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ABSTRACT
A TPV-system consists of a hot surface emitting heat radiation on a solar cell with a narrow
bandgap. A unit consisting of a boiler and a TPV-system has been constructed for testing of
the performance of TPV cells. The emitter is heated by a fuel consisting of RME-oil. The
radiation is collected and concentrated through two reflecting cones formed like a Fabergeegg, with an edge-type optical filter between the cones. The Faberge-egg is treated with
electro-polishing in order to obtain a high reflectance of radiation. The edge filter transmits
radiation of short wavelengths towards the solar cells and reflects long wavelengths back to
the emitter. This increase the temperature of the emitter to prevent the TPV-cells to be
overheated. The construction made was working as expected and can be used for further
experiments. The performance of the TPV-cells were however very poor because of a low
emitter temperature. The main problem was to obtain a good heat transport from the flame
to the emitter. It is required that the emitter temperature is considerably increased for
justifying a continued work on TPV-systems in combination with boilers.
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PREWORDS
This is a thesis in favor for the energy technology in a perspective to enhance the efficiency of
our energy supplies. The project belongs to the civil engineering program of energy systems
and was mostly practical because of the construction of a combined boiler with a TPVmodule and took place at a construction lab in Mälardalens Högskola, Västerås.
The construction itself has taken a lot of effort to get done and took most of the whole work´s
time as well. The actual testing with the equipment was not very sophisticated and the results
could be seen almost instantly after everything was up and running.
A minor study in the area of TPV-cells has also been done thanks to some printed copies of
former works and studies in this particular area, especially the thesis made by Eva Lindberg.
The main supervisor of this project is Erik Dahlquist and it was also he who took this project
to a start. It was from his ideas the project took shape and he is the source to all the people
that has helped me along the way.
In order for me to be able to do all the practical work I have required a person that could help
me with advises, access to tools, wisdom in how to use the tools and pretty much everything
that had with the constructing to do. His name is Gert Bard and without him I couldn´t have
managed to do this project. He has taught me a lot and has also done some welding work to
the boiler.
Also big thanks to the following people:
Kent Karlsson (Enertech), Mikael Blomquist (Sarlin)
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SUMMARY
The climate in Sweden is very different between summer and winter. Due to this, Sweden has
a low demand of electric power and heat during the summer while the situation during the
winter is the direct opposite. During the cold months in winter, Swedish energy companies
will struggle to provide the households with its needs. Therefore it would be preferable to
upgrade and expand the heating systems for smaller buildings to provide both heat and
electricity. The TPV technology has potential of doing this for smaller buildings (<3 MW) and
provide both heat and energy from renewable resources such as bio-fuel.
This project is about constructing a TPV-system that will provide both heat and electricity by
combusting biodiesel fuel. The system will be a small prototype that uses a fuel effect of about
23 kW. The construction took place in a laboratory at Mälardalens Högskola and started with
separate components that was assembled. The mission was first to build a working boiler
with water cooling and other necessary equipment, and attach the TPV-components to it, the
emitter, the Fabergé-egg, the EDGE filter and the TPV-cells. During the testing the following
parameters should be measured; the fuel effect, heat output and electric power. These should
be monitored for investigating the performance and key-problems.
The principle was that the burner should heat both the water and the emitter. The radiation
from the emitter should then be transmitted through the filter and be absorbed by the TPVcells. The TPV-cells can only absorb energy from a specific range of wavelengths due to its
band gap. The length of the wavelengths is determined by the temperature of the emitter and
it is very important to achieve the right temperature in order to reach as high efficiency in the
TPV-cells as possible. For the used cells in specific, the emitter temperature had to be at least
1000 ℃ to achieve a reasonable efficiency out of the system.
The results were very disappointing since the emitter only reached 360 ℃ so the electric
output were extremely low. Almost no electricity was received from the TPV-cells. The
conclusion was that the flame from the burner was too far away from the emitter to transfer
enough heat to it. For further work it has to be a way figured out to extend the flame or to
move it closer to the emitter. A cell-material with a lower band gap should also increase the
efficiency. Another part to be investigated further should be a more suited isolation material
around the emitter to make sure that it is not cooled from surrounding walls. Despite the fact
that it could be developed to a more efficient system, it is very hard to see it compete with the
conventional products on the market that can deliver both heat and electricity.
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SAMMANFATTNING
Klimatet I Sverige skiljer sig väldigt mycket mellan sommar och vinter. På grund av detta så
har Sverige ett överflöd av värme och eleffekt under sommaren och under vintern så är
situationen den motsatta. Under de kalla månaderna på vintern så har sverige ett underskott
av eleffekt för att tillhandahålla hushållen med deras behov. På grund av detta vore det
fördelaktigt att uppgradera värmeförsörjningen i mindre hushåll för att kunna förse både
värme och elektricitet. TPV-teknologin har potential att kunna bidra till detta för mindre
värmebehov (<3 MW) och förse både el och värme från förnyelsebara källor såsom
biobränslen.
Det här projektet handlar om att bygga ett sådant TPV-system som kommer kunna förse
byggnaden med både el och värme genom att förbränna ett biodiesel biobränsle. Systemet
kommer att vara en mindre prototyp med en bränsleeffekt på ungefär 23 kW. Uppförandet av
systemet gjordes i ett laboratorium i Mälardalens Högskola där projektet startade med lösa
komponentner som sammanfogades till ett komplett system. Målet med installationen var att
bygga en fullt funktionell protototyp-panna med vattenkylning och annan nödvändig
utrustning, och sedan montera på TPV-modulen beståendes av emitter, Fabergé-ägg, EDGEfilter och TPV-celler. Systemet ska användas för att utföra tester där bränsleeffekt,
värmeeffekt och eleffekt ska mätas för att sedan kunna utgöra underlag för utvärdering av
systemet.
Principen med systemet är att brännaren ska värma upp både vattnet och emittern. Energin
som strålas från emittern ska sedan transmitteras genom filtret och absorberas av TPVcellerna. TPV-cellerna kan endast absorbera strålning av våglängder som understiger den
våglängd som motsvarar bandgapet i TPV-cellerna. Våglängderna bestäms av temperaturen
på emittern och därmed är det väldigt viktigt att upprätthålla tillräckligt hög temperatur för
att kunna uppnå en hög verkningsgrad på TPV-cellerna. För de TPV-celler som användes i
detta projekt så behövdes en temperatur på omkring 1000 ℃ för att uppnå en god
verkningsgrad.
Resultatet blev en besvikelse. De 1000 ℃ som var tänkt att uppnås blev istället omkring 360
℃ och som följd av detta så kunde knappt någon elenergi genereras av TPV-cellerna.
Slutsatsen var att vattenkylningen i pannan och det faktum att flamman från brännaren var
för långt ifrån emittern, gjorde att för lite värmeenergi kunde överföras till emittern. Som
förslag till fortsatt arbete så föreslås en förbättring av positioneringen av brännaren och dess
utformning så att flamman kommer närmare emittern. Detta tillsammans med ett TPV-cell
material med smalare bandgap skulle kunna resultera i ett användbart system. En ytterligare
förbättring vore att undersöka möjligheterna att isolera bättre kring emittern för att
förhindra att den kyls för mycket av vattenkylningen i pannan.
Även om det finns potential till ett förbättrat system med högre verkningsgrader så finns det
skäl att tro att detta system inte skulle kunna slå sig in på marknaden då det finns mycket
iv

