt sätt. 
 
Det enskilda hushållet kan både minska sina elkostnader och på några års sikt få tillbaks 
investeringskostnaden. I ett större sammanhang ger denna modifiering av kylskåp 
systemeffekter som är till fördel för både elkonsumenter och elnätföretag. Minskad 
topp-förbrukning ger lägre elpris samt minskar kostnader för att upprätthålla 
effektreserver. 
 
En försiktig uppskattning ger att i områden där klimatet möjliggör kylning med 
utomhusluft finns i storleksordningen 200-500 miljoner kylskåp. Detta talar för 
möjligheten att kunna tillvarata kall luft som en värdeskapande resurs i en 
förhållandevis stor skala. 
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NOMENCLATURE 
Denotations and abbreviations used in the thesis are listed in this chapter. 

Symbols 

Symbol Description 

cp Specific heat capacity (kJ/kg°C) 

ρ Density (kg/m3)  

    Heat transfer rate (kJ/s) 

   Mass flow (kg/h) 

V Air flow (m3/h) 

Abbreviations 

POC Proof of concept 

B2C Business to consumer 

B2B Business to business 

DIY Do it yourself 

i.d. Inner diameter 
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1 INTRODUCTION 

1.1 Background 

The sight of cold winter through a window next to a fridge can be provocative. Typically 
the fridge uses valuable electricity to cool down air that only moments ago was heated 
to room temperature. From an engineering perspective this appears as an overlooked 
opportunity to design a more robust and frugal solution. Why not simply fan the cold 
outside air into the refrigerator, allow the air to pick up heat energy and then carry that 
energy back out? Furthermore, from an economical perspective, when the supply of 
electricity is strained by cold weather it appears wasteful to let refrigerators add further 
to peak demand. And since oil, natural gas and coal is a common energy source for the 
power plants that are started up only to meet peak demand, the potential for also 
reducing undesired environmental effects is apparent (Swedish Energy Markets 
Inspectorate, 2014) 
 

  

 
Figure 1. A refrigerator cools indoor air in its compartment and uses electricity to maintain it at +4, when 

at the same time there is an unlimited amount of cold air just centimeters away. 

  
This thesis describes a POC design of a frugal solution named “Fruchill”. The device is 
intended for retrofitting of household refrigerators so that outside air can be fanned into 
the fridge in order to complement the refrigerator’s regular cooling system whenever 
the temperature outside allows it to. 
  
Availability of cold air is limited to certain times, latitudes and altitudes on the planet. 
But still the number of people in these areas is not small. It can be estimated that 10-
30% of the world’s seven billion people live in areas where it might be possible to save 
energy by utilization of cold air for refrigeration (Robert Quigley, 2010 and Joel E. 
Cohen, 1998).  
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Assuming an average of four persons per household, and one refrigerator per 
household, some 200-500 million household refrigerators may be relevant for 
retrofitting. This would mean that in Sweden alone there may be in the order of 2,5 
million refrigerators that could be targeted. 
 

A map that shows temperature isobars for Sweden illustrates that basically the entire 
country has winter temperatures at or below that of a refrigerator. Figure 2.  

 

 
 

Figure 2. Average temperatures for the winter months in Sweden (SMHI, 2014).  

 
For Sweden the benefit with a cold air facilitated cut in peak demand, is amplified by 
how the price for electricity vary with demand. Electricity from the grid is consumed 
instantly or not at all. Hence production and consumption varies every second and is 
therefore matched continuously. The most expensive production method set the price 
hour-by-hour for all electricity that is sold to consumers, regardless of its production 
method (Nord Pool Spot). Peaking demand is met with increasing difficulty and cost, 
eventually leading to a more or less orderly shut-down of supply in order to maintain 
voltage in the remaining parts of the grid. Peak demand in the Swedish grid is in the 
order of 26 000 MW (Svenska Kraftnät, 2010). 
Furthermore the Swedish grid and subsequently its electricity market is increasingly 
integrated into that of northern Europe. This is expected to drive a price increase, in 
particular during peak demand periods. Concern has been voiced that a price of 30 
SEK/kWh and beyond, even accompanied by selected temporary shut-downs of the grid, 

http://www.nordpoolspot.com/How-does-it-work/Day-ahead-market-Elspot-/Price-formation-in-Nord-Pool-Spot/


 3 

may become a reality during peak-demand periods in the coming years. (Ossi Carp, 
2014) 
A fridge consumes only some 200 to 500 kWh per year, depending on model, size, age 
and condition (Vattenfall). But the reasons stated above still justify further efforts to 
improve energy efficiency also for appliances that already has a comparatively low 
energy consumption. 

1.2 Purpose 

The purpose of this thesis project is to investigate if cold outdoor air can be used to 
reduce the consumption of electrical energy for household fridges in a technically and 
economically relevant way. 
 

