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Abstract:
Nowadays, many electrical appliances are used daily. The refrigerator is one of them.
Consequently, by affecting the energy used by the refrigerator, a huge amount of energy,
greenhouse gases (GHG) emissions and money can be saved. It is what this thesis tries to do
by applying a concept: using the cold from outside. Indeed, this report exposes the process to
answer the following question:
How much energy, GHG emissions and money can be saved by using the cold from
outside on the refrigerating appliances?

To do so, measurements have been done on a refrigerator placed in a climate chamber. The
experiment procedure is inspired by the Swedish standard of energy consumption testing in
order to have the most relevant results as possible. The results of the measures were then used
to create a mathematical modelling. And finally, by applying the modelling at different
climate of the world represented by chosen cities, calculations were made to estimate the
energy, GHG emissions and money savings which can be done thanks to this concept.
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1 Introduction
Nowadays, refrigerators and freezers are omnipresent in our houses. Thus, they represent a
huge amount of energy used daily all around the world. Consequently, it also represents a
significant potential of energy savings.

1.1

Background

The role of a refrigerating appliance is to keep our food eatable longer by placing it in a cold
place: the refrigerator or/and the freezer. These spots keep the food bellow 8 °C in the
refrigerator and bellow -15 °C in the freezer.
Knowing that the outside temperature is below 10 °C throughout all the winter in Northern
countries, the idea is that this cold could be used for the refrigerant appliances in order to
reduce energy consumption and greenhouse gas emissions.
A similar study has been done at the Melbourne University [2] where 111 laboratory and 235
home refrigerators are analysed to determine the effect of the room temperature on the energy
consumption. The results of this study, shown later on this document, are encouraging for this
thesis as it concludes with an increase of the energy consumption according to the increase of
the room temperature. And our thesis is still interesting to be done as it study the influence of
the backside of the refrigerator on the energy used, not the room temperature in other words
all around the device.
1.2

Aims

The purpose of this thesis is to determine how much savings it is possible to realize with the
concept of using the cold from outside in order to use less energy for the refrigerating
appliances. Three kinds of savings are considered here: energy, greenhouse gases (GHG)
emissions and the economy.
To give an idea of the impact it can have or not, the mathematical modelling is applied at the
climate of a city, which is the reference to do estimation at a European country scale.
In order to be as accurate as possible, one aim is to be as close as possible to the Swedish
standard of energy consumption testing.

1.3

Method

In order to give a clear explanation of the concept, the thesis broach first the theory. It uses
the thermodynamics laws to describe how the concept influences the Coefficient Of
Performance (COP) of the refrigerating appliance. To confirm the concept and before to go
further, the theory covers similar scientific studies and an analysis of the different type of
refrigerating appliance. The scientific articles and the Swedish standard of energy
consumption testing are the sources of the methodology used afterwards to do the
measurements.
Before the methodology, this document gives an explanation of how works a refrigerator with
its auto-defrost function. The methodology itself deals with the material used, the two cases in
which the experiment has been done, the experiment and the detailed measurement procedure.
To finish the methodology, the differences with the standard are exposed.

1

Afterwards the results are presented. This part firstly explains the experimental results, with in
particular the energy-meter measurements and how from these results the daily energy
consumption has been calculated. It also includes the differences with the standard. Then,
different experimental situations are compared. In order to reach the results expected, a
mathematical modelling was needed. Once, this modeling presented, the report exposes the
main results of the thesis: the estimated savings.
The discussion broaches three fields: the source of errors, an interpretation of the results and
what can be done to continue further this thesis and know more about the pertinence of this
concept.

1.4

Limitations

This research work has as limitation the temperature where the modelling is done; indeed, in
warm countries all year round it would not be interesting to apply this concept. However, it is
shows that the limit temperature is higher than it could be expected.
Another limit is the technologic system to apply the concept. To develop this technology is
not part of the thesis work. Moreover, the ability to implement the system in a dwelling is also
a limitation.
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2 Theory
Along this first part, different aspects will be presented. By starting with some theoretical
concepts of thermodynamic to fully understand the idea of thesis. Then few practical facts
will be presented like the EU labels for instance. A literature study is also done in order to
argue and illustrate the thesis with articles, but also to develop the method of measurement
which are based on the Swedish Standard SS-EN ISO 15502:2005.
2.1

From thermodynamic laws to the Coefficient of Performance

To quantify the performance of refrigeration cycles the Coefficient of Performance (COP) is
commonly used. It is the ratio between the heat removed (Qc) from the cold reservoir (inside
the refrigerator) and the work (W) required by the system [1], all symbols stand to be positive
values:
(eq 1)

 =

By using the thermodynamic laws, the equation is simplified to make it easier to use and
understand.
The first law of the thermodynamic is the law of conservation of energy which states that total
energy of a closed system remains constant. In other words, the heat removed (Qc) is equal to
the heat coming in (Qh) plus the work applied (W). Energy cannot be created or destroyed, it
can only be transformed. Hence:
ℎ=
+
(eq 2)
= ℎ−
Consequently:
1
(eq 3)
=
 =
ℎ−
ℎ⁄ − 1
Then the second law of thermodynamic illustrated by the figure 1, is funded by Sadi Carnot in
1824 to complete the first law, states that in any isolated system the entropy can only increase
or stay constant. In other words, the heat flow of the system will naturally evolve towards
thermal equilibrium which is always in the same direction: from the warm body to the cold
body. By the way, this law is the reason why we need an external energy (W) to turn the heat
flow against the natural way “from hot to cold” into “from cold to hot”. In physics it would
say that the entropy going into the hot reservoir has to be higher or equal to the entropy
absorbed from the cold reservoir.

Hot reservoir (outside)
Qh
Refregirator
Qc
Cold reservoir (inside)

W
Work

Figure 1-Second law of thermodynamic
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Equations 4 and 5 include two new variables Th and Tc. Th is the temperature in the hot part
of the refrigerator (evaporator) and Tc is the temperature in the cold part of the refrigerator
(condenser), they are both in Kelvin.
Thus:
ℎ
≥
ℎ 
ℎ

≥

(eq 4)

ℎ


According to equations 3 and 4 the COP equation can be simplified:
 ≤

1

=
ℎ⁄ − 1
ℎ − 

(eq 5)

With this equation it will be possible to calculate the maximum value of the COP for each
experiment.
It is the first theoretical evidence that by cooling the back side of the refrigerator the energy
consumption will be lower. In fact, the COP represents the amount of heat removed unit by
unit of energy consumed. For instance, if the COP is equal to 6, the system is theoretically
able to remove 6kWh of heat by using 1kWh of electrical energy in an ideal case. And
according to the equation, Tc and Th need to be as close as possible to reach the highest COP
as possible.
With the thermodynamic, we can go further in the theory to convince even more about the
potential of the concept. Indeed, knowing that it is a fluid which flows into the system to cool
it, the ideal gas law must be presented, the second theoretical evidence.
 = 

