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Summary	
	
The evaluated solar thermal collector provides half of the energy needed for a household’s domestic 
hot water. It is a simple low cost energy solution that many regular households can use.  The solar 
thermal system is for sale and government backing is provided in Norway. The experiments were 
conducted at the Solar Laboratory, University of Oslo in July to October 2012.  

The system included a 4.2 m2 vertical solar collector and a 0,3 m3 hot water tank and monitoring 
equipment. The system was designed to meet half of the annual total tap water demand (4800 kWh). 
The storage tank was emptied each day to simulate domestic hot water consumption.  

All days in August and September 2012 were included in the analyses. Good correlation was found 
with the solar radiation, though it was a summer with lower solar radiation than a normal year. In 
order to evaluate the system for a typical year values from MET Norway were used. The solar 
collector yield was 366 kWh/m2, year if the solar collector was used March to October. These results 
mean that a collector area of 6.6 m2 is required to produce 2400 kWh per year.  

By improving the collector and by using “Solar Glass” and also harvest heat during the winter the 
collector area could be reduce to 5.4 m2.  

 

Sammanfattning	
	
Den utvärderade solfångaren ger hälften av den energi som behövs för att klara ett normalhushålls 
behov av tappvarmvatten. Detta är en enkel billig energilösning som många vanliga hushåll kan 
använda. Solvärmeanläggningen är till salu och statliga stöd finns i Norge. Experimenten utfördes på 
Solar Laboratory, University of Oslo under tiden juli - oktober 2012.  

Systemet består av en 4,2 m2 vertikal solfångare och en 0,3 m3 ackumulatortank och nödvändig 
mätutrustning. Systemet har utformats för att klara hälften av det årliga behovet av tappvarmvatten 
(4800 kWh). Lagringstanken tömdes varje dag under testen för att simulera varmvattenkonsumtion.  

Alla dagar i augusti och september 2012 var med i analyserna. Korrelationen med inkommande 
solstrålningen var god, men det var en sommar med lägre solstrålning än ett normalår. För att 
utvärdera systemet för ett typiskt år användes meteorologiska data från MET Norge. Solfångaren gav 
då 366 kWh/m2, år under tiden mars - oktober.  Detta resultat innebär att en solfångaryta på 6,6 m2 
krävs för att producera 2400 kWh per år.  

Solfångaren kan enkelt förbättras genom att använda "Solar Glass". Detta tillsammans med att även 
använda solfångaren på vintern ger ca 10% mer solenergi vilket skulle kunna minska erforderlig 
solfångararea till 5,4 m2. 
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1	 	 INTRODUCTION	

Global energy consumption increases annually and is expected to rise 20% by 2030 (Energy4me, 
2014). Eighty-seven percent of the energy used worldwide came from fossil fuels in 2008 (World 
energy consumption, 2014). Burning of fossil fuels fills up the atmosphere with unwanted substances 
that forever change the environment for all living organisms on Earth. We live in an era with mass 
extinction of species that has happened only a few times in Earth’s history. The global peak of oil 
production has most likely already happened and we need other alternatives for energy production.  

Morton said, “The Sun provides Earth with as much energy every hour as human civilization uses 
every year”. We should be able to sustain ourselves on the energy the sun provides us even with a 
growing population and its increasing consumption of energy. The technology for harvesting solar 
energy has already been invented. Nature´s method, of photo synthesis is the basis for all biomass 
production, although its efficiency is <1%.  

Big efforts are being made globally to shift from fossil to renewable energy. The best example is from 
Germany where they have started a transformation of their energy system. This so-called 
“Energiewende” means that 80% of the German energy will be generated by renewable energy sources 
in 2050. It is a big change since the renewable energy share was 1.3% in 1990 and 11% in 2011. 
Increased use of wind and solar energy is the main reason for this rapid growth (den gröna och liberala 
tankesmedjan, 2014). 

 
Photovoltaic solar cells convert sunlight into electricity. This technology has now started to be 
economical and there has been an exponential growth in solar panels installation in the last few years, 
950 MW installed in 2000 and 45000 MW in 2013. (Solar Market Trends, 2014)  

Solar thermal collectors convert the solar radiation into hot water or sometimes hot air. The hot water 
can be used for domestic hot water, heating, cooling or other purposes. The method offers a low tech 
energy transformation with little energy loss. The hot water containing the energy can be stored for 
later use. 