1.3 Scope 

The scope of this thesis project is to design a prototype product that provides proof of 
concept (POC) for the proposed use of cold air. A design solution should aim at being 
easy to install and convenient to use. 
 

1.4 Materials and Methods 

Low-cost standard components will be used to build full-scale prototypes in an iterative 
process. This will enable consecutive optimization so that the subject in 1.2 can be 
addressed in as much detail as possible within the given timeframe. Details of materials 
and components are found in section 3.2 (below). 

Energy consumption was measured with a multifunctional energy meter (Biltema AB, 
Article 35-617) measuring effect in the range 5–4416 W at ± 2 %  and with a clock 
accuracy of ± 1 minute per month.
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2   LOW TEMPERATURE – FROM SIMPLE PRACTICE TO THE LAWS 

OF THERMODYNAMICS 

2.1 Previous research in the area 

Lowered temperature storage is one of the basic methods for food preservation that has 
been with mankind throughout history. Before electrical refrigerators became available 
ice blocks saved from the winter and root cellars were commonly used. Figure 3 shows 
an ice box, a cupboard with a special compartment for ice storage which cooled the food 
in the compartment below. These were common in the beginning of the 20th century 
(DeForest Times-Tribune, 2010).    
 
 

 
 

Figure 3. Ice box from approximately 1910. Ice was placed in the top and food was stored in the lower 
compartment. 

 
Augmentation with the active use of relatively colder air is probably a theme as old as 
coldness itself. Exposure to wind and ventilation shafts in cellars and pits may serve as 
examples. A patent application from 1926 describes a pipe equipped with a manually 
operated electrical fan. The pipe is for retrofitting the refrigerator of that time - the ice 
box. Outdoor air is to be forced into the fridge, reducing the need for ice replacements 
(Adolph Strehlke). Figure 4. 
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Figure 4. Adolph’s invention, connecting a household ice cupboard (in the bottom of the picture) with the 

outdoor environment (top) and letting a manually controlled motor equipped with a fan transport cold air 
into the fridge. 

 
Another patent application from 1928 goes in the direction of frugal engineering. The 
invention is to simply stick a pipe into the ice cupboard and let gravity do the job on the 
relatively heavier cold air that enters from the outside (Wightman Flint Percy, 1928). 
Figure 5.  

 
 

Figure 5. An ice box connected with the outside through a pipe, letting cold air flood into the top 
compartment of the fridge. 
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A more recent example of an auxiliary system that uses outside air has been 
commercialized by Travers (Travers). His patented automatic systems has temperature 
sensor and controls fans to complement the traditional cooling systems in commercial 
cold rooms found in e.g. stores and warehouses (Travers, 1993).  
 
 
This thesis project differs by targeting household refrigerators. The project rests on an 
assumption that the time may have come to revisit the area of outside air for auxiliary 
cooling also of household refrigerators. Previous attempts have probably suffered from 
a lack of high quality diffusion-proof insulation material and mass produced low cost 
and energy efficient electrical fans, sensors and miniaturized electronics. It is thought 
that a development in a frugal spirit may facilitate a viable matching to technical 
requirements, price windows and retrofitting procedures. 
 

2.2 Thermodynamics and back-pressure 

So what flow rate of air in combination with which temperature difference is needed to 
cool a refrigerator?  
 
If we assume that a refrigerator consumes 300 kWh/year and has no losses of energy, 

i.e. its efficiency is 100 %, than the heat loss from the fridge, fridgeQ , can be calculated as: 

 300 / 0.82 / 0.034 / fridgekWh year kWh day kJ s Q    (1)  

The amount of energy in air is determined by the specific heat capacity. Specific heat 
capacity, cp, is a measurement of how much energy that is required to raise the 
temperature of a substance of one unit mass with one degree Celsius. A common unit is 
kJ/kg°C.  
The specific heat capacity of a substance varies with temperature and pressure (Cengel 
and Ghajar 2014, 7). For air at 1 atm and in the temperature range -10 to +10 °C, the 
specific heat capacity is 1.006 kJ/kg°C. 
The density of air, ρ, also varies with temperature and pressure. At 0 °C and 1 atm the 
density of air is 1.292 kg/m3. (Cengel and Ghajar 2014, 924).  
 
If the volume, V, of air that a fan can transport is 10 m3 per hour the mass flow of air would 
be 
 m V   (2)  

  
at 0 °C. The required temperature difference to cool the fridge can then be determined 
from equation 3 (Cengal and Ghajar, 2014, 15): 

 fridge p diffQ m c T    (3) 