(eq 6)

Neither the content nor the volume of the fluid change during its use, therefore n = constant
and V = constant. R is itself a constant. Thus, two variables left, T and P, each in one side of
the equation. This means that if T is decreased, P will follow the same behavior. In other
words, the difference of pressure P represent the energy needed by the compressor to make
the fluid flowing into the tube. Hence: lower temperature, lower pressure, less energy used.
2.2

Similar study

Now this background explained, let’s go on with the theoretical argumentation thanks to
another study.
Lloyd Harrington, Lu Aye and Bob Fuller analyzed and compared the data of energy
consumption of 235 household refrigerators in field and 111 in laboratory conditions [2].
With the figure 2 made in this study you can easily figure out that the COP reacts linearly
with the condensing temperature. And this reaction is in the way expected, if the temperature
increases, the COP decreases.
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Figure 2 - Effect of condensing T° on COP for 49 compressors,

Further in the same study they show by the figure 3 the energy needed to reach the steady
state for the household refrigerator in laboratory conditions. And once again the behavior is in
the way expected by the point of the thesis. It means the steady state power increases when
the ambient temperature increases.

Figure 3 - Effect of ambient temperature on energy consumption of a refrigerator,

Moreover, the linearity is high and the steady state power for 16 °C is around half of the one
for 32 °C. In other words, it can give an idea of how much savings could be expected.
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2.3

Different types of refrigerators

2.3.1 European Union energy label
The EU energy label shows different information to the consumer. This label is divided in
four categories which are energy consumption, noise level, specific details and energy class.
In the thesis project a refrigerator-freezer with A++ energy class is chosen. In order to be as
close as possible to reality, a “typical” fridge must be used for the measurements.
Energy classes of refrigerating appliances are based on the energy efficiency index (EEI).
This one is the ratio between the annual power consumption of the fridge and a reference
consumption. This reference is determined according to the type of refrigerating appliance
and its storage volume [3]. Figure 4 shows the different energy classes with EEI range
corresponding.
<22
<33
<42
<55
<75
<95
<110
Figure 4-Refrigerator-freezer energy classes

All the results will be calculated from measurements done on a A++ refrigerator-freezer. This
type of appliance does not consume a lot of energy, so the savings will be lower than if it
would be done on an older fridge consuming more.
2.3.2 What influences energy consumption of a refrigerator?
This thesis has to be as close as possible to reality. However, the real case of refrigerator used
with openings and loads cannot be simulated because of time and the standard followed.
In homes, many factors other than energy class influence energy consumption of a fridge.
Thereby, it is not possible for us to simulate a real case because it varies a lot between homes.
The study [4] shows influences of different factors on energy consumption of fridge-freezer.
For example, number of door openings have a relevant influence on energy consumption. The
study [4] shows the evolution of energy consumption according to the number of door
openings (between 12 and 48 times). This evolution is shown on Figure 5. An increase of
energy consumption of 7 to 30% has been observed in this study. Number of door openings is
directly linked to number of house occupants. It can be concluded that between houses, there
is a large gap in terms of energy consumption according to number of occupants.
The number of door openings also induces another factor, duration of openings. Figure 6
illustrates the evolution of energy consumption according to duration of door remains open.
Measurements have been done for durations of 0 to 40 seconds. It was deduced that energy
consumption increases by 44 Wh for 1 second increase for duration of door remains open.
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Figure 5 – Effect of door openings on EC [4]

Figure 6 – Effect of duration of door openings on EC [4]

This study also shows the influence of cabinet load on energy consumption. Energy
measurements have been done with loads of 0.001 m3 to 0.003 m3 with same conditions
(number of door openings, duration and ambient temperature) and each test is done for 6
hours. Results show that energy consumption increases by increasing the load. As it is shown
in Figure 7, for 6 h of time energy consumption increases by 238 Wh per litre of fresh water.

Figure 7 – Effect of cabinet load on EC [4]

The project is focused on energy consumption of a refrigerator-freezer according to its back
temperature. The measurement conditions will be the same for all the tests in order to
compare the results together. However, in the thesis results it will have to be taken into
consideration that the measurement conditions do not reflect the real use of refrigerators.
2.4

Swedish standard for energy consumption testing

In order to make the measurements rigorously and compare it to other possible studies, the
Swedish standard SS-EN ISO 15502:2005 is followed as much as possible. This standard
describes many experiment conditions and calculation methods applied to refrigerating
appliances. It includes several types of measurements and energy consumption is one of them.
This standard is applicable to two types of refrigerators. The one used in this thesis is type II
because fridge and freezer temperatures can be chosen independently.
The first part of the standard useful is “Tests Packages” (part 8.5). They are also called Mpacks in the standard. These ones are used to fill the refrigerator and the freezer. They are
rectangular parallelepipeds containing a mixture of 500g. There are two types of mixture, the
table 1 presents each of them.
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Mixture A (for 1000 g)
-

230 g oxyethylmethylcellulose
764,2 g of water
5 g of sodium chloride
0,8 g of 6-chloro-m-cresol

Freezing point : -1°C

Mixture B (for 1000 g)
-

232 g oxyethylmethylcellulose
725 g of water
5 g of sodium chloride
0,8 g of 6-chloro-m-cresol

Freezing point : -5°C

Table 1 - Composition of mixtures A and B

M-packs are equipped for temperature measurements. Sensors can be inserted directly in Mpacks or by the way of a cylinder with defined mass and diameter. Temperature in fresh-food
storage compartment and cellar compartment have to be measured at precise points in the
fridge. There is sensors which measure the temperature of each compartment and sensors
which measure temperature of M-packs. During an operating cycle, temperatures should be
measured with an integral timestep of 60s or less.
There must be the most M-packages as possible in each compartment of the refrigeratorfreezer and from the beginning, they must have a temperature approximately equal to the
temperature of their compartment.
The ambient temperature outside of the refrigerator must be 25°C for an energy consumption
test. The duration of each test is 24 hours in order to have two auto-defrost process and if it is
not the case, the test must be continued 24 hours more.
Concerning the measurement of energy consumption along the test, the energy-meter must be
readable to 1Wh and must have an accuracy of ±1% of total energy measured during the test
period.
The refrigerating appliance and ambient temperature sensors must be positioned out to
comply with some dimensions. To ensure that the refrigerant appliance is at wanted ambient
temperature, it must be placed far enough away from windows, doors and other objects of the
room. The refrigerator must be raised at least 5 cm above the floor.
2.5

Climate Change Mitigation (TCCM)