Solar energy systems have their greatest potential where the annual solar radiation is high. That comes 
in handy for the six billion people in Third World countries where inexpensive and reliable energy is 
needed for development and survival. Even in places far north, such as Oslo, it is possible to use solar 
energy as a complement to other existing energy resources. Adjustments for latitude, climate and 
aesthetical values play an important role for establishing sustainable solar thermal power in regions 
where skepticism towards solar power still exists. 

The solar thermal collector analyzed in this thesis is a flat plate collector mounted vertically on the 
wall of a house. The angle of the sun is low at high latitudes. A vertical angle of the solar collector 
will allow for more sunlight to be absorbed in the spring and fall, thus extending the season. The  
collector blends in well in the wall because the collector cover is made of glass and is installed in a 
window frame. It is a system where many parts such as the heat storage and pipes can be obtained in a 
hardware store, thus simplifying the installation process. The collector is a regular window with an 
absorber inside. A great portion of the domestic hot water should be supplied from the solar collector. 
This master thesis investigates how an inexpensive, easily mounted and maintained solar collector 
contributes to the heating of domestic hot water. 
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2	 	 OBJECTIVES	AND	SCOPE	

2.1	 	 Objectives	

The overall objective of this work was to evaluate the performance of a solar thermal façade collector 
integrated in window frame for domestic hot water production. 

2.2	 	 Scope	

The task dealt with energy from hot water withdrawal from solar thermal façade collectors in Oslo. 
The study was carried out in July, August, September and October 2012.  
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3	 	 THEORETICAL	BACKGROUND	

3.1	 	 Thermodynamics	

Energy cannot be destroyed, only transformed to other forms of energy. All energy remains in the 
system, and according to the first law of thermodynamics:    

ΔU = ΔQ – W ΔU is the internal energy of the system  

Equation 1 ΔQ is heat transferred between the environment and the system 

 W is work done on the surroundings (dW=Fds or pdV) 

The second law of thermodynamics is about entropy, where entropy is the amount of disorder in a 
universe, or in any other closed system. Increase in entropy means energy transforms to another form 
where it has less ability to do work. All real processes will increase entropy. Entropy (∆  increases 
when heat ΔQ is introduced into a system with temperature T K according to:      

ΔS = 
∆
  Equation 2

3.2	 	 Exergy	–	Quality	of	Energy	

When there is an "energy crisis” it is not actually a shortage of energy. Instead, it is too low a quality 
of the energy available. Energy can be divided into high quality energy, exergy, and low quality 
energy, anergy. Energy in a system consists of anergy plus exergy. Exergy is maximum available work. 
Exergy may  be transformed to other kinds of energy, whereas anergy is only heat energy, and anergy 
cannot be transformed into exergy. Anergy cannot be transformed into another kind of energy and 
cannot be used for work. With some input of exergy the anergy can be used for heating purposes. It 
can be a challenge that exergy is used when only anergy (heat) is needed, like for instance electric 
heating.  

The proportion of exergy depend on the difference in temperature between the medium and the 
surroundings. Energy from the sun has a lot of exergy because the large difference in temperature 
between the sun and earth is very high – about 5500 K. In a steam engine where the temperature 
difference is low, only about one third of the exergy can be transformed to electricity, and the rest to 
heat. 

3.3	 	 The		Sun	

The core of the Sun is a fusion reactor where hydrogen atoms get compressed from the gravitational 
forces and fuse together, and this releases enormous amounts of energy. The energy moves from the 
core out to the surface and radiate with an intensity corresponding to a black body with a temperature 
of 5777 K. 