  
This gives a temperature difference of 9.4 °C in order to compensate for the heat loss from 
the fridge. This means that in order to maintain a refrigerator at +4 °C it would need to 
be supplied with air that is -5.4 °C, if the flow rate is 10 m3 per hour.   
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Since the geometry of the flow path in the prototype is irregular and generates a 
turbulent rather than a laminar flow, the method chosen in this first round of duct 
diameter optimization was to use empirical data obtained from testing, rather than by 
calculation in advance. The rationale was that building and arranging ducts with 
available material and then measure the outcome, was a faster way forward than to 
make elaborate calculations followed by carefully crafting ducts to specifications, 
possibly just to find that the calculations didn’t enable accurate enough predictions 
anyway. 
The fan used in all prototypes is specified to give 74 m3 per hour. A drop in flow rate due 
to the back-pressure generated in the ducts is anticipated. A drop to 10 m3 per hour was 
judged to be plausible for the 54 mm diameter ducts that were available to the project. 
For alternative 100 mm ducts that were also available, 10 m3 appeared to be much 
below of the flow rate that could be anticipated. Additionally, the simplifying 
assumption of 100 % efficiency in the calculation of Q (above) is of course too high.  
These calculations are therefore interpreted to indicate that the temperature required to 
cool the refrigerator to +4 °C will reasonably be within the air temperatures that are 
commonly available during the peak demand periods that the thesis targets. Possibly 
already the 54 mm ducts will turn out to allow a sufficient airflow in combination with 
the chosen fan, but the 100 mm ducts should offer a safe backup alternative. 
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3 DEMONSTRATOR 

This chapter describes the problem formulation, the function of the hardware used for 
building Fruchill, how the hardware are connected with each other and how the code is 
written. Finally the different prototypes that were built and the experiments performed on 
them are described. 

3.1 Design overview 

The project will use a configuration that is schematically illustrated in the figure below. 
The Arduino microcontroller will collect input from temperature sensors. The algorithm 
use input data to operate a fan such that outside air is transported into the refrigerator 
whenever the temperature makes it beneficial from an energy saving perspective. 
 
Heat transfer is made primarily by means of convection, but conduction is also 
investigated in the prototype setups.  
 
 

 
 

Figure 6. Two tubes are connected to the fridge, one for inflow of air and the other one for outflow. 
Temperature is measured both in the fridge and outside and the Arduino card reads the temperatures and 

turn on/off the fan when needed. 
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3.2 Hardware components 

Three prototypes were constructed, tested and used for experiments. The prototypes 
was built with the microcontroller board Arduino Uno and uses standard kit 
components such as temperature sensors, a transistor, a diode and a fan with a dc-
motor, figure 7.  The prototype was built and tested on a household fridge. A freezer was 
used for simulating cold outside air. Different kinds of tubing were used for directing 
cold air as required. In this chapter the function of the components will be explained and 
the specifications of them listed.  

 
Figure 7. Some of the components used for building and testing the prototype. 

 
 
Microcontroller 
Arduino Uno is a microcontroller board based on the microcontroller ATmega328. A 
microcontroller is a small computer on a single integrated circuit. It contains a processor 
core, a memory chip and programmable input/output peripheral circuitry (Novak and 
Dolezal, 2008, 4-3). Figure 8. 
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Figure 8. Block diagram of a microcontroller. 

 
The Arduino Uno has 14 digital pins that can be used for both input and output using the 
commands digitalRead() and digitalWrite().  
It operates on 5V. Recommended input voltage is between 7-12V. Each input/output pin 
can provide or receive 40mA. The Arduino Uno can be powered either via an USB-
connection or with external power supply. The power source is selected automatically.  
The Arduino Uno is programmed with the Arduino software (Arduino). 
 
 

 
 

Figure 9. Arduino Uno 

Temperature sensor 
The temperature sensors to be used in the project are high precision 1-wire digital 
thermometers called DS18B20. 
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Figure 10.  DS18B20 digital thermometer. 

 
The sensor makes temperature measurements by using two band gap generated voltage 
sources. One of the voltage sources has a high-temperature coefficient and changes 
deterministically across temperature. The other voltage source has a low-temperature 
coefficient and does not change across temperature. An analog-to-digital converter 
(ADC) converts the difference between these two voltages to a digital value, 
representing the temperature of the device. The resolution of the temperature 
conversion can be selected from 9 to 12 bits (Maxim integrated, 2009).  
The sensor requires only one wire for receiving and transmitting data and several 
devices can be connected to the same wire. This is because each sensor has a unique 
serial number.  
Operating temperature range for the sensor is -55 °C to 125 °C. Accuracy is 0.5 °C over -
10 to 85 °C (Maxim integrated, 2008). 
 
Transistor 
A MOSFET – metal oxide semiconductor field effect transistor – is used in this project.  

 
Figure 11. The MOSFET used in the project to connect the fan with the Arduino. 

 

A MOSFET can operate as an electronic switch and is useful for controlling high 
current/high voltage components like motors. One pin connects to ground, one to the 
component being controlled and one to the Arduino. When the MOSFET receives voltage 
to the pin connected with the Arduino it closes the circuit between the ground and the 
other component allowing the other component to be turned on/off by the Arduino 
(Fitzgerald and Shiloh, 2013). 
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Diode 
A diode has two electrodes, an anode and a cathode. The fundamental property of a 
diode is that it only conducts electric current in one direction. Current flows through the 
diode only when the cathode is negatively charged relative to the anode, at a voltage 
greater than a certain minimum. If it is the other way around the diode does not conduct 
current (Rouse, 2005).  