By cooling the back of the refrigerator and measuring energy consumption, savings are
estimated in different fields and environment is one of them. The system will not have a high
impact on global warming but will allows to reduce energy consumption and so, GHG
emissions. What will be calculated in the results part is TCCM, Theoretical Climate Change
Mitigation. GHG emissions contribute to global warming. According to articles [5] and [6],
Climate change mitigation is a technology or human behavior which reduces GHG emissions
or removes GHG from atmosphere.
This term is commonly used in energy efficiency of buildings, use of renewable energies,
policy and everything which emit less GHG and which is environmental friendly.
It must not be confused with climate change adaptation which means to manage with issues
due to climate change.
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2.6

Refrigerator operation

A refrigerator keeps food at good temperature by transferring the heat from inside to outside.
That is the reason why the fridge is hot when you touch it from the outside. The figure 8
represents a refrigerator with its main components: evaporator, condenser, expansion valve
and compressor. These ones take part of the refrigerating cycle.
The first step in the process is the evaporation of the refrigerant (tetrafluoroethane) due to a
pressure drop through the capillary tubes. It cools down the air of the fridge by absorbing the
heat from food.
Then, the gas arrives in the compressor. The role of this one is to reduce the volume. It will
cause an increase of pressure and so an increase of the gas temperature. Indeed, the molecules
composing the gas are condensed in a smaller place and the energy they contained too. The
hot gas passes through the condenser. This one is situated outside the fridge, directly in
contact with the kitchen temperature. The refrigerant liquefies when he meets this cooler air.
Crossing the expansion valve, the refrigerant undergoes pressure drop. Then, the cycle is
repeated.
To make this process possible, electricity supply is needed. The compressor is a pump
supplied by a motor which needs power to work. The compressor operation is controlled by
the thermostat. According to the fridge temperature, this one will turn on or turn off the
compressor. The point of the thesis is to save energy by cooling the back of the fridge, in
other words the refrigerant passing through the condenser will be colder. Thereby, there will
be a lower temperature difference between evaporator and condenser and so, less work
needed.

Evaporator

Expansion valve

Condenser

Compressor
Figure 8 – A refrigerator
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2.7

Auto-defrost

The refrigerator used in this project has the recent “auto-defrost” function. This one has a high
impact on energy consumption and must be considered in the future calculations. The autodefrost process is explained in this part and is illustrated in Figure 9.

Figure 9 – Auto-defrost cycle [8]

Auto-defrost is a process which happens periodically in new refrigerators and freezer. The
principle is to defrost the evaporator [7].
Figure 9 represents the electrical system which manages defrost and cooling systems. The
defrost timer is alternatively connected to each of them. When this one is connected to the
defrost system, the defrost heater starts up and melts the ice in fridge and freezer. At this time,
the defrost thermostat is connected (figure 8). When the defrost temperature is reached,
defrost thermostat disconnects and the defrost heater is no longer supplied. Then, the defrost
timer connects to the compressor and the cooling cycle restart. When the set-up temperature is
reached in the freezer, the defrost thermostat closes and is ready for the next defrost cycle.
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3 Experimental methodology
In this part, the material used, and the measurements method are described. These choices
have been done according to the standard SS-EN ISO 15502:2005. All the tests are done in
the climate chamber at Dalarna University.
3.1

Material

3.1.1 M-Packs

To realise the experiment in time and to try to be as close as possible to the Swedish standard
the next decisions has been taken concerning the M-packs.
M-packs have a mass of 500g and a freezing point of -1 . To do so the quantity of salt
necessary to reach this freezing point is calculated. It corresponds to 2% of the total content,
in other words 10g of salt. And even though it was not possible to have the official M-packs
sold as standardized equipment from Italy in time, each M-pack is made with the same
container which is a yoghurt box. Figure 10 shows one of the M-packs.

Figure 10 – M-pack

3.1.2 Temperature sensors
To measure the temperatures all around
and inside the refrigerator thermocouples
are used. The thermocouples are made with
two different metal and they conduct
electricity in a different way thus by
measuring the difference of voltage we
obtain the temperature.
Figure 11 – A thermocouple measuring Tamb (warm side)

These sensors have a big temperature range, so no problem even for negative temperatures,
they are also accurate and have a fast respond-time. To be even more accurate, the
thermocouples need to be calibrated to be able to apply an eventual correction if needed. The
calibration is done at -5 and 25 .
12 thermocouples of type K are used and placed in the following way:
 6 outside: 3 in the cold side at different height and with the same distance to the
refrigerator (30 cm), same for the 3 in the warm side of the climate chamber (figure
12).
 6 inside: 2 in each compartment (main room of the refrigerator, cellar and freezer),
one for the ambient temperature of the compartment and one for the M-pack
temperature (figure 13).
And as you can see in Figure 12, a data logger is used to collect the data (time, temperatures
and energy consumption).
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Warm chamber

Cold chamber

Data logger

30 cm

Figure 12 – Outside thermocouples layout

Data logger

Tamb fridge

Main compartment

T,m-pack fridge

M-pack

T,m-pack cellar

Cellar compartment
Tamb cellar

T,m-pack freezer

Freezer
Tamb freezer

Figure 13 – Thermocouples layout in the fridge
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3.1.3 Data logger
The data logger (figure 14) is multifunctional. It collects
the data of 12 thermocouples. It gathers them according
to the time. And it measures the energy used with an
accuracy of 0,5Wh.
Then all these measures are converted into an Excel file
to analyse them easily.
As you can see on the picture, it uses batteries which
will need to be checked before to start a new
measurement.
Figure 14 – The data logger

3.2

Two cases

The aim of the thesis is to determine how much energy, CO2 emission and money can be
saved by cooling the back of a fridge so first, the typical consumption of a refrigerator in
Sweden must be calculated. This is the first case studied in this thesis. Both sides of the
climate chamber are at the same temperature and the refrigerator is in a closet. Indeed, in
Sweden in most of households, refrigerators are placed in a closet. Knowing that in this
country the winter is cold and long, swedes usually like to feel really warm inside. Thus, in
this first case the measurements are made with an ambient temperature of 22 and 24 .
The second case is to defend the point of the thesis, in other words, if anything can be saved
by decreasing the back temperature of a refrigerator-freezer. Hence the measurements consist
to have the warm side of the climate chamber at the same temperature all along the second
case, 22 . The backside of the closet is opened, and the temperatures is colder in the cold
side. Tests are done with a cold temperature from 10 to 20 by steps of 2 . The low limit
of 10 is due to the limit of the fluid inside the refrigerating system, which could be damage
if it goes at to low temperature.
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3.3

Experiment conditions

As it was said in the previous part, there is two experimental cases to do. For practical
reasons, the experiments are started with the case two.
Concerning this one, one day of testing for each experiment is needed. The first test done is
with the cold chamber at 10°C and each day this temperature is increased by 2°C until to
reach 22°C. The warm chamber, representing the ambient inside temperature, is kept at the
same temperature for all tests, 22°C.
For the case one, it has been decided to keep the same duration as the second one but as the
climate chamber was still available the test at 24°C has been extended to 6 days.
Overall, the measures last fifteen full days (week-ends included).
The table 2 presents all the experiments conditions.