bättre och billigare alternativ till system som kan leverera både el och värme.
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ABBREVIATIONS AND CONCEPTS
TPV

Thermo Photo Voltaic, a type of solar cell or semiconductor.

PV

Photo Voltaic, a type of solar cell or semiconductor.

GaSb

Chemical name for Gallium Antimonide

UV

Ultraviolet light, a spectrum of light with short wavelengths.

IR

Infrared light, a spectrum of light with long wavelengths.

RME

Rapeseed Methyl Ester

FAME Fatty Acid Methyl Ester
CO

Carbon Oxide

Unit
W
MJ/kg
μm
K
℃
μm*K
J
eV
Js
Hz
m/s
Bar
Ω
A
V
kJ/kg

O2

Dioxide

NO

Nitric Oxide

PPM

Particles Per Million

CHP

Combined Heat and Power
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1.1

INTRODUCTION

Background

The world has grown to be more and more aware of our energy situation. The shortage of
fossil fuels in the future has made us look more into renewable energy and has come up with
many different systems to exploit our renewable sources. The biggest source of energy here
on earth is of course the sun but it has been proven to not be that easy to generate energy
from it, especially in areas where the sunshine doesn’t strike the earth’s surface so much.
Such an area is Sweden. In Sweden there is about 1700 hours (delaval, 2013) of sunlight per
year depending on where you live. That means it’s about 6900 hours per year that swedes
cannot exploit the energy from sun’s radiation. This makes it desirable for swedes to burn
fuel as a constant heat supply in smaller buildings that is not supported by district heating,
and pay for electricity from a distributor. But what if we could get electricity from this heat
supply as well?
Usually when the energy in sunlight is transformed to electricity, a PV-cell (photovoltaic cell)
is used, which is especially made to receive radiation from the certain wavelengths that the
sun transmits and transform it into electricity. Another type of a solar cell is the TPV-cell
(thermo photovoltaic cell) that can receive radiation from longer wavelengths than the sun
transmits, usually called heat radiation, and transform it to electricity. Because of its
properties when it comes to the longer wavelengths, the TPV-cell makes it possible to obtain
energy from a heat source of some sort of fuel burner, where the wavelengths are much
longer than from the sun. Fuel burners are the most common way of creating heat energy to a
building, so therefor it would be very convenient to use TPV-cells in order to make electricity
from the radiation. That is what this project is all about, creating electricity from a normal
boiler with a kind of oil burner.

1.2

Purpose

The purpose with this project is first of all to build a functional combined unit of a TPV-cell
module and a boiler together. When the unit is finished it should be put into test to see how
effective it is and compare it to earlier experiments made on the TPV-cell. The main aspects
are how big the losses are, how much electric power it can achieve and how necessary it is to
cool the TPV-unit. There have been similar tests on TPV-cells before, but never combined
with a regular boiler that is common in family buildings.
1

1.3

Limitation

A major limitation has been time, as it took very long time to build the whole system and the
total project time was 10 weeks. Because of that there has been no chance to do more than
two measurements on the equipment. With more time there could have been more test runs
and improvements made.
This is the first time someone does this kind of project, with a water heat boiler working
together with TPV-cells, according to what have been found during the literature study.
Therefore no real comparisons can be made to other projects. However there are many
studies made on TPV-cells which have been considered in the making of this report.
The calculation of a TPV-cell efficiency has not been made because lack of equipment.
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1.4

Literature Study

1.4.1

Basics of a black body

To give further understandings of solar cells and radiation it is necessary to know a little bit
about black body radiation. A black body is a body that absorbs all the incoming
electromagnetic radiation and does not reflect any radiation. A black body is not affected by
any surrounding radiation. With that said, the only thing that affects the black body radiation
is the temperature of it. The Wien´s displacement law shows the relationship between the
wavelengths of the peak of the emission of a black body and the temperature by the following
formula:
𝜆𝑚𝑎𝑥 ∗ 𝑇 = 𝑏

Equation 1

Where


b is the Wien´s displacement constant and is equal to 2897.768 [μm*K]




𝜆𝑚𝑎𝑥 is the wavelengths of the peak of the emission of a black body in [μm]
𝑇 is the temperature in [K]

Figure 1 shows the relationship by different temperatures, where the peaks of the curves
represent at which wavelength the body transmits most energy at a certain temperature
(Massoud, 2005).