 
Figure 12. A diode is used in the project in order to prevent current from flowing backwards. 

 
Fan 
The fan is a standard computer cooling fan, selected for high airflow capacity and low 
energy consumption. See table 1 for specifikations. 
 

Table 1. Specifications of the fan 
 

Size (H x L x W) 92x92x25 mm 
Rated voltage 12 V 

Current 0.16 A 
Airflow 74 m3/h 

Operating temperature -20 to +40 °C 
Speed 2400 rpm 

 
 
Tubing and insulation 
Three types  of tubing were used for the prototypes:  

1. Tubolite tube with 54 mm inner diameter and 20 mm insulation walls 
2. Flexible aluminum ventilation hose with 100 mm inner diameter 
3. Spiral duct with 160mm and 200 mm inner diameter, respectively. Spiral duct 

fittings with diameter 100 mm formed inlet and outlet, respectively, on the 
refrigerator.  

 
Insulation of the tubing was the 20 mm foam that make up the Tubolite. To insulate the 
ventilation hose Tubolite tubing was cut open and taped along the hose. Tubing 
connectors on top of the refrigerator and the lid with shafts on top of the freezer were 
made from 50 mm Styrofoam sheets. 
 
Fridge and freezer 
The prototype retrofitted a regular household fridge. A regular household freezer was 
used to generate a constant supply of air of a selected temperature. 
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Table 2. Specifications of the fridge. 

Volume 379 liters 
Energy consumption 249 kWh/year 

Insulation Polyurethane 
 

Table 3. Specifications of the freezer 

Volume 292 liters 
Freezing capacity 25 kg/day 

 

3.3 Electronics 

The components were connected with each other and the Arduino. Both temperature 
sensors used in the project was connected to pin 10. The DC-motor fan needs 12V to 
operate and was connected with an external power supply. To close the loop between 
the fan and the external 12V power supply source a MOSFET transistor was used. The 
MOSFET transistor was connected to pin 9 on the Arduino. In order to prevent any back-
voltage generated by the motor from going back into the circuit a diode was used. See 
figure 13 for how all parts were placed on the breadboard and connected with the 
Arduino. 
 

 
Figure 13. The parts used in the project connected on a breadboard. 

A coupling schedule showing the coupling on the breadboard was made. Figure 14. 
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Figure 14. Coupling schedule for Fruchill. 

 

3.4 Software 

The system can be in two states; the fan is “off” or the fan is “on”. If the temperature 
inside the fridge, Tf, is above the minimum temperature required inside the fridge, Tfmin, 
and the temperature outside, To, is smaller than or equal to the maximal allowed 
temperature outside, Tomax, the fan will start transporting cold air from outside into the 
fridge. When the temperature in the fridge is below or equal to Tfmin or when the 
temperature outside is higher than Tomax the fan will be turned off. Figure 15. 
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Figure 15. The system’s two states illustrated. 

 
Based on figure 15 a structure diagram was made to get an overall picture of how to 
code, see figure 16.   
 

 
 

Figure 16. Structure diagram of the code. 
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The Arduino software was used for programming. To be able to use the temperature 
sensors the libraries OneWire, version 2.2, and DallasTemperature, version 3.7.2, 
needed to be included. Both temperature sensors were then connected to pin 10 on the 
Arduino. The fan was connected to pin 9 via a MOSFET transistor. To start and stop the 
fan the commands digitalWrite(9, HIGH) and digitalWrite(9, LOW) was used. After the 
fridge has been cooled down to the minimum acceptable level the fan is not turned on 
again until the fridge has reached 4 °C. See code in Appendix 1. During the testing of the 
prototypes a third temperature sensor was connected to read the temperature in the 
inlet of the fridge to see how much heat that was lost through the inlet pipe.  
 

3.5 Prototypes 

Three prototypes were built in sequence to facilitate iterative optimization. To the first 
prototype cold outside air was led through a hole in the building’s outer wall.  It made it 
possible to investigate if any energy saving effect at all could be detected when cold air 
was fanned into a fridge. Prototype two and three were supplied with cold air from a 
modified freezer that maintained air at -32 °C. The cold air from the freezer could be 
mixed with warmer air to produce a desired temperature for subsequent delivery to the 
refrigerator. Prototype two enabled optimization of duct diameter. Prototype three 
enabled investigation of temperatures required for sufficient cooling of the refrigerator.  
 
The cost per prototype, built with components bought off the shelf on the B2C market, is 
in the order of 900 SEK; 80 SEK for insulation, about 150 SEK for hose, 80 SEK for the 
fan, 80 SEK for the power supply and about 500 SEK for electronics. 
 