Case 2

Case 1

N°
1
2
3
4
5
6
7
8
9

T° warm side T° cold side Open back
22°C
10°C
YES
22°C
12°C
YES
22°C
14°C
YES
22°C
16°C
YES
22°C
18°C
YES
22°C
20°C
YES
22°C
22°C
YES
22°C
22°C
NO
24°C
24°C
NO

Duration
23h
23h
23h
23h
23h
23h
23h
23h
6 days

Table 2 - Tests parameters

3.4

Measurements procedure

A procedure sheet is set up in order to be as repeatable as possible for all the tests and so
reduce the sources of error. Especially as the operator was not the same every morning. This
procedure allows to do the same steps in the same order every day. In order to make this
procedure more understandable, it is explained with test numbers from Table 2 as a bullet list.








Set up the climate chamber (change the temperature)
Note time and energy consumption written on the data logger (end of test 2)
Weigh M-packs of the experiment that finished a day before (test 1)
Refill them with water to have 500g (if it’s necessary)
Get the data of the previous test with a laptop (test 2)
Convert data in an Excel file
Remove M-packs of the previous test from fridge-freezer (test 2) and keep them in the
climate chamber for one day more
 Put M-packs refilled in the refrigerator-freezer
 Place thermocouples in M-packs
 Note time and energy consumption written on the data logger when living the climate
chamber (beginning of test 3)

14

Each morning one test is ended, another is started, and M-packs of the test having finished a
day before are weighted. It requires a perfect organisation. Appendix 1 is the measurement
procedure with the example of the first test. Several verifications are done each time, once
more to reduce the sources of error (well-closed fridge, insulation, thermocouples…).
3.5

Differences with the standard

The measurement conditions are not totally similar to the standard. Indeed, with the time
available and for practical, the standard is used to set up the tests but not applied strictly.
As it was said before, M-packs mixture is different from the standard, but the freezing point is
the same as standardized M-packs. Moreover, contrary to what is said in the standard, the
mixture contained in M-packs is the same for refrigerator and freezer.
For practical reasons, the refrigerator-freezer contains only one M-pack per compartment and
not as much as possible.
Concerning temperature measurements, calibration of thermocouples is done as it said in the
standard and their position is shown in figures 12 and 13. The standard says to set the ambient
temperature at 25 °C but the point of the thesis is to change this one, so this instruction is not
followed. However, the data logger has an accuracy of 0.5 Wh, it is twice more accurate than
the required accuracy (1 Wh).
The tests last 23 h for most of them, because of the limited time the instruction 24 h of test
cannot be followed. This instruction in standard is due to the energy consumption calculation
which is calculated between two auto-defrost process. You will see in the results that the
energy consumption calculation used is different and does not require two auto defrost
process.
The refrigerator is away from windows and doors as specified in the standard. However, it
must be taken into consideration that the fan situated in the cold chamber which could
possibly have an impact on the back temperature of the fridge.
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4 Results and Processing
This part contains analysis of measurements. First, the energy consumption is calculated for
all the experiments. Then, results are compared and possible savings in terms of energy,
finance and GHG emissions are estimated. Savings are calculated for different countries.
4.1

Energy consumption calculation

In all the tests, many temperature and energy measurements are obtained. Because of the auto
defrost process, the daily energy consumption cannot be calculated by simply adding all the
energy data.
For each of the nine tests, the same diagrams are made, and daily energy consumption is
calculated in the same way. Let’s take the example of test n°5 with open back and 18 °C in
the cold room. The first step is to draw the graphs with temperature measurements. The figure
6 show the evolution of M-pack and ambient temperatures measured in the main fridge
compartment. Figure 7 and Figure 8 respectively show temperatures measured in the cellar
compartment and in the freezer.

Temperature (°C)

25
20
15
10
5
0
3:21 5:02 6:43 8:24 10:04 11:45 13:26 15:07 16:48 18:28 20:09 21:50 23:31 1:12 2:52 4:33 6:14 7:55

Time (hh:mm)
1. 1. T_amb_fridge30cm

2. 2. T_M-pack_fridge

Figure 6 –Ambient and M-pack temperatures in the main fridge compartment for test n°5

Temperature (°C)

25
20
15
10
5
0
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Figure 7 – Ambient and M-pack temperatures in the cellar compartment for test n°5
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Figure 8 – Ambient and M-pack temperatures in the freezer for test n°5

Energy pulse (1 = 0,5Wh)

These figures (6, 7 and 8) show different things. First, it can be noticed that the steady state is
reached later in the freezer compared to other compartments. It means that it takes longer to
have a stable temperature in the M-pack. It makes sense because the difference between the
initial M-pack temperature and the freezer one is higher than for the other compartments.
There is a peak at approximately 22h45 in Figure 8. This peak is due to the auto-defrost
function, it appears in almost all the tests.
2.5
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Figure 9 – Energy pulses measured by the energy meter for test n°5

Energy consumption (Wh)

Figure 9 shows the energy consumption measured by the energy-meter. The accumulated
energy consumption is calculated from these pulses by adding them one by one. One pulse is
equal to 0,5Wh. Then, a diagram is drawn (Figure 10) and represents the accumulated energy
consumption throughout the test.
600
500
400

Auto defrost
process

300
200
100
0
3:21 5:02 6:43 8:24 10:04 11:45 13:26 15:07 16:48 18:28 20:09 21:50 23:31 1:12 2:52 4:33 6:14 7:55
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Figure 10 – Accumulated energy consumption of the refrigerator for test n°5
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There is a step around 22:45, it is the auto defrost function. Indeed, this process increase the
temperature of the freezer, thus it requires more energy than when the freezer is running at the
steady state. So, the accumulated energy consumption increases at this point. This process is
not considered in the calculations because most of the refrigerators do not have it. Therefore,
the energy consumption of the refrigerator-freezer cannot be calculated by subtracting initial
from final consumption.
Before and after this step, the evolution of energy consumption is linear. So, two points after
the auto defrost process (at steady state) are taken and a linearization of energy consumption
is done with them. In Figure 10, these two points are represented by two discontinued red
lines.
A linear curve and an equation are obtained.
EC = 405,93t – 2×107

(7)

The first part of equation (7) is the daily energy consumption of the refrigerator in Wh for test
n°5. This method of calculation is repeated for all the other tests and all the diagrams are in
appendices.
4.2

Comparisons

After calculating energy consumption for all the experiments, different situations must be
compared. First of all, the first comparison relates the first case (with the back covered)
between the two temperatures tested (22 °C and 24 °C) in order to see if there is a difference
in terms of energy consumption. The Figure 11 illustrates this comparison. It shows that even
if the back of the refrigerator is covered, the ambient temperature has an impact on the energy
consumption. By increasing the ambient temperature by 2 °C, the energy consumption
increases by 63 Wh per day.
From this result it is deduced that by simply keeping an ambient temperature relatively low,
people could reduce their energy consumption even if the refrigerator is in a closet. This first
comparison does not answer the question of the thesis but can be interesting to know in order
to reduce the consumption easily. Especially as it works like a feedback loop: if you warm
less you house, you consume less for the refrigerating appliances.
Energy consumption (Wh)

700
600
500
400
300
200
100
0
22

24

Temperature (°C)
Figure 11 – Results for the first case

The second comparison is between the two cases at the same temperature. In other words, to
compare the energy consumption of a refrigerator and a refrigerator in a closet. These two
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situations are compared with an ambient temperature of 22 °C for both. The results are
presented in Figure 12. It shows a difference of 64 Wh per day between the two situations.
Therefore, energy can be saved by not placing his refrigerator in a closet. These first two
comparisons show that energy could be saved by simply making the right choices in the
heating and furnishing of his kitchen.