The influx of solar radiation on earth is approximately 1367 W/ 	 perpendicular to the Earth’s 
surface. That is the amount of solar energy that hits Earth per square meter on a sunny day when the 
Sun is in zenith. Thirty percent of that is reflected or absorbed by the atmosphere. When the sun’s 
radiation passes through clouds, it is dispersed and is known as diffuse radiation. On clear days, with 
no dispersion effect, it is known as direct radiation. 
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Figure 1: Global solar radiation in kWh/m2 on a horizontal surface, 10 years average 1981‐1990. (EU Institute 

for Energy and Transport)  

 

Figure 2: Average solar radiation kWh/ /  for Norway. (Norsk Solenergiforening, 2014) 
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The sun typically supplies a maximum 800 to 900 ⁄ 	on a vertical surface at Oslo’s latitude 60 
degrees north. The average solar radiance for the whole summer at Blindern Oslo measured by the sun 
laboratory on a vertical surface was on average, day and night, 110 ⁄  for July, August and 
September 2012. Influx on a horizontal surface is what is commonly measured. Horizontal solar 
radiation in southeast Norway is 5 kWh/m /day  or 1000 kWh m year⁄ {Figure  1} and {Figure  2}. 
Western Norway gets lower solar radiation, presumably because of more clouds. 

3.4	 	 Radiant	Flux	

Incident radiant flux is a light ray hitting an object. The ray can reflect, as you get in a mirror when 
light just bounces back and keeps the same wave length. When light is absorbed, on the other hand, it 
is converted to another form of energy, usually heat, in the material of the object receiving the light 
and absorbing it. The thermal energy can be converted into heat radiation and re-emitted. When the 
light gets absorbed and turned into heat energy, it will not have the same properties as when it is re-
emitted. The wavelength changes when it is emitted. If it is sunlight coming in, it will be infrared 
going out and we cannot even see it. The light can also be transmitted, or in other words, go right 
through. For a solar collector cover, that is the ideal. (Palmer & Grant, 2009). Radiant incident flux 
undergoes transmission, reflection and absorption according to energy conservation: 
 

	 	 τ   = 1 :  absorptance    : reflectance   τ : transmittance   
Equation 3 

 

For a black body  
≅     

λ: wave length,  
no dimension 

 

 
The expression that binds emittance and absorptance together is called Kirchhoffs’s Law. Emittance  
	 is the total energy flux radiated by the surface of a body (the sun for example) per unit area. The 

emittance of a real surface is smaller than that of a black body at the same temperature. 
 
Emittance  is the ratio of the radiance of an object or surface to the radiance of a black body at the 
same temperature. It is therefore dimensionless and can assume values between 0 and 1 for thermal 
radiators at equilibrium. 
 
In a closed system at thermal equilibrium, conservation of energy necessitates that emitted and 
absorbed fluxes are equal. Since the radiation field in such a system is isotropic (the same in all 
directions), the directional spectral emittance and the directional spectral absorptance must be equal. 
 
ε(λ;θ,φ) = α(λ;θ,φ)  where λ;θ,φ represents the three room dimensions. Kirchhoff’s law is a simplified 
version:  

      

∝  =   Equation 4   

∝ :	Absorptance        :	Emittance  λ: wavelength

 

High solar absorption and low surface emissivity is desirable for a solar thermal collector { 

Table 1}.  
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Table 1: Solar Absorption and Surface Emissivity (Solar Mirror, 2012) 

Product Solar  

absorption 

Surface  

emissivity 

Snow, Ice granules 0.33  0.89  

Snow, Fine particles fresh  0.13  0.82  
Opal Glass  0.28  0.87  
Galvanized metal new  0.65  0.13  
Solec SOLKOTE selective 
surface paint 1 

0.88 - 0.94 
0.28 - 
0.49 

3.5	 	 Optics	

Light from the sun comes as visible, ultraviolet and infrared and these are easy to compare since they 
all behave in the same way since they are all in the electromagnetic spectrum. When rays of light go 
from one medium to another, the light hits (collides with) the surface and some reflects and some is 
transmitted. The light that is transmitted may change direction, or in other words refract. But the 
frequency stays the same. 

Snell’s law is the relation between angles; incidence, reflected, refracted and transmitted light. The 
complex behavior of light is simplified to rays moving in straight lines, according to {Figure 4} 
Refractive index is obtained and can be used in the Fresnel equations. 

 

Figure 3: The way electromagnetic radiation is influenced by a medium it passes through.  
(Andrea_Steffke, 1994)  

The Fresnel equations describe what fraction of the light is reflected/refracted. They also describe the 
phase shift of the reflected light. This is important because we want to know the losses of energy. The 
equations assume the interface is flat, planar, and homogeneous, and that the light is a plane wave. The 
equations below can be used when calculating transmission of light through windows. 