Prototype 1 
This prototype was entirely dependent on the weather for its supply of cold air, which 
was fanned in tubing through a hole in the wall. The tubing was Tubolite tube with inner 
diameter 54 mm and 20 mm insulation. Two holes were made at the top of the fridge 
and air was transported by the fan from outside through a pipe into the fridge and then 
back out . Figure 17. The fan was mounted in the refrigerator chassis at the outlet side.  
 

 
 

Figure 17. The first prototype experiment setup. 

 
Measurements were made by means of individual kWh-readings for the refrigerator and 
the fan, respectively, using a multifunctional energy meter. The refrigerator was in 
regular household use during the test period which meant that it was opened at 
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irregular times in order to take or put back refrigerated food. The resulting temporary 
increases in energy consumption interfered somewhat with data collection. Therefore, 
to average the resulting variations in temperature the tests were made over an extended 
time period. Before the testing begun the fridge’s energy consumption was measured 
over 33 hours. Three experiments were then performed on the first prototype. The first 
experiment tested how much energy that could be saved by flooding cold outside air 
directly into the fridge. The second and third experiments tested if a water battery could 
be included. The aim with the water battery was to extend the cooling effect by freezing 
the water in the battery to ice during extra cold periods. The phase transition back to 
water would then provide cooling  even if the outside temperatures were not low 
enough to freeze or cool the water.  
 
The fridge had a temperature around 7 °C during the experiment. Outside air with a 
temperature of  0 to 3 °C  was available for cooling.  
 
In the second experiment, which was to investigate how the phase transition from ice to 
water would affect the fridge, 12 containers, each with 1 kg of  ice at -1.5 °C was placed 
at the top of the fridge. See figure 18.  
 

 
 

Figure 18. Ice/water transition experiment, 12 liters ice at -1.5 °C on the top shelf in the fridge. 

 
 
In experiment number three the aim was to create a phase transition from water to ice 
in a water battery on the top shelf of the fridge.  
 
The outside air was led into the fridge from outside with the same tubing as in 
experiment one. A 100 mm diameter flexible ventilation duct was connected to inflow 
and outflow inside the fridge causing a closed loop system. The ventilation duct was 
placed inside the water battery. The outside temperature varied between -3 to -5 °C. The 
water battery consisted of 9.1 liters water at 8 °C, see figure 19. 
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Figure 19. Outside air transported into a water battery containing 9.1 liters of water at temperature 8 °C. 
The pipe in which the air circulated through was held in place with a metal box to not float on the surface 

of the water. 

 
 
Prototype 2 
The main change from prototype one to prototype two was that cold air was supplied 
from a household freezer at -32 C. The inlet and outlet from the fridge was connected to 
each end of the freezer. In order to minimize layering of warm air on top of colder, the 
freezer’s interior was separated by a cardboard wall into two compartments, connected 
via large holes in the lower part of the separating wall. The air from the refrigerator was 
thus circulated through the freezer, where it was forced down to the bottom before 
returning to the refrigerator. Figure 20.  
 

 
 

Figure 20. A separator was inserted in order to prevent circulation of only the top layer of warmer air 
from the freezer. 
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Prototype two was built on the same household fridge as the first prototype, but this 
time the fridge was not simultaneously used for household purposes. Temperature 
measurements were collected manually. Prototype 2 was built primarily to investigate 
what the highest temperature was that would still keep the refrigerator sufficiently cold 
without any assistance from the refrigerator’s own compressor.  
The same tubing as in prototype 1 was used, i.e. Tubolite tube with 20 mm insulation 
and 54 mm inner diameter. The setup is shown in figure 21.  
 
 

 
 
Figure 21. Laboratory testing setup, freezer, household fridge, and tubing with fan inside to direct cold air 

from the freezer into the fridge. 

 
In prototype 2 cold “outside” air from the freezer flooded directly into the fridge and 
showed what temperature that was needed in order to keep the fridge cool with the 
used tubing. 
 
Prototype 3 
In prototype 3 the same freezer installation as in prototype 2 was used for production of 
cold air. The 54 mm i.d. tubing used for prototype 2 was replaced by 100 mm i.d. flexible 
aluminum hose, still with the same 20 mm insulation. Automatic temperature readings 
and software control of the fan was installed. A 160 mm spiral duct  with a butterfly 
valve was installed to let a fraction of the air from the refrigerator bypass the freezer 
and instead be mixed into the air coming up from the freezer at the other end of the 
bypass. The butterfly valve was complemented by a slide valve on the inlet shaft to the 
freezer. With these two valves the temperature of the air delivered to the refrigerator 
could be set with accuracy well beyond the variations caused by the freezers cyclic 
engagement of its compressor. See figure 22 and figure 23. The whole setup can be seen 
in figure 24. 
 

 
 

Figure 22. Butterfly valve. 
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Figure 23. Slide valve. 

 

 
 

Figure 24. The setup of Fruchill prototype 3, the red arrows shows the direction of the air. 