Energy consumption (Wh)

600
500
400
300
200
100
0
Without backside covered

With backside covered

Figure 12 – Comparison between the first and the second case at 22°C

Finally, the last comparison made is between the “ideal case” and “real case”. The “ideal
case” is the one in which the refrigerator consumes the least energy. So, the “ideal case” is
without a closet and with a back temperature of 10 °C. As it was said in previous parts, the
“real case” is a typical case in Sweden, the refrigerator is in a closet and the ambient
temperature is 22 °C. The figure 13 illustrates the result of this comparison. It shows a huge
difference in terms of energy consumption. The “ideal case” consume 154 Wh less per day, it
represents a decrease of 30 %. This comparison argues strongly the point of the thesis.

Energy consumption (Wh)

600
500
400
300
200
100
0
Ideal: 22°C/10°C without backside
hidden

Real: 22°C/22°C with backside hidden

Figure 13 – Comparison between the “real case” and the “ideal case

4.3

Mathematical modelling of energy consumption

In the previous part, the energy saving per day has been calculated for each experiment. The
results obtained are presented in the table 4 for the first case and table 5 for the second case.
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Temperature

Linear energy consumption 24h (Wh)

22
24

519,1
582,3
Table 4 – Energy consumption with backside

Temperature (cold chamber)

Linear energy consumption 24h (Wh)

10
12
14
16
18
20
22

365,2
366,7
380,9
389,0
405,9
427,1
455,3
Table 5 – Energy consumption without backside

With the backside covered and an ambient temperature of 22°C, there’s a daily energy
consumption of 519 Wh. This value will be the reference value as “the real case”, it is the
worst one and the one which must be reduced with the system.
The point of the thesis is to see how the energy consumption evolves with the back
temperature of the refrigerator. Figure 11 shows the evolution of energy consumption
according to the temperature of the cold chamber. This modelling is done from the linear
energies consumption calculated previously and their correspondent temperatures.
In order to estimate possible savings for different countries, a model must be deduced with the
results. First, a linear model is applied on the curve, but it is quickly noticed that this model is
not appropriate. The polynomial is the best modelling with an R-squared of 0,9965. Figure 11
shows the polynomial equation which will be used in the next part.

Energy consumption (Wh)
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Polynomial : EC = 0.5537x2 - 10.288x + 412.59
R² = 0.9965
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Figure 11 – Mathematic modelization of energy consumption without backside covered
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The table 6 presents theoretical values of daily energy saving for different cold chamber
temperatures. These values are calculated with the polynomial equation presented in Figure
11.
Temperature cold chamber (°C)

Energy consumption per day (Wh)

10

365.1

15

382.9

20

428.3

25

501.5

30

602.3

35
40

730.8
887.0

Table 6 – Energy consumption according to the polynomial model

The back of the refrigerator is cooled in order to decrease the energy consumption. To
estimate possible savings, some limits must be considered. The lowest limit is the energy
consumption at 10 °C because the refrigerant fluid cannot withstand lower temperatures. The
highest one should be the temperature which correspond to an energy consumption equal or
just below the “real case”. Therefore, 25°C is the highest limit chosen because the
corresponding energy consumption, 501.5 Wh per day (table 6), is just below 519 Wh per day
and a marge need to be considered. These two limits are used in the next part of the thesis
report.
4.4

Estimation of savings

In this part, the mathematical model of energy consumption is used and is applied to different
locations. Then, the possible savings (energy, money and GHG emissions) are estimated for
the corresponding locations.
4.4.1 Application on different locations
The final aim of the thesis is to determine if energy, money and GHG emissions can be saved
by cooling the back of a refrigerator. All the tests are done with the same refrigerator-freezer
and in a reliable way. With the results, possible savings are determined for different locations.
To do this, locations have to be chosen and corresponding data must be found for each of
them. By choosing different states a comparison is done of the impact this system could have
according to the weather, electricity price, number of inhabitants.
The Table 7 presents the states chosen with data for each of them.

Population (2016)
Number of households
(2016)
Number of refrigerators
Number refrigerating
appliances
Electricity price (€/kWh)

Sweden

France

Germany

Quebec

California

9 903 122

66 896 109

82 667 685

8 164 361

39 250 017

4 825 000

29 138 500

40 536 500

3 531 660

12 944 178

4 825 000

29 138 500

40 536 500

3 531 660

12 944 178

5 307 500

32 052 350

44 590 150

3 884 826

14 238 596

0.194 €

0.169 €

0.305 €

0.044 €

0.126 €

Table 7 – States data, [9] [10] [11] [12] [13] [14] [15]
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Table 7 groups all the data needed to estimate the possible savings. Population and number of
households have been found on internet. First, the estimations are done with one refrigerator
per household, that is why the number of refrigerators is equal to the number of households
for each state. The system is applicable to all refrigerating appliances. Therefore, the number
of these appliances must be determined (freezer, refrigerator…). The number of households is
multiplied by 1.1 (equation 8), it is an assumption. So, for all the calculations the number of
RA (refrigerating appliances) will be:
Nb of RA = 1.1 × Nb of households

(eq 8)

Then, Table 7 also includes the electricity cost of each state. This price reflects the type of
electricity production. For example, in California 40% of electricity is produced by renewable
sources and 50% by natural gas [16]. While in Germany, 42% of electricity is produced by
renewable sources but 38% is produced with coal. Because of taxes for more renewable
electricity production, electricity is more expensive in Germany.
In order to estimate the energy savings for each state, weather data are needed and precisely
temperatures data. Depending on the state, the files contain five or six years of temperature
data and with an accuracy of 1 or 3 hours. The savings are estimated in the same way for each
state, the procedure is explained in the next part with the example of Sweden.
4.4.2 Example of Sweden
4.4.2.1 Data processing
There is six years of temperatures data in an excel file for Arlanda in Sweden (01/01/2012 to
12/31/2017). The temperature has been measured each 1h, it represents 52 315 measurements.
For each hour, energy consumption is calculated according to the mathematical model defined
previously. To do this, three columns of calculations are made and are named A, B and C.
The first one is for temperatures under 10 °C, in the modeling part it was said that for all these
temperatures the energy consumption is 365.2 Wh per day. So, for column A the equation 9 is
applied, “T” is the temperature measured in degree Celsius. For temperatures above 10 °C “0”
is written in this column.
A=IF(T<=10;365.2;0)