Figure 1. The radiation effect and the wavelength from a black body depending on the
temperature of it (Howell, Siegel, Mengüc 2013, 19).
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1.4.2

Basics about band gap and wavelength

An important factor for solar cells is the so called band gap, because this determines which
wavelengths that the cells can absorb. The width of the bandgap is given by the difference in
binding energy between the bottom of the conduction band and the top of the valence band.
The band gap is the lowest amount of energy it takes to transport an electron from the
valence band to the conduction band in an atom. The size of the bandgap is given as its
energy or the corresponding wavelength according to equation 2. This transportation of the
electron is what later gives us electricity so if you have for example a solar cell with small
band gap, it takes less photon energy to create electricity than with a cell with a large band
gap. If a solar cell has a large band gap, it requires shorter wavelengths than a cell with a low
band gap for producing electricity. The smaller band gap the cell has the longer wavelengths
it can obtain energy from. The relation between energy and wavelength of a photon can be
calculated by Planck´s Equation:
𝐸 =ℎ∗𝑣

Equation 2

Where



E is the energy of the photon in [eV]
h is Planck´s Constant [Js]



v is the frequency of incident light [Hz]

The frequency can be calculated by the following formula:
𝐶

𝑣=𝜆

Equation 3

Where



C is the speed of light
𝜆 represents the wavelength

If the knowledge about black bodies and band gap is considered, it can be concluded that the
higher temperature a body has, the more energy it radiates, the shorter the wavelengths are
and a larger band gap is needed. For example: The sun is about 5800 K and has its peak
energy wavelength of about 0.5 μm and therefore a cell with large band gap (approximately
1.1-1.3 electron volts) is needed.

1.4.3

The Thermo Photovoltaic Cell

The normal photovoltaic cells are usually used for electricity production from visible light,
such as from the sun or even a lamp. When it comes to the thermo photovoltaic cells, they are
used to produce electricity from heat radiation. The difference between the two types
depends on the wavelengths from the energy source. A basic PV-cell, which material consist
4

of silicone, has a large band gap of about 1.11 eV (Kasap, Capper, 2006) and can absorb
wavelengths of about 1.11 μm to obtain the visible light (0.4-0.7 μm) which is about 40 % of
the radiant energy emitted from the sun (Fu, 2003). A TPV-cell can be made of different
kinds of materials but the most common material is GaSb (Gallium Antimonide) which is
also used in this project. The GaSb-cells are also the only commercially produced material for
the purpose to act as a TPV-cell. The TPV-cell is made to manage longer wavelengths of about
1,9μm, which is in the infrared light zone (Lindberg, 2002). The bandgap is approximately
0.6- 0.7 eV. A more easy way to compare the two types of cells is to look at two diagrams.
Figure 2 shows the radiation from the sun and points out that 44 % of the energy from the
radiation are situated between the wavelengths 400-780 μm, which a PV-cell is mainly build
to obtain. Figure 3 shows a TPV animation made by Dr. Eva Lindberg (Lindberg 2002, 33) at
the Solar Energy Research Center at the Inst. School of Industrial Technology and
Management. The animation figure shows a black body´s radiation at a temperature of 1470
K and what wavelengths that comes out of it and which wavelengths that are actually used to
obtain energy from in the TPV-cell.

Figure 2. The spectral intensity of the solar radiation and its energy distribution in UV, visible
and Near infrared parts of the spectrum (windowfilmonline, 2008).
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Figure 3. An animation of which wavelengths a black body emits and which are absorbed by a
TPV-cell.
The principle with TPV-cells is to have a thermal source to heat up a material, often called
emitter, and the radiation from the emitter should strike the TPV-cells and produce electrical
power. Any of type of high-temperature heat source can be used but the most preferable is a
combustion fuel from a renewable material due to the awareness of the relation between
fossil fuel combustion and the greenhouse effect (Lindberg, 2002). The emitter can also be of
different types of material but in this project only regular black iron was used. It is mostly
important to have a high temperature on the emitter. Former tests have required a
temperature of at least 1000 ℃ to make the TPV-cells efficient and for that test they used an
electric furnace to heat the emitter (Dahlquist, Karlsson, Lindberg, 2011). In 2013, the most
efficient TPV system that existed was experimentally demonstrated to achieve a TPVefficiency of 25 % at an emitter-temperature of 1320 K (Yeng et al., 2013). Between the
emitter and the TPV-cells there should also be a so called edge filter or energy glass. The
function of this glass is to only let through the most effective wavelengths that the TPV-cells
can obtain energy from. In that way there is less heat losses because the unnecessary heat is
reflected back to the emitter. The cells used for this project can only obtain energy from
wavelength 1.9 μm and downwards, so the glass is made to reflect radiation which has
wavelengths over 1.9 μm because wavelengths over that cannot be used by the cells. The
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principle of using TPV-cells is described in figure 4.

Figure 4. The principle function of a TPV-cell (Yuksel 2013, 61).

1.4.4

Implementation suggestion of the TPV-unit

The TPV-unit and its system have several advantages. Thanks to a close gap between the heat
source and the TPV-cells, it has a high fuel utilization factor. In a combined heat and power
system a lot of the thermal energy and also the radiation energy can be utilized. Thanks to no
moving parts it also offers a low noise level and easy maintenance. It also has great flexibility
when it comes to which fuel to use (Bianchi et al. 2011, 2).
The benefits of the TPV-unit should have the potential to be applicable in a CHP system,
where it can both take out the thermal energy to provide heat, and use the radiation energy to
provide electricity. An example of how this combined system could look like is displayed in
figure 5:
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Figure 5. Principle drawing of a TPV generator in a CHP application (Bianchi et al. 2011, 4).
As can be seen in the picture it is likely that it is necessary to cool the TPV cells if the
temperature gets too high. It is therefore possible to preheat the water in a heat exchanger
cooling the TPV-cells before heating it up in the boiler and/or in the flue gas. As mentioned
before and as figure 5 also displays, it is necessary to burn fuel (PIN) to send out radiation
energy (PRAD) through the optical filter that eventually is transferred to electrical energy in
the TPV-cells (PEL). The last mentioned process is the one to be tested in this thesis work.