 
To ensure that the setup did not produce a siphon effect, resulting in cold air flooding 
into the fridge regardless of the fan action, a confirming check was made.  
 
In the first test heat transfer by means of convection was tested, letting outside air 
flowing straight into the fridge. 
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In the second test heat transfer by means of conduction was investigated. A spiral duct 
was connected to the inflow and outflow inside the fridge making a closed loop system, 
figure 25. 
 

 
 

Figure 25. A spiral duct connected to inflow and outflow inside the fridge made a closed loop system, 
relying on heat transfer by means of conduction. The Styrofoam sheets were used in one of the tests to 

simulate a fuller fridge. However, not difference in the cooling effect could be detected. 

 
The hose was thereafter replaced with a longer hose to investigate the relationship 
between cooling, pipe length and backpressure, figure 26. 
 

 
 

Figure 26. A longer hose was placed in the fridge. 
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4 RESULTS 
 
 
The refrigerator’s energy consumption was measured over 32.8 hours. This gave an 
average energy consumption of 30 W (equal to 262.8 kWh/year or 0,72 kWh/day), a 
slightly higher consumption than specified in the refrigerator’s datasheet which  stated 
249 kWh/year. Figure 27.  
 

 
 

Figure 27. The fridge’s energy consumption over 32.8 hours averaged 30 W (equal to 262.8 kWh/year). 

 
In the first experiment with prototype one, outside air at temperatures between 0 to +3 
°C was fanned straight into the fridge for 9 hours. The fridge temperature was around 7 
°C. During the test period the fridge consumed only 0.06 kWh. Adding the fan’s 
consumption of 0.04 kWh during the same time period a total of 0.1 kWh was consumed 
during the test. This equates to 0.27 kWh/day, which is 38% of the normal consumption, 
i.e. a reduction by 62 %. Figure 28.  
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Figure 28. Air at temperatures between 0 to 3 °C was fanned into the fridge, providing heat transfer by 
means of convection and leading to a decreased energy need of 63 %. 

 
The second experiment with prototype one, investigated how the phase transition from 
ice to water would affect the refrigerators energy consumption. An effect from the ice 
melting to water could be noticed over 18 (17.75) hours. During that time the 
temperature inside the containers with melting ice  remained at 0 °C and thereby helped 
cooling the fridge. The energy consumption  during the period was measured to be 0.4 
kWh which is 56 % of the normal consumption, i.e. a reduction by 54 %, figure 29.  
 

 
 

Figure 29. Ice to water phase transition experiment, measured by the fridge’s energy consumption 
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The last experiment on prototype 1 aimed to generate a phase transition from water to 
ice in a water battery on the top shelf of the fridge. 
The experiment continued for 25 hours before the fan was stopped. No phase transition 
had occurred due to warmer than anticipated weather. The first ten hours of the 
experiment had the coldest weather. Adding the energy consumption of the fridge with 
that of the fan during that colder period, the energy consumption was calculated to 0.26 
kWh which is 86% of the normal consumption, i.e. a reduction by 14 percent. 
 
Energy consumption data from the fridge obtained from the experiment is shown in 
figure 30. 
 

 
 

Figure 30. A slightly decreased energy consumption could be seen during the experiment. However, no 
phase transition could be achieved with prototype 1 and with air at -3 to -5 °C fanned into the battery for 

25 hours. 

 
The second prototype was used for investigating how the temperature increased as it 
passed from the outside into the refrigerator. The test showed that the temperature 
increased some 2-6 °C between the simulated outside and the refrigerator’s inlet, but 
that the difference between the inlet temperature and that of the interior of the 
refrigerator was in the order of 12-18 °C, see figure 31. The immediate conclusion was 
that the air volume was much too low, suggesting that a larger duct diameter should be 
used in the next prototype iteration. 
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Figure 31. Temperature measurements from prototype two showing that temperatures in the inlet 
needed to be 12 °C lower to keep the fridge at a constant temperature. 

 
The first experiment with the third prototype investigated whether a siphon effect 
occurred. Data shown in figure 32, where “outdoor” is the temperature measured at 
outlet from the freezer (the white cell foam box seen in figure 24 in the lower right part 
of the photo). Cold air would only be present at the outlet if the fan was turned on or if 
there was a siphon effect. The box leaks heat so when the fan is turned off it would be 
expected that the “outdoor” temperature rather quickly reaches indoor temperatures, 
unless a siphon effect occurs – where cold air continue to flow from the freezer into the 
fridge resulting in continuous cold “outdoor” air cooling the fridge. The refrigerator’s 
compressor was turned off during the experiment. 
 
 

 
 

Figure 32. When the fan was turned off the “outdoor” temperature quickly rises towards room 
temperatures showing that no siphon effect occurred. 
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The second test with prototype three, was of heat transfer by means of convection, and 
showed that the wider tubes gave a much greater cooling effect. An inlet temperature of 
0 °C kept the fridge at +4 °C. Heat loss through the tubing required -4 °C of “outside” air 
in order to supply air at 0 °C at the inlet to the fridge. Figure 33.  
 