(eq 9)

In column B, energy consumption is calculated for temperatures between 10 °C and 25 °C.
The polynomial model is applied in this part, as it was said in the modelling part it is valid
between these two temperatures, 25 °C included. So, in column B equation 10 is applied. For
temperatures below 10 °C and above 25 °C “0” is written in this column.
B=IF((AND(10<T;T<=25));0.5537*T^2-10.288*T+412.50;0)

(eq 10)

In column C, energy consumption is calculated for temperatures above 25 °C. In the modeling
part, it was said that for all these temperatures the energy consumption is 519.14 Wh per day.
So, for column C equation 11 is applied. For temperatures under 25°C “0” is written in this
column.
C=IF(25<T;519.14;0)

(eq 11)
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Finally, in order to have energy consumption of the refrigerator-freezer according to the
outside temperature in the same column, columns A, B and C are added. So, this column D is
the energy consumption of the refrigerator-freezer per hour for six years. But these data can’t
be used directly because the mathematical model represents the energy consumption in Wh
per day. So, all the column is divided by 24 hours in order to have the energy consumption for
each hour in Wh per hour, all the column is divided by 24 h.
As a reminder, the point of the thesis is not to estimate the energy consumption but to
calculate the potential energy savings with the back of the refrigerator cooled by using the
outside temperature. So, a comparison case is needed or in other words the energy
consumption of a refrigerator in most of households in Sweden. It corresponds to a
refrigerator in a closet and an ambient temperature of 22°C (test n°8). A last column where
the energy savings are calculated using equation 12 is made.
Energy savings = 21.63 – EC

(12)

21.63 is the energy consumption calculated in Wh per hour from test n°8 which represents the
real situation. EC is the energy consumption calculated according to the mathematical model
in Wh per hour (column D). The energy savings obtained are in Wh per hour.

SAVINGS

SAVINGS

SAVINGS

SAVINGS

Figure 12 – Theoretical energy consumption (Wh per h) of a refrigerator in Arlanda with the back cooled by the outside
temperature, three years (from 2012 to 2014)

Figure 12 shows the theoretical energy consumption (in blue on the diagram) of a refrigeratorfreezer in Arlanda with the back cooled by the outside temperature. The red line represents
the current energy consumption of a refrigerator in Sweden (covered back and 22°C). Grey
areas are the months of the year when the most energy can be saved. This diagram is done
with the first three years analyzed (2012 to 2014). Figure 12 shoes that even if the temperature
is not under 10 °C all the yearlong, energy can be saved almost every day.
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4.4.2.2 Calculation of savings
In the previous step, energy saving, and consumption have been calculated in Wh per hour for
each hour for six years. Then the total energy consumed (TEC) and saved (TES) are
calculated by respectively adding all energy consumptions (in Wh per h) and all energy
savings (in Wh per h). Table 8 shows the results for one refrigerator. The total real energy
consumed (REC) corresponds to the test n°8. By dividing by six, results are obtained per year.
Savings per day and per hour are also deduced.

Total
Per year
Per day Per hour
(Wh/6years)
(Wh/y) (Wh/24h) (Wh/h)
Total Theoretical energy consumed (TEC) 820 975.2
136 829.2
374.6
15.6
Total Real energy consumed (REC)
1 131 617.0 188 602.8
516.4
21.5
Total Theoretical energy saved (TES)
310 641.9
51 773.6
141.7
5.9
Percentage of savings
27.5%
27.5%
27.5%
27.5%
Table 8 – Energy savings for one refrigerator

In terms of percentage, there is a total energy saving of 27.5% according to these six-year
data.
The theoretical energy saved (TES) can now be deduced for all refrigerating appliances of
Sweden, it is in this step that state data are used. The results are shown in Figure 9.

TES 1 refregirator (kWh/year)
TES all refrigerators (TWh/year)
TES for all refrigerating appliances (TWh/year)

51.77
0.25
0.27

Table 9 – Theoretical energy savings

In the first line the yearly TES calculated for one refrigerator in Table 8 is converted in kWh.
Then, the yearly TES for all refrigerators of Sweden is deduced by multiplying the number of
refrigerators and the TES of one refrigerator. Finally, the TES for all refrigerating appliances
is calculated by multiplying the number of RA by the TES of one refrigerator.
Table 9 shows that the yearly theoretical energy saved by using outside temperature on all the
refrigerating appliances of Sweden is 0.27 TWh.
TMS 1 refrigerator (€/year)
TMS all refrigerators (M€/year)
TMS all refrigerating appliances (M€/year)

10.044
48.463
53.309

Table 10 – Theoretical money savings

Table 10 follows the same way of Table 9. First, the total money saved (TMS) for one
refrigerator is calculated by multiplying the electricity price and the TES of one refrigerator.
Then, by multiplying the electricity price and the number of refrigerators or the number of RA
the TMS for all refrigerators and the TMS for all RA are obtained.
Table 10 shows that the yearly theoretical money saved by using outside temperature on all
refrigerating appliances of Sweden is 53.309 M€.
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Carbon Intensity (CI) of electricity supplied (gCO2eq/kWh)
TCCM 1 refrigerator (gCO2eq/year)
gCO2eq/year
TCCM all refrigerators
tCO2eq/year
gCO2eq/year
TCCM all refrigerating appliances
tCO2eq/year

44.0
2 278.0
10 991 544 529.1
10 991.5
12 090 698 982.0
12 090.7

Table 11 – Theoretical climate change mitigation

The last savings calculated is the theoretical climate change mitigation (TCCM). In other
words, how much GHG emissions equivalent can be avoid thanks to the system. To calculate
the carbon intensity (CI) of electricity supplied is used. This value is in gCO2eq per kWh and
reflects the electricity production sources used in the country. In Sweden, the Carbon Intensity
is 44 gCO2eq per kWh.
To get the TCCM of one refrigerator per year, the TES of one refrigerator is multiplied by the
Carbon Intensity [17][18][19]. Then TCCM for all refrigerators and for all refrigerating
appliances are deduced in the same way as for previous estimations.
Table 11 shows that the yearly theoretical climate change mitigation obtained by using
outside temperature on all refrigerating appliances of Sweden is 12 090.7 tCO2eq.
4.4.3 Results for each country/state chosen
All the steps described in the example of Sweden are done for all the locations chosen. In this
part, all results for Québec, France, Sweden, Germany and California are presented in a
summary table (Table 12).
Location