1.4.5

Biodiesel – FAME and RME

As mentioned before in the report, any fuel can be used to heat up the emitter as long as it
can deliver the high temperature. In this project a fuel called Biodiesel is used. This is a sort
of oil that is good from an environmental perspective because it is made of vegetable oil.
Originally the biodiesel has to contain 96.5 % (Bioenergiportalen, 2009a) of rapeseed to
fulfill the criteria of the European standard (EN 14214), and is called RME (Rapeseed Methyl
Ester). These criteria are only for vehicles that run on diesel but for this project the oil is used
for combustion in a boiler and therefore also another type of biodiesel can be used.
8

The biodiesel used in this project comes from a farm called Tolefors. The oil they produce is
called FAME (Fatty Acid Methyl Ester) and does not only contain rapeseed oil but also oil
from palms, sunflowers and soybeans (bioenergiportalen, 2009b). The oil often comes as a
waste product from restaurants that use it to fry their food. The fatty acid oil is reacted with
methanol to form the methylester. In this way the oil is used to become fuel instead of being
wasted, which is a good thing for the environment. There is however a small problem with
the fact that they mix their own biodiesel, and that is the determination of the heat value. The
heat value is necessary in order to know the fuel efficiency. The exact heat value is unknown
so the closest known heat value available is for the RME oil, which has a standard heat value
of 38MJ/kg (ipreem, 2013).

1.5

1.5.1

Materials

The TPV-cells

Compared to regular solar cells the TPV-cells are not that popular on the market yet. The
only company that is commercially constructing this kind of cells is JX Crystals in the US.
The particular cells used in this project comes from one of their products called Midnight
Sun. For more information about the company and their products visit their website
http://jxcrystals.com/drupal/. The TPV-cell unit that comes with the Midnight Sun is 72 cells
big, but to satisfy the needs for this project it has been cut down to 21 cells big plate. The cells
consist of 3 cell groups connected in series with 7 cells in each group. As a further
modification a tube of copper has been welded to the backside in case it needs to be cooled
down. Some properties taken from the JX Crystals website for the GaSb PV-cells are shown
in figure 6.
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Figure 6. The quantum efficiency and IV-curve of a GaSb solar cell (jxcrystals, 2013).
The bottom half of figure 6 shows the IV-curve of the cell (= Current- Voltage). This curve can
be used to decide which voltage and current should be used to obtain the most power. To get
as much power out of the cell as possible, the point with both high voltage and high current is
preffered, in this case somewhere at 0,4 V and 2 A, which results in Pmax=2*0.4=0.8 W/cm2.
The short circuit current Jsc occurs at short circuit conditions, hence when the impedance is
low. It is calculated when the voltage equals 0. The open circuit voltage Voc appears when
the current passing through the cell is 0. To express the quality of a PV-cell the Fill Factor FF
is calculated. The FF is an indicator of how big the differences between the IV characteristics
of a PV-cell compared to an ideal diode are (Dresel, 2011).
Figure 7 shows that for at a black body temperature of 1000 °C a fraction 12 percent has
wavelengths below 1,8um and a black body temperature of 1200 °C has a fraction of 20
percent for wavelengths below 1,8µm.

10

Figure 7. The fraction of the radiated energy from a black body which has wavelengths below 1.8
µm (Bouzid 2013, 720).

1.5.2

The TPV-module

To get the TPV-cells working as effective as possible it is necessary to construct a unit which
gathers all the efficient radiation to the cell and transmits the non-effective radiation back to
the emitter. The unit built for this project is sketched in figure 8.

Figure 8. A principle sketch ofthe TPV-unit.
11

In order for the TPV-cells to collect not only the perpendicular radiation, but also the
radiation that emits in other directions, a “Fabergé egg” was made with the edge filter inbetween. The principle is that the radiation will bounce on the walls of the egg and hit the
TPV-cells and in this way concentrate the radiation towards the TPV-cells. This egg was
made from vacuum pressing an aluminum plate and the inner surface is treated with
electrolytic polishing for better reflectance. The filter is made of energy glass. The emitter is
made of black iron.

1.5.3

The boiler

The boiler is made of a company named CTC who is a part of the Enertech Group. The boiler
is originally designed to deliver heat to a normal family house but for this project there have
been some modifications. On the opposite side from the burner there is a hole made so the
emitter could be mounted in front of the burner flame. A standard design of the boiler should
have a rated output of about 20 kW and a boiler efficiency, at 70 ℃ water output
temperature, of about 0.93. Figure 9 shows how the boiler looks when delivered.

Figure 9. The boiler constructed by CTC (ctc-giersch, 2006).

1.5.4

The Burner

The burner was delivered with the boiler, also made by Enertech. The model name is BF1 FU
63-16 and with the specific nozzle mounted it should deliver 20-27 kW depending on the oil
pressure. There are three main controls on the burner: Brake disc control, air input and oil
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pressure. The brake disc controls the pressure drop inside the burner tube and is basically
there to make sure the flame is not pulsing. A picture of the burner is displayed in figure 10:

Figure 10. Dimensions of the burner (ctcvarme, 2011).

2

METHOD

At the start of the project took place there was a lot of construction to do. The boiler had to be
complimented with a cooling system that required a heat exchanger and a pump. The
construction of the TPV-unit and the mounts between the TPV-unit and the boiler was yet to
be fixed. The expansion tank with a security valve had to be fitted to the boiler and a solution
to how to connect the flue gas output to the schools chimney was yet to think of. Also it was
fundamental to have as many measuring points as possible for the experiments so a lot of
work had to be put into that too. To make the whole boiler a bit more mobile a stand should
be made and put under the boiler as well.
When it comes to the construction of it all, a lot of different tools and equipment was used. It
is too much to mention every single detail in this report so instead the focus will be on the
actual experiments and construction of the components.
As mentioned before there is a lot of measuring points on the boiler. First of all it was
possible to see the temperatures in the boiler water system, the cooling water temperatures,
the flame temperature and the emitter temperature. To see all the temperatures live, a
connection was made between all the measuring points and a receiver. The receiver was
connected to a computer which used the program Easyview (Intab, 2013). The program has
access to all the temperatures at one screen and all the data is stored as well. Another
measuring point was right above the flue gas output in the chimney. From this point the flue
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gas temperature, the CO and NO emissions and the O2-content in the flue gas could be
measured with a flue gas analyzer. The state of the flue gases is very important to know in
order to have the right combustion in the boiler and control how the combustion should be
by trimming the burner. To know the fuel consumption the fuel was placed on weighing
equipment. When it comes to the TPV-cell, a mobile temperature receiver was used to
measure the temperatures where the cell is connected. To measure the outcome from the cell
in both direct current and voltage, a multimeter was used. To measure the direct current, a
resistor that was able to change the resistance in an interval between 6 and 21 ohm was used
in series with the connection so that the multimeter wasn’t damaged.
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3

THE CONSTRUCTION OF A BOILER/TPV-UNIT

The actual project was not only to do measurements on the TPV-cell, but also to build the
whole construction. This figured out to be a very though process which took a lot of time.
Figure 11 shows the boiler from the backside and some of the components right at the start of
the project. The heat exchanger lying on top of it.