 
 

Figure 33. Outside air at -4 °C gives air at 0 °C at the inlet which in turn keeps the temperature of the 
fridge at constant +4 °C. The undulating patterns are caused by the freezer’s compressor. 

 
The third test on prototype three, was to investigate heat transfer by means of 
conduction. The test showed that it was still possible to maintain the fridge at +4 °C but 
only if the temperature in the refrigerator inlet was significantly reduced, from 0 °C (as 
in the second test above) to just below -9 °C, as shown in figure 34. 
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Figure 34. Conduction, short pipe 
 

When the first (shorter) hose was replaced by the longer hose it resulted in an increased  
backpressure such that an even lower “outside” temperature would be required to 
maintain the refrigerator at 4 °C, figure 35.  
 

 
 

Figure 35. When the long hose  was used for heat transfer by means of conduction lower temperatures 
where needed to cool the refrigerator sufficiently. 

 
During all testing the energy consumption of the fan was measured to be 0.1 kWh/day.  
 
The performance for the prototypes allow for estimates of what  fraction of all 
refrigerators that potentially could be retrofitted. The combined effect of how attractive 
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the performance of retrofitting is and the technical possibilities to even consider 
installation of ducts from a refrigerator to the outside, is very much a marketing activity.  
 
For the Swedish market, with an estimated 2,5 million refrigerators a 50% market 
penetration over a decade may be a relevant assumption. That would equate to 1.25 
million refrigerators retrofitted to take advantage of cold air cooling. If all of them had 
an energy consumption equal to the market’s very best, i.e. 200 kWh/year they would 
consume 0,55 kWh/day at a power requirement of 23 W. With Fruchill consuming only 
a maximum of 4W the saving on the refrigerator’s power requirement would be 19 W. 
During a cold day 1250000 x 19 W = approximately 24 MW in reduced demand, which 
in Sweden approaches 0.1% of the 26 GW peak production that has been encountered to 
date. The saving in energy consumption, assuming 100 days/year with sufficiently cold 
weather, amounts to 1,25 million refrigerators x 100 days x 24 hours x 19 W = 57 
million kWh in one year. This is approximately the same amount of energy as in 7000 
tons of coal or 4900 tons of crude oil. 
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5 CONCLUSIONS AND DISCUSSION 

5.1 Conclusions 

Cold outdoor air can be used to reduce the consumption of electrical energy for 
household fridges in a technically and economically relevant way. 
 
The prototype setup enabled a fridge to be kept at +4 °C by using the equivalent of 
outside air that was around -4 °C, with an energy consumption of 0.1 kWh/day, equating 
to a saving of 82 % reduction in energy consumption when compared to the market’s 
currently most efficient types of refrigerators, which consumes 200 kWh/year, i.e. 0.55 
kWh/day.  
 
Total cost for a DIY installation is in the order of 900 SEK, with components bought off 
the shelf on the B2C market. Depending on the geographical location’s climate, the 
performance of the refrigerator to be retrofitted and the kWh cost, the installation can 
reasonably be expected to pay for itself during its lifetime. Scenarios with payback times 
varying from three to ten years appear realistic.  
 
The reduction in peak demand can be estimated to be in the order of 0.1 % or more in an 
electricity market of the type that Sweden represents. Small as the number may appear 
it is still a lot of energy saved considering that peak effect in e.g. Sweden is some 26 GW. 
And for Sweden in particular, where a “marginal price” setting is in effect, even a small 
change in peak demand can have a drastic effect on the kWh price charged to 
consumers.   
 
 

5.2 Discussion 

Conservative estimates and targets have been applied to the evaluation of outside air’s 
applicability for cooling of a refrigerator. The specification for refrigeration of 
perishable food is that it should be kept at temperatures below +8 C. However, the 
evaluation of a retrofitted refrigerator use the more ambitious +4 as a requirement.  
 
Points for performance improvements are easy to identify. Better insulation, 
optimization of fan and duct diameter combinations, sensor input and algorithm control 
to coordination of fan action with the refrigerator’s compressor make the beginning of a 
list of opportunities to work on. A flaw in the experiments above is that the slight under-
pressure created in the refrigeration compartment may well have drawn warm air 
through the defrost drainage. That would not have worked in favor of the retrofit design. 
It is reasonable to expect that a more advanced version of a retrofitted refrigerator will 
have significantly better performance. This means that the thesis’ conclusion itself 
(above) is conservative, and that the applicability of outside air for cooling is 
significantly greater than what has been shown with the prototypes used here. 
 

An objection sometimes heard in the context of actions aimed at reducing energy 
consumption is that “A wasteful light bulb heats the house in a way that had to be done 
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anyway and with the same amount of energy that now has been saved at a cost in the 
other corner of the room!” This thesis is based on the position stating that development 
progress is best nurtured if the analysis of an energy saving design focus on that design’s 
performance requirements, not on other design’s needs. 
 