Québec

France

Sweden

Germany

California

Reference city

Montréal

Clermont
Ferrand

Arlanda

Dresden

Los Angeles

Population country/state

8 164 361

66 896 109

9 903 122

82 667 685

39 250 017

Average Temperature in 2017

8.17

12.4

7.5

10

19.1

47 594.0

46 115.0

51 773.6

48 794.1

37 394.3

130.3

126.3

141.7

133.6

102.4

5.4

5.3

5.9

5.6

4.3

25.1%

24.4%

27.5%

25.7%

19.7%

TW/year

0.18

1.48

0.27

2.18

0.53

kW/year/person

22.65

22.10

27.75

26.32

13.57

8.1

249.8

53.3

663.6

67.1

1.0

3.7

5.4

8.0

1.7

3 831.0

143 375.0

12 090.7

1 279 332.2

106 488.5

469.2

2 143.2

1 220.9

15 475.6

2 713.1

per year
Energy saving for 1
per day
refrigerator(Wh)
per hour
Percentage of saving
TES
For all
M€/year
refrigerating TMS
€/year/person
appliances
tCO2eq/year
TCCM
gCO2eq/year/person

Table 12 – Summary of savings for each state

Table 12 shows different things. The first lines present the state and which city is taken as a
reference. In other words, from which city do the temperatures data come. Then, the number
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of inhabitants for each location and the average temperature in 2017 are indicated. This one is
not really relevant but is mentioned to have an idea of the weather. Then, all the savings are
presented per year and are divided by the number of inhabitants in order to have all the
savings per year and per person.
The case of Sweden shows that it is important to convert a result per country in a result per
person. Looking at energy saving which can be done at the scale of Sweden it seems little
(0.27 TWh/year) comparing to France or Germany. But when it is devided by the number of
inhabitants, Sweden has the most interesting TES comparing to the other states.
This summary table shows that Germany is the country where it would be the most interesting
to implement the system. Indeed, among the states studied, this system in Germany would be
the most profitable in terms of economy and ecology. It would also be energetically
interesting even if it is not the coldest country.
The figures 13 and 14 illustrate the summary table by showing the most relevant things.
25

Energy Savings in %

25.00%

20

20.00%
15
15.00%
10
10.00%
5

5.00%
0.00%

Average Temp in °C (2017)

30.00%

0
Sweden

Quebec

Energy saving

Germany

France

California

Average temperature

Figure 13 – Energy savings and average temperature for each state studied

The idea of the thesis is to use the outside temperature in order to cool the refrigerator.
Therefore, the lower the temperature is the better it is. Energy savings in Figure 13 have been
calculated with really precise weather data and the average temperature is not really relevant.
However, there is a trend between the average temperature and energy savings. The lower the
average temperature is, the more energy is saved. Quebec doesn’t follow this trend because
this state is known to have very cold winters and very hot summers. That’s why energy
savings are less important than those of Germany which is a state with cold temperatures in
winter but not that hot in summer.
Figure 14 shows the TCCM calculated per person for each state. It clearly shows that
Germany have the higher TCCM and the gap with the other states is important. Let’s
remember that TCCM is directly linked to the GHG emissions per kWh of electricity
produced. So, this huge gap between Germany and the other states can be explained by the
greater presence of coal in the production of electricity.
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TCCM per person in gCO2eq/year

18 000.0
16 000.0
14 000.0
12 000.0
10 000.0
8 000.0
6 000.0
4 000.0
2 000.0
0.0
Quebec

France
Sweden
Germany
Figure 14 –TCCM per person for each state studied

California
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5 Discussion
In this part, the results are discussed by listing sources of error and answer the point of the
thesis. It is an objective criticism of the work done. It also includes what could be done after
this thesis to go further and to have a multidisciplinary point of view on the results.
5.1

Sources of error

Within the thesis, several sources of error have to be considered. Some of them are due to the
methodology of the measures, others are due to the way of analyzing and using the results.
In this paragraph, the sources error for the method are enumerated. The standard has not been
perfectly followed. Indeed, the M-packs have a different content, there’s only three M-packs,
most of the tests doesn’t last 24 h, the M-packs are refilled with water so there is less salt over
time. All these sources of error may not have a big impact on energy consumption
calculations, but they must be mentioned.
The sources of error which have the higher impact on the thesis results are due to the way of
analyzing the measurements. Even if the accumulation of energy consumption highly seems
to have a linear behavior in the chosen temperature range, it is not certain that it is 100 % true.
So, from calculations of experimental energy consumptions, there is already uncertainties.
The next part about mathematical modelling is the biggest approximation made in this thesis.
Indeed, trend of energy consumption calculated from measurements highly seems to be
polynomial but is not perfectly. The R-squared which represent statistically how close the
modelling fit the regression line or the corresponding equation, is here equal to 0,9956, 1
being 100% fitting. Figure 11 shows that EC for 12 °C and 14 °C are slightly deviated from
the polynomial curve.
After finding a mathematical model, estimate savings are estimated for different locations.
Because of free weather data and time available to apply the model, temperature data of one
city are used for each state. In other words, savings of a location which has the size of a
European country are calculated with temperature data of one city. The city chosen is at the
center of the state or where most people live. To have more accuracy it would be necessary to
use more cities, but in our case it is good enough to make estimations.
The last thing questioned concern the limitations of the thesis. The work in this project is to
study the EC of a refrigerator with a system which cool the back. Therefore, this study is only
focus on measurements, excel calculations and estimation of savings. In all the report it is
assumed that the system is an ideal case without losses, it means that when you have 10°C
outside the back of the refrigerator will be 10 °C. In reality it wouldn’t be the case and
thereby the savings would be slightly lower.

5.2

Discussion of results

The results show possible savings for all the states studied. So, it can be deduced that in terms
of energy savings, to cool the back of refrigerators using the outside temperature is really
interesting for most of states in the world. Let’s talk about each type of savings individually.
The first is energy saving, this one has been deduced with data and the mathematical model
done. It’s surprising to see that even for countries with warm climates, there is a significant
theoretical energy savings. Indeed, there is almost 20% of energy savings in California. The
country studied for which the system is the most energetically profitable is Sweden with 27.5
% of energy saved. Germany is not far with 25.7 % of energy saved.
Money savings depend on energy savings and electricity price for each location. The
electricity price itself depends of the energy mix of the country. Nowadays, to produce
electricity with nuclear power plant is cheaper than with solar energy for instance. Even if
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Sweden has the higher energy savings, it is not the best country in terms of money savings
because the electricity cost is relatively low. Whereas Germany has a high electricity price
because this country is in energy transition and so, invests a lot in renewable energies.
Moreover, it induces to strength the grid. By using the concept, Germany could theoretically
save 663.6 million euros per year.
The TCCM is the last saving calculated, it is presented in theory in the part 2.5 of this report.
This one depends on energy savings and the energy mix as well. For example, Coal will
induce more GHG emissions than hydropower. So, there will be a higher TCCM for countries
with high GHG emissions due to energy production than for countries with cleaner energy
productions which induce less GHG emissions. Once again, the best savings are for Germany
with 1 279 332 gCO2eq/year of TCCM. This result is also due to their transition politic to
encourage renewables and being rid of nuclear energy, because then they have to produce
electricity from coal in order to provide the supply. Regarding all aspects per inhabitant,
Germany is the location studied where it would be the most interesting to implement the
system. And knowing that it is also the most populated location in these estimations, at the
country scale it is even more significant.
Let’s go back to normal operation of a refrigerator-freezer. Without any back opened or
outside temperature used, the temperature difference between the back and the inside of the
refrigerator is high. The back is always warm and so, participates to the heating of the kitchen.
By cooling the back of a refrigerator, energy consumption of the refrigerator decreases but it
could be necessary to increase the heating system in order to keep the same ambient
temperature inside. A thermodynamic study could be done at the house scale to quantify the
heat released by the refrigerator and its influence on the global heating system.
To implement this system, it would be interesting if people keep in mind that the aim is to
reduce energy consumption and so, they must not increase other sources of energy
consumption.
5.3