Figure 11. The boiler from the backside at the start of the project.
To begin with, a secondary system had to be made in order to cool the boiler water. To do
that it was necessary to install a heat exchanger, a water pump, some couplings and a long
copper-tube which can be cut down into smaller pieces. Figure 12 displays what all the
connections on the boiler are for. At the beginning of the project there was no access to either
the picture or the manual so a decision was made based on experience on how it all should be
connected. The decision was to let the water flow connection number 6 (the drainage) and
lead it through the heat exchanger to connection number 2b. This was as can be viewed in the
figure, a big failure because the water was then led from a return flow connection to another
return flow connection. Later on when the manual was available the connection 2b was
changed to connection 1b. To do a correct placement of the connections, the water should
flow from point 1b, through the heat exchanger and into the connection 2b. But as there was
too little time to make the adjustments our solution showed to be fair, even if the function of
the drainage was removed. To drain the boiler from water, the couplings at the drainage
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connections can be unscrewed.

Figure 12. Dimensions and profile views of the boiler.
To know the temperatures of the boiler water and the cooling water, four temperature
sensors were connected to the cooling system; one sensor right after the water output from
the boiler, one right before the drainage connection, and two sensors at the input and output
of the cooling water on the heat exchanger.
In order for the boiler water to be able to expand as the temperatures rises, an expansion
tank was installed on top of it. From the beginning the expansion tank was put on the
connection point 2b but this was of course wrong and was later swapped to the expansion
connection. In between the boiler and the expansion valve there has to be a security valve so
the pressure doesn’t get too high, and a manometer to control the boiler pressure.
The trickiest part of the construction was how to mount the emitter and the TPV-unit to the
hole in the back of the boiler. The idea was to connect four threaded rods around the hole
that points out, and then make a plate made of some stiff isolation material that can be
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slipped on to the rods and press the Faberge egg onto the emitter. A principle drawing of the
idea is shown in figure 13.

Figure 13. A drawing of how the TPV-unit which should be mounted to the boiler.
The boiler came with four tapped mounts around the hole in the back of the boiler but they
showed to be too small to work with. These so called mounts were actually regular M3 nuts
welded to the wall so a decision was made to remove those nuts and replace it with nuts of
the size M10. After the new nuts had been welded on the wall it now showed that it was too
big to work with. It also felt like the length of the tapped hole had to be longer. As a third and
final attempt to make it good, four new longer M6 nuts and M6 rods were purchased and
welded around to hole. The M6 size was perfect as it was easy to bend and strong enough to
hold the TPV-unit.
Another dilemma was what isolation materials to use. A contact provided by Erik Dahlquist is
working at Sarlin furnaces in Västerås and he told us to come and visit him at the factory to
discuss which materials that was best to use. Three different kinds of isolation materials was
achieved by the visit. One was the stiff material that should press the Faberge egg against the
emitter, the two other materials were more like blankets of two different thicknesses and
should be used for isolation between the egg halves and the energy glass. The thinner
material was chosen because it was easier to cut and work with. To cut the blanket sort of
isolation material a simple scissor could be used, but for the stiff material a jigsaw was used.
Also it should be mentioned that for all the work that was done, there had to be nearly precise
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measuring to make it all fit together. Figure 14 shows the isolation plate take form:

Figure 14. Some of the work put into the isolation plate.
When all the parts for the TPV-unit were done, it was put into test to see if it all fitted
correctly. The results showed that it all fits but it was hard to get all the part straight and tight
just by pressing with the isolation plate. A decision was therefore made to make a plate that
holds the emitter in place and in the same time makes the Fabergé egg fit correctly to the
emitter. Because the plate couldn’t be slipped onto the threaded rods as the rods were already
bent, the construction of the plate became a bit ugly, but the function of it was surprisingly
good. The result of it is shown in figure 15 with the temperature sensors in place. The sensors
shown in the picture will later display the emitter temperature and the temperature of the
flame. Just behind the emitter is the original hole that points directly at the burner inside the
boiler.
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Figure 15. The emitter, the temperature sensors and the plate that holds the emitter on place.
On top of that hole is a small tube sticking down, and through that hole was the temperature
sensor put down. How this looks from the inside of the boiler from the burner point of view is
shown in figure 16.

Figure 16. The flame temperature sensor from inside the boiler. The white area in the hole is the
emitter being flashed by the camera. Note how close the sensor is placed behind the emitter.
After the modification was finished the TPV-unit could easily be placed in the right position.
The result is shown in figure 17:
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Figure 17. The TPV-unit on its place on the boiler.
At this part of the project the boiler started to look like it was ready to go, but there were a
few things left to do. As the boiler had 6 stationary temperature measuring points, it was
necessary to make 6 cables to connect the temperature sensors to a receiver. When it was
done it was time to connect the receiver to a computer and see if it all works and at the same
time learn how the computer program works. It all seemed to work just fine and the program
was easy to maneuver. It was time to place the boiler in the right place and connect it to the
chimney in the schools construction lab. The connection between the chimney and the flue
gas output on the boiler was made by cutting a tube made of grooved aluminum and just put
it into the chimney and on the other side put it on the flue gas output and seal with a sealing
rope between the aluminum tube and the boilers output.
It was now time to fill up the boiler with water and pressurize it to see if there were any leaks.
A valve was connected to connection point 4b on the boiler which u could connect a water
hose to and control the water flow manually from there. When everything was set and the
water started to flood into the boiler it began to drip from almost every coupling on the
cooling system. After some discussion of what the problem was it became clear that our
sealing equipment wasn´t working. To seal between the threads on all couplings, a kind of
grease was applied on the threads but apparently that wasn´t the best solution. The grease
was later switched to a more reliant sealing cord on all couplings that had a leak. When all
the leaks were removed it was time to pressurize the boiler. This particular boiler has a
working boiler pressure of about 1 – 1.5 bar. A pressure of 0.8 bars was chosen. As the water
will warm up, the pressure will increase and due to this it was decided to start with a bit lower
pressure to make sure not to pass the max working pressure as the boiler runs. It is also
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important not to have any air in the system, as it can lead to corrosion. Hence when the boiler
was pressurized it is necessary to open the coupling which is on the highest point on the
boiler to let the air come out. To make sure there is absolutely no air left in the system, the
water pump is left to work for a while so there is no air stuck in the heat exchanger.
The only things left to do before the start was to put the fuel hoses from the burner down to
the fuel tank and to connect the flue gas analyzer to the flue gas output. Also all the rest of the
equipment was connected properly and the power turned on. When all the equipment was in
the right place it looks like the picture in figure 18:

Figure 18. All the equipment when the construction was finished.
To make sure that the boiler was installed properly and that the burner should have the right
settings, I had two workers from Enertech to support me by telephone. Kent Karlssson
helped me to see if everything with the cooling system was properly installed and it is by
talking to him I have figured out some of the faults with my installation. Kent also provided
me with a contact with one of his colleagues Mikael Blomquist, who has a lot of experience
when it comes to the burner.
When the start of the boiler finally took place I had constantly contact with Mikael by
telephone to make sure everything would go well. The start was free from problems and the
boiler worked just fine. However there was some adjustments necessary to do to the burner
in order to make the combustion right. As it started on the standard settings it was about 600
PPM CO in the flue gases which means that it had a lot of unburned fuel. At the same time it
also had a very high percentage of O2 (about 10 %) so by adjusting the airflow, the brake disc
and the oil pressure on the burner, a much better combustion was achieved and lowered the
values to about 30 PPM CO and about 5% of O2.
When the actual testing took place it was sometimes critical to have as high temperature as
possible on the emitter. To do that it is necessary to try to extend the flame so it actually hits
the emitter plate as much as possible. In order to do that it is necessary to understand the
relation between the amount of unburned fuel and air supply to the combustion. The rule is
basically that a higher amount of air supply will make the combustion easier and the fuel will
burn out faster from the part when it leaves the nozzle of the burner to the part when it is
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burned out. If there is less air to the combustion it will take longer time for the fuel to burn
and the flame will be extended. So basically what I did to get as high emitter temperature as
possible was to rise the oil pressure to get more fuel out from the burner and at the same time
choke the air supply so there was more unburned fuel. A good indication of an actual
extended flame was to see if the amount of CO in the flue gases was rising, and of course look
at the flame temperature and the emitter temperature.
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4

RESULTS

When all the measuring took place I made sure that all the values were stable. To measure
the fuel consumption, the oil tank was put on a wave and by noticing the loss of weight
during a certain time the consumption could be decided. When the fuel consumption is
known, the mass flow can be calculated and then the fuel power can be achieved by the
following formula:

Equation 4

𝑚̇ ∗ 𝐻𝑖𝑓𝑢𝑒𝑙 = 𝑃𝑓𝑢𝑒𝑙
Where


𝑚̇ is the massflow in [kg/s]



𝐻𝑖𝑓𝑢𝑒𝑙 is the heat value of the fuel [kJ/kg]



𝑃𝑓𝑢𝑒𝑙 is the fuel power [W]

To calculate how much heat effect that was put into the cooling water, the mass flow of the
cooling water and the temperature before and after the heat exchanger need to be measured.
To calculate the mass flow a simple cup was used which was filled with cooling water during a
certain time and weighted before and after the filling. The weight difference over a certain
time makes it easy to calculate the mass flow of the water.
The measurements were made at two separate occasions. At the first occasion the boiler was
set to give as good combustion as possible and had to run for a long time to get the values
stable. To measure the power output from the TPV cell, the current was multiplied with the
voltage according to the following formula:
𝑃 =𝑈∗𝐼

Equation 5

Where



U is the voltage [V]
I is the current [A]



P is the electricity power [W]

The direct current was measured three separate times with three different resistors (6.7 Ω,
21.2 Ω and 100 Ω) in series with the TPV-cells and the multimeter. The test result from the
first occasion is displayed in table 1.

23

Table 1. Values and calculations from the first test run.
Boiler water temp. in
Boiler water temp. out
Cooling water temp. in
Cooling water temp. out
Enthalpy value cool.wat. Out
Enthalpy value cool.wat. In

Cup weight [g]
Cup + Cooling Water weight [g]
Time [s]
Flow [g/s]
Mean flow Cooling Water
Heat output

60
75
7,2
53,3
223,160
30,240

℃
℃
℃
℃
kJ/kg
kJ/kg

Measure 1
Measure 2Measure 3 Measure 4
179,78 179,55
179,51
179,23
1185,6
2134
2094,4
2098,4
10,4
20,6
20
19,94
96,713 94,876
95,745
96,247
0,096 kg/s
18,500 kW

Mean Oil Consumption
Biodiesel Heat Value
Fuel power
Thermic efficiency

0,0006 kg/s
38 MJ/kg
22,26 kW
0,83

TPV-cell temperature
Flame temperature
TPV-cells current 6,7 Ohm
TPV-cells current 21,2 Ohm
TPV-cells current 100 Ohm
Voltage TPV-cells
TPV-cells power output 6,7 Ohm
TPV-cells power output 21,2 Ohm
TPV-cells power output 100 Ohm

38,2
800
2,4
2,2
1,36
253
0,0006
0,0006
0,0003

℃
℃
mA
mA
mA
mV
W
W
W

If the TPV cell area of 40 cm2 is considered, the following cell area effect is achieved:

Table 2. Cell area effect.
TPV-cells power output 6,7 Ohm
TPV-cells power output 21,2 Ohm
TPV-cells power output 100 Ohm

0,000015 W/cm^2
0,000014 W/cm^2
0,000009 W/cm^2
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The second time the boiler was set to give as high emitter temperature as possible and the
boiler was turned on and off many times to be able to measure the power output in the TPVcells at different emitter temperatures. A part of the result from the second test run is shown
in table 3. The yellow columns shows one test when both the flame temperature, emitter
temperature and the direct current for 6.7 ohm is measured at the same time. The other tests
had about the same flame temperature as the first test so those were not written down. This
is displayed only to give a hint of what flame temperature it takes to deliver the emitter
temperature. The grey row shows a situation when the burner is shut off but the emitter
temperature is still high.