Another design feature that has only been looked upon very briefly in this thesis, but 
that potentially could extend usability even further is a phase-transition battery made of 
water. It would extend usability of a retrofitted refrigerator e.g. in areas and at times 
with cold nights and warmer days. This too is a feature that, when investigated further, 
only can contribute in a positive direction for outside air cooling possibilities. 
 

The investigation of possibilities to transfer heat by conduction rather than by 
convection is far from exhausted. It is not expected to increase performance 
temperature-wise, but could potentially contribute other types of user-value.  The same 
applies to the use of e.g. filters and lids that may be relevant for certain user-specific 
needs.   
 

A positive side effect of using cold outside air is that it’s lower relative humidity will 
reduce or eliminate water condensation inside the refrigeration compartment. 
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6 RECOMMENDATIONS AND FUTURE WORK 
 
Beyond the scope of this thesis but in line with its purpose - to investigate if cold 
outdoor air can be used to reduce the consumption of electrical energy for household 
fridges in a technically and economically relevant way - the single most important 
feature to explore further is about minimizing the increase in temperature of the air as it 
passes from the outside to the inlet in the refrigerator. Cost-effective improvement of 
the insulation is an obvious parameter to address, but diameter, material and design of 
the tubing, as well as the performance characteristics of the fan need to be studied in 
conjunction with insulation performance. Possibly these components’ characteristics 
may influence each other such that a “sweet spot” description will need to be allowed as 
a guide for final product design and procurement of material for manufacturing.  
 
The importance of this parameter is due to its immediate effect on the geographical area 
for which retrofitting can be relevant. If energy losses for inlet air can approach 0 °C, 
rather than 4 °C as in the prototype, a retrofitted refrigerator can save energy when the 
outside air is well above 0 °C. 
 
To harvest the cold, airfoils that optimize energy transfer of the air that circulates within 
the refrigerator may enable use of outside air that would otherwise be too warm for 
cooling.  
 
This thesis has put an emphasis on the highest possible temperature where the 
retrofitted refrigerator relies solely on outside air. With optimization of the number and 
position of temperature sensors inside and around the refrigerator and the ducts, the 
algorithm can be refined to enable precise use of outside air of any temperature as long 
as that temperature is below that of the refrigerator’s interior. The challenge involved is 
to ensure that the fan and the refrigerators compressor never counteract each other. 
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APPENDIX A: ADDITIONAL INFORMATION 
 
Appendix 1 
Code 
#include <Time.h> 
#include <DallasTemperature.h> 
#include <OneWire.h> 
 
OneWire oneWire(10); //The pin to which the sensors are connected 
DallasTemperature sensors(&oneWire); 
const int motorPin=9; // The pin to which the fan is connected 
 
const float Tdiff=8.0;  // The temperature difference needed between outside and inside 
to cool the fridge energy efficiently 
float fridgemin=1.0; // The lowest acceptable temperature inside the fridge 
 
// Timer variables to keep track of when the measurements happened. 
int h; // Hours 
int m; // Minutes 
int s; // Seconds 
 
void setup() { 
sensors.begin(); 
Serial.begin(9600); 
} 
 
void loop() { 
// To keep track of the time when temperature measurements have been made: 
time_t t=now(); 
h=hour(t); 
m=minute(t), 
s=second(t); 
Serial.print("\nThe time is:" ); 
Serial.print(h); 
Serial.print(":"); 
Serial.print(m); 
Serial.print(":"); 
Serial.print(s); 
 
// Start to read temperatures: 
sensors.requestTemperatures();  
 
float fridge; 
fridge = sensors.getTempCByIndex(0); 
float inlet; 
inlet = sensors.getTempCByIndex(1); 
float outside; 
outside = sensors.getTempCByIndex(2); 
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Serial.print("\nTemp fridge = "); 
Serial.print(fridge); 
Serial.print("\n"); 
 
Serial.print("Temperature in inlet = "); 
Serial.print(inlet); 
Serial.print("\n"); 
 
Serial.print("Temperature in the freezer/outside = "); 
Serial.print(outside); 
Serial.print("\n"); 
 
if(fridge>fridgemin && outside<fridge-Tdiff){ 
  Serial.print("FAN ON\n"); 
  digitalWrite(motorPin, HIGH); 
  fridgemin=1.0; 
 
 } 
 
if(fridge<=fridgemin or outside>=fridge-Tdiff ){ 
  digitalWrite(motorPin, 0); 
  Serial.print("FAN OFF\n"); 
  fridgemin=3.0; // We want to wait until the temperature in the fridge is above 3 °C to 
start the fan again. 
  } 
 
delay(10000); // Wait 10 seconds before reading temperatures again 
 
} 
 
 
 



www.kth.se