 

                                                            
1  SOLKOTE HI/SORB-II is an optical coating specifically formulated for solar thermal applications. 
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Probability of reflection:   Probability of transmittance:     

 	       

Equation 5 

For double glass 1 	  if absorption is neglected.  

 	 /       

 Equation 6 

Where n is a refractive index, unique for every material. For window glass n = 1.5   

 

Figure 4: The transmittance of light and Snell’s equations. (Rekstad & Meir, 2011) 

3.6	 	 Radiation	

The origin of radiation is the oscillation, vibration or rotation of an electron. The frequency of this 
motion determines the frequency of the electromagnetic radiation. The radiation energy is transferred 
to matter in about the same way as it is being generated. The source and the absorbent must enable 
oscillations on a microscopic scale that match the frequencies in order to transfer the energy  
(resonance). 
 
Radiation consists of photons:   = hν    where ν is the frequency and h = 6.6 · 10  Js is the Planck 
constant. Black bodies absorb all incoming radiation.  The sun can be regarded as a black body. The 
radiation of a black body has a specific spectrum and intensity that depends only on the temperature of 
the body.  {Figure 5}. 
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3.6.1  Stefan-Boltzmann’s Law 

The Stefan-Boltzmann law describes the power radiated from a black body in terms of its temperature. 
A black body radiator with an absolute temperature T K radiates with an intensity, 
  

Q = εσ   Equation 7

where; ε is emissivity and σ = 5.67 · 10  W/ 	  Stefan-Boltzmann constant. Thermal radiation is 
within 0.2 and 1000 micrometers in the electromagnetic spectrum. That temperature is in the fourth 
power in the formula, indicating that the radiation has a high energy potential at high temperatures of 
the body. 
 
How much energy the radiation contains depends on the intensity of the radiation and the wavelength 
range on which it is distributed. Electromagnetic waves with short wavelengths (for example, gamma) 
transfer more energy than waves with long wavelengths (for example, radio waves).  
 

3.6.2  Plancks Law 

 
 
Figure  5:  Spectral  intensity  distribution  of  Planck’s  black‐body  radiation  as  a  function  of  wavelength  for  different 

temperatures.  The maximum  of  the  intensity  shifts  to  shorter wavelengths  as  the  black‐body  temperature  increases. 

(www.ecse.rpi.edu, 2014) 

Planck’s Law explains how energy from radiation is distributed on various wave lengths: 
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Equation 8 

  W is the energy transferred,  
h Js Planck’s konstant,  
ν Hz-  frequency,  
c m/s speed of light,  
k = 1.38 10  T J/K bolzmann constant, 
 T absolute temperature K. 

  
2.9 10  m K  : peak wavelength     

Equation 9 T: absolute temperature of the black body 
 

3.6.3   Wien’s Displacement Law 

A body with high surface temperature will radiate more intensely (for all wavelengths) than a body 
with lower temperature and will also have a maximum radiation at lower wavelengths than colder 
bodies, according to Wien's displacement law. Plank curves for temperature similar to the sun T = 
5777 Kelvin is shown in {Figure 5}. 

3.7		 	 Conduction	

Thermal conduction  is a way to transfer energy (heat) within and between bodies of matter. In the 

transfer of kinetic energy from a hot to a cold body, energy moves through the material. However, as 

opposed to convection, the material does not move. Conduction is slowed by insulation.  

The specific thermal conductivity λ, W/mK  (not  to be confused with wavelength  from the previous 

chapter) is a material constant. The specific heat capacity c, Wh/kg K or kJ/kg K is the amount of heat 

required to change a substance's temperature by a given amount, per mass unit.  