Table 3. Results from test run 2.
Flame temperature Emitte rtemperature U mV
750
150
760
200
770
250
770
300
790
322
810
330
840
340
840
345
850
350
855
355
860
360
176
300

I mA
Pcell W
21,2 Ohm
6,7ohm
21,2ohm
0
0
0
0,06
0,07
4,80E-07
0,26
0,23
8,58E-06
0,86
0,79
8,69E-05
1,46
1,22
2,19E-04
1,67
1,43
2,84E-04
2,07
1,75
4,02E-04
2,28
2
4,77E-04
2,55
2,21
5,53E-04
2,83
2,41
6,74E-04
3,07
2,57
7,58E-04
0,35

6,7 Ohm
0
8
33
101
150
170
194
209
217
238
247
39

Pcell W/cm^2
21,2ohm
0
1,20E-08
2,15E-07
2,17E-06
5,48E-06
7,10E-06
1,00E-05
1,19E-05
1,38E-05
1,68E-05
1,90E-05

6,7ohm
0
5,60E-07
7,59E-06
7,98E-05
1,83E-04
2,43E-04
3,40E-04
4,18E-04
4,80E-04
5,74E-04
6,35E-04

The same measurements were done as in the first test run, and the result from that is
displayed in table 4.

Table 4. Second part of the results from the second attempt.
Boiler water temp. in
Boiler water temp. out
Cooling water temp. in
Cooling water temp. out
Enthalpy value cool.wat. Out
Enthalpy value cool.wat. In

Cup weight [g]
Cup + Cooling Water weight [g]
Time [s]
Flow [g/s]
Mean flow Cooling Water
Heat output
Mean Oil Consumption
Biodiesel Heat Value
Fuel power
Thermic efficiency

52,7
64,8
8,6
47,2
197,64
36,12

℃
℃
℃
℃
kJ/kg
kJ/kg

Measure 1
Measure 2 Measure 3
288,00
288,55
1298,90
1301,97
10
10
101,09
101,34
0,101 kg/s
16,363 kW
0,0007 kg/s
38 MJ/kg
26,60 kW
0,62
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289,36
1290,00
9,86
101,48

0
1,40E-08
1,90E-07
1,99E-06
4,58E-06
6,08E-06
8,49E-06
1,05E-05
1,20E-05
1,43E-05
1,59E-05

To see how much the achieved effect from the TPV-cells are depending on the emitter
temperature, a diagram was made to show how the gradient rises relatively to the
temperature. This is shown in figure 19.

TPV-effect through two different
resistors
0,00002
0,000015

Pcell
[W/cm2]

0,00001
6,7ohm
0,000005

21,2ohm

0
0
-0,000005

100

200

300

400

Emittertemperature ℃

Figure 19. The power from the TPV-cells depending on the emitter temperatures.
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5

DISCUSSION AND CONCLUSION

The original purpose with this project was to build a boiler with a TPV-unit attached to it and
get it to work. This was successful but with a big disappointment. The emitter temperature
was too low to get high electric power from the TPV-cell. But it did give some effect and two
successful measurements could be done.
One way to understand why the TPV-cells did not deliver as much power as preferable is to
look at the figure number 1 for reference. If a black body emits radiation at 360 ℃ (633 K),
which was the highest temperature achieved in the measurements, the peak emission in
radiation is at about 4.6 μm. The TPV-cell can obtain electricity at a maximum wavelength of
1.8 μm. Figure 7 shows that only 2% of the radiation has wavelength below 1.8 μm, so at this
particular temperature the TPV-cell is very ineffective. However this is where the edge-filter
comes in handy. The function of that is to transmit the longer waves back to the emitter so it
should be heated from it, but this was clearly not enough.
The problem is basically that a too low emitter temperature was achieved, or the problem can
be twisted and say that the PV-cell had too big band gap. So the options are either to rise the
temperature or lower the band gap. Figure 20 shows the relative intensity from a blackbody
at certain wavelengths from an emitter with the temperature of 800 ℃. It shows that only
about 6 percent of the radiation from the emitter is lower than the band gap of the TPV-cells.
This shows how bad these cells work at such low temperatures.
0,3

Blackbody at 800℃

Relative Intensity
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0,1
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Figure 20. Emitted energy from a blackbody at 800℃.
There are several things to be done in order to raise the emitter temperature. The biggest
problem is that the water in the boiler has a cooling effect on the emitter, which makes it
necessary to have good isolation between the emitter and the water cooled walls. To increase
the heat of the emitter, the flame needs to come closer to the emitter. This can be done by
adding a longer burner tube which reaches longer way into the boiler. Because of the short
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amount of time in this project this could not be done (but it will be tested later on). Another
thing that can be done is to increase the temperature of the boiler water. The less cooling the
boiler has, the more heat will be accessible for the emitter. Isolating the emitter better from
the water cooled mantle could also be done. With thicker layers of isolation it is also possible
to prevent the Faberge-egg to be cooled too much as well. There is also possible to change the
nozzle on the burner so the shape of the flame changes, possibly to a shape that only covers
the emitter, so all the heat radiation is focused on the one spot where it is needed.
An earlier experiment has been done in 2006 where Mälardalens Högskola cooperated with
Dalarnas University Collage and made some experiments with the same TPV-cells as in this
project but, with an electric oven as a heat source. More of their work can be red from here:
http://www.diva-portal.org/smash/record.jsf?searchId=2&pid=diva2:457476. One of their
experiments was to compare different emitter materials and temperature, and the result from
that is shown in figure 21. The exact value of resistance of the resistors used for the
experiment is not specified, but the project leader Erik Dahlquist confirmed that it had a low
value close to the one used in this project.
Pc
[W/cm2]
0.05
0.04
0.03
0.02
0.01
0.00
400