To go further

In this report, measurements and analyses are done in order to deduce and to quantify savings
on different aspects which are energy, money and environment. In order to have
multidisciplinary view of the system, other studies should be done after.
Starting from the same analysis that is presented in this report, a study could be done at the
industrial scale. Indeed, analyses done are focused on households of different locations. Some
companies have a lot of huge refrigerating appliances and using the outside temperature to
cool them could be really interesting for the industry. Moreover, bigger the refrigerating
appliance is, more energy it consumes. So, at industrial scale it might be financially more
attractive compared to the results for households.
The most important thing which could be done after is to create a system which would allow
to cool the back of refrigerators. It should adapt to as many households as possible. Moreover,
the refrigerating fluid cannot stand temperatures below 10 °C. So, it should regulate the back
temperature of the refrigerator in order to keep 10 °C or more. In the report it is considered
that the system is applicable in all the households but in reality, a large part will not be able to
benefit from it. The kitchen may not have a wall shared with the outside. Maybe a system
could be even possible to cool the back of the refrigerator, but it would be bigger and more
expensive. From this system, an economical study should be done. It’s obvious that installing
such a system in all the households would be more expensive than the money savings due to
energy savings. As it was said previously, results show that this system would be interesting
for energy and GHG emissions savings but not economically. Most people wouldn’t want to
pay for an expensive system which wouldn’t be profitable for them because they don’t feel
concerned by environmental problems. However, with subsidies from the state or energy
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companies, people would be more likely to install the system. It could even be interesting for
the companies themselves because this concept makes lot of savings possible in the period of
highest demand: winter. During this period, energy companies have to start new systems in
order to provide the supply. These systems used in the winter are often more expensive for the
company and less environmentally friendly, often coal of oil is used in these situations.
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6 Conclusion
From measurements on a refrigerator and weather data, we calculated some energy, money
and GHG emission savings in this thesis project. We can deduce some conclusions:
-

To cool the back of a refrigerator by using the outside temperature is an interesting concept
in terms of energy savings even for warm locations (as California).
Germany is the location studied for which the system is the most profitable in all three
aspects (energy, money, ecology).
The economical results are minimal at the scale of a house but more interesting at the
country scale.
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Appendices

Appendix 1 – Measurement procedure sheet

Operator:
Date:
Time:
Conditions:
Cold temp
Warm temp
Open backside
Measures:
> Reading out the data logger
M-package 2 weight
M-package 4 weight
M-package 6 weight
M-package serie
> Set up thermocouples
> Do controls before
> Plug the data logger and read the value
Energy value and time

06.03.18

No
No
No
No
No
No

B

10 °C
22 °C

0603-T10.xls

Yes
Yes
Yes
Yes
Yes
Yes

Start
End

Start
End
Start
End
Start
End
A

Yes

Protocol switching measurements and checking list

Controls:
Change CC Temp first
Start the data logger before analyzing the data
Insolation control
Thermocouples connection control (mainly data logger and tapes)
Refregirator properly closed
Battery ok?
> Plug and go out of the CC
Data file (format: 0603-T20.xls):

g
g
g
g
g
g

Energy
kWh
kWh

Voltage level:

Date

06.03.18
07.03.18

V

Time

Appendix 2 – Temperature measurements test n°1
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Temperature (°C)
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13:12

18:00

22:48
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8:24
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Temperature (°C)
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15
10
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0
3:36

8:24
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Time (hh:mm)
3. 3 T_M-pack_cellar

4. 4 T_amb_cellar
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Temperature (°C)
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0
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8:24

13:12
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22:48

3:36

8:24

-10
-20
-30

Time (hh:mm)
5. 5. T_amp_freezer

6. 6. T_M-pack_freezer

Appendix 3 – Temperature measurements test n°2
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Appendix 4 – Temperature measurements test n°3
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Appendix 5 – Temperature measurements test n°4

37

Temperature (°C)

25
20
15
10
5
0
2:09 3:50 5:31 7:12 8:52 10:33 12:14 13:55 15:36 17:16 18:57 20:38 22:19 0:00 1:40 3:21 5:02 6:43 8:24 10:04

Time (hh:mm)
1. 1. T_amb_fridge30cm

2. 2. T_M-pack_fridge

Temperature (°C)

25
20
15
10
5
0
2:09 3:50 5:31 7:12 8:52 10:33 12:14 13:55 15:36 17:16 18:57 20:38 22:19 0:00 1:40 3:21 5:02 6:43 8:24 10:04

Time (hh:mm)

Temperature (°C)

3. 3 T_M-pack_cellar

4. 4 T_amb_cellar

25
20
15
10
5
0
-5 2:09 3:50 5:31 7:12 8:52 10:33 12:14 13:55 15:36 17:16 18:57 20:38 22:19 0:00 1:40 3:21 5:02 6:43 8:24 10:04
-10
-15
-20
-25

Time (hh:mm)

5. 5. T_amp_freezer

6. 6. T_M-pack_freezer

Appendix 6 – Temperature measurements test n°6
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Appendix 7 – Temperature measurements test n°7
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Appendix 8 – Temperature measurements test n°8
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Appendix 9 – Temperature measurements test n°9

Appendix 10 – Energy consumption measurements test n°1
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Energy pulse (1 = 0,5Wh)
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Appendix 11 – Energy consumption measurements test n°2
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Appendix 12 – Energy consumption measurements test n°3
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Energy pulse (1 = 0,5Wh)
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Appendix 13 – Energy consumption measurements test n°4
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Appendix 14 – Energy consumption measurements test n°6
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Appendix 15 – Energy consumption measurements test n°7
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Appendix 16 – Energy consumption measurements test n°8
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Appendix 17 – Energy consumption measurements test n°9
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