600

800

1000

Te [C]

Figure 21. The TPV-effect depending on the emitter temperature from earlier attempts
(Dahlquist et al., 2006).
If this result is compared to the result in this project, it is possible to see a similarity. By
making a trendline in Microsoft Excel on the curve of the TPV effect depending of the emitter
temperature with the 6.7 Ω resistor, it is possible to predict the outcome if a higher
temperature was achieved. This trend line is shown in figure 22 and is made by finding a
polynomial formula as identical to the real curve as possible. The credibility of the trend line
is low because of few values.
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Figure 22. The trendline made from the 6,7ohm curve. The trendline has 6 variables.
As can be seen there is a difference of about 0.01 W/cm2 from the results of the earlier
attempts made in 2006, which shows that if a higher temperature can be achieved by the
emitter, a similar result should be possible to get.
Another problem with this construction is that the thermal efficiency is lowered significantly
compared to an original boiler. The efficiency should be over 0.9 but in these test runs it was
only about 0.8 and even lower when the flame were extended. This shows that an increased
emitter temperature will decrease the boiler efficiency. It is then concluded that this type of
combination of a boiler with a TPV-unit attached is not recommended. Even if a higher
temperature of the emitter is achieved, the electric efficiency is estimated to be around 0.08
(Dahlquist et al., 2006).
The combination of water heating and TPV-cell electricity seems not good enough. When it
comes to a boiler constructed to provide heat for a family building, a high temperature in the
combustion is not so appreciated. The conclusion is that a regular boiler for providing water
heat to a house needs a fairly low combustion temperature and at the same time the TPV-cell
requires a high temperature. This will be discussed with the boiler manufacturer CTC, to see
how both demands can be met simultaneously.

5.1

Potential Manufacturing Costs

As mentioned before the TPV-cells are only made by one company that sells them attached in
a product. This is of course not very appropriate when the costs should be calculated, and
among with that all the TPV-system components are exclusively made for this project, it is
very hard to make a reliable calculation. A fairly good calculation has been made before in
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relation with the project of TPV-cells made by MDH in cooperation with Dalarnas University
College. The calculation is basically made on the same TPV-system parts as in this project but
in a larger scale to make it more sustainable for the market. The system in the calculation is
made to deliver a heat power of 600 kW and 120 kW of electric power. For the calculation it
is also assumed that much higher power can be achieved per cm 2 TPV-cell, to 2 W/ cm2.
The calculations that were made were based on two different perspectives, one when the
market is established with TPV-systems and one when the market is as today (pretty
unknown to TPV-systems). The production costs for the TPV-system with all its units except
the TPV-cells was on the established market about 82000 SEK, and for the current market
about 192000 SEK. If the costs for the developing of the products (about 200000 SEK) is
taken into consideration, the result increased to about 282000 SEK and 392000 SEK. When
the costs for the outer equipment was applied, as well as the “enhanced” TPV-cells, a final
price was set to 1020000skr with the developing costs. This gives us a price for the TPVsystem of about 8500 SEK/kWel.

5.2

Potential Market

So according to the statement that the boiler in a TPV-system should not be cooled by water
as it cools the emitter as well. Then where could such a system be found? First of all the heat
source should have a very high temperature which implies that the boiler flames should not
be cooled by water in the actual combustor, but later in the exhaust gas chain. Secondarily it
should be considered that the TPV-cell does not deliver so much electricity even if it gets a
high emitter temperature. With these requirements a potential buyer should have a heat
source without water cooling, and a need for electricity. This can be for example a summer
house with a central furnace that provides heat through the walls around the chimney, and
that has no or little electricity or want to be able to cut its electricity needs. Another solution
could be for the TPV-cells to act as a backup in case of a power failure. For example there are
a lot of farms situated far away from their electricity supplier were the risk of power outages
is more common, at the same time they have more electricity demanding machinery.
The production market of TPV-cells is very limited. There is only the company JX Crystals
which are selling TPV-cells. A larger market would make it more profitable.
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6

SUGGESTIONS FOR FURTHER WORK

As mentioned the main problem with the results was a too low emitter temperature for the
type of cell used in this project. For further work it would be interesting to test with both
higher emitter temperature and TPV cells with lower band gap. For a TPV-cell to work with
this kind of application were the boiler is cooled by water, it will need a smaller band gap
because it is necessary to have another design to reach an emitter temperature of 1000 ℃
without losing to much boiler efficiency. Another solution could also be to avoid cooling of
the area around the emitter to get higher temperatures in this particular area. There should
also be a shorter distance between the emitter and the burner so that the flame strucks the
emitter more directly and so that the whole emitter area is covered by the flame. This
solution will probably prevent the boiler efficiency to decrease as the TPV-power rises.
It is also possible to change the band gap of the TPV-cell by using other materials. This
should really enhance the potential to get more efficiency out of these kinds of systems where
a boiler is used to heat both water and an emitter, especially if the temperature still doesn’t
reach the required 1200 ℃.
When it comes to the measuring it is very hard to calculate the efficiency of the TPV-cell. You
can of course compare the amount of fuel burned, and see how much effect the TPV-cell
delivers. But the efficiency of the cell is difficult to measure. This is given by the fraction of
the radiation towards the cell which is converted to electricity. For this project it was only
possible to measure the temperatures between the emitter and TPV-cell, but that does not
give much in a scientific point of view. Instead a radiation sensor would be preferable to use.
Later on there is many other prospects to look at. If a satisfied solution with the emitter
temperature and the band gap is achieved, then some longer test runs must be done for
investigating how sustainable the system is, given that the cells and glass can’t afford to be
heated so much.
Finally the whole systemneeds to be scaled up to get more electricity out of the TPV-cells. But
before that it should be made sure that it would be cost effective, and that is something that
also should be investigated. How will the market for these systems develop? What would it
cost to produce a unit and what would a customer be willing to pay?
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