 

 
Figure 6: The three ways energy can move ‐ Conduction, Convection and Radiation     (Edublogs.org, 2009) 

3.8	 	 Convection	
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Convection is energy (heat) that moves with a gas or liquid. When mass transport stops, convection 
stops. Natural convection depends on the density dependency on temperature. Forced convection 
comes from an external flow, for example, in a solar thermal collector where water is circulated with a 
pump. The power from convection can be written:  

 

      h: convection coefficient (reverse of thermal insulance) W/  K 

A : Surface Area 	 

ΔT : Surface temperature K   Ambient (air) temperature K  
Equation 10 

  

 

Figure 7: Energy loss in a solar collector. Available heat = Collector yield. (Duffie & Beckman, 1991) 

 3.9	 	 Orientation	of	a	Solar	Collector	

The orientation of a solar collector is often limited to the geometry of the place where the collector is 
located. The collector should be facing south, but may for various reasons deviate from south 
according to the azimuth angle ϕ.  

The desired tilt angle β depends on the latitude and on what time of year the collector is optimized for. 
A collector with a tilt angle similar to the latitude will give a maximum total solar irradiation for July 
in the northern hemisphere. A tilt angle of 90 degrees in Norway will be better at harvesting energy 
from the sun in the spring and fall, thus extending the season. And a vertical collector may also be 
easier to install since urban environments have plenty of vertical surfaces. 

The time angle ω depends on what time of day it is, the declination δ depends on what day of year it is 
and the latitude. The angle of incidence ϴ can be calculated from the other angles. 
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 Figure 8: Relevant angles for a solar collector (Duffie & Beckman, 1991). 
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4		 	 SOLAR	THERMAL	ENERGY	SYSTEMS	

There are several ways to harvest energy from the sun. Solar thermal energy produces heat, whereas 
solar cells produce electricity. Plants use visible light from the sun to convert carbon dioxide from the 
air and make sugar out of it. Photosynthetic efficiency is anything from 0.1 to 0.8 percent depending 
on the source (Ir.J.F.Ziffers, 2008). The latest technical developments show promising results from 
growing algae. The method captures carbon dioxide, clean waste water and ultimately produces 
feedstock for refining biofuels without competing with agriculture for water, fertilizer or land (NASA, 
2012). 

A solar thermal 
concentrating system 
is a large facility 
where sunlight is 
concentrated. The sun 
heat up water in the 
collector and make it 
boil. Turbines extract 
thermal energy from 
the steam and a 
generator produce 
electricity. This is on 
an industrial scale. 

 

Figure 9: Concentrating Solar Power Collectors (Solar Praxis, 2011) 

Non−concentrating solar thermal systems are based on liquid or air medium, where water as a 
medium is the most common, sometimes with antifreeze.  

The two most commonly used systems on world basis are the evacuated tube and flat plate 
collectors that together dominate the market; for thermal collectors, with vacuum pipe collectors at 
54.3% and flat plate collectors at 32.6% usage (Solar Heat Worldwide, 2013). China dominates the 
production and use of cheaply made vacuum pipe solar collectors. The advantage of vacuum pipe 
collectors are – in a cold climate - that they have very little heat loss because the vacuum that 
encapsulate the absorber keeps most of the heat inside. 

Flat plate and evacuated tube solar collectors are used to collect heat for space heating, domestic hot 
water or can be used for cooling as well. Sunlight passes through the glazing and hits the absorber, 
which heats up, changing solar radiation energy into heat energy. The heat is transferred to the liquid 
passing through the absorber. Absorber plates are commonly painted with "selective coatings," which 
absorb and retain heat better than ordinary black paint.  
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Figure 10: Common outline for 
solar thermal system in a 
private building. Water flows 
through the solar thermal 
panel and heats up the hot 
water tank. The hot water is 
used for domestic purposes or 
used for heating of the 
building. 
(genesisenergysolutions.com, 
2014) 
 

	

4.1	 	 Flat	Plate	Collector	Components	

4.1.1  Collector Cover 

 

The cover is usually made of a transparent plastic twin wall sheet 
or solar glass. Ideally, all radiation will go through the glass and be 
absorbed by the absorber. In reality, some radiation gets reflected 
by the surface of the glass and some radiation is absorbed by the 
glass. The rest of the radiation makes it through the glass but gets 
refracted when passing through the glass, as can be seen in {Figure 
13} 
 
Regular window glass contains a certain amount of iron oxide, 
which absorbs a lot of outgoing radiation in the infrared part of the 
solar spectrum. Solar glass gives a high transmittance in the 
thermal spectrum from 3 to 30 µm and thermal radiation from the 
heated absorber will be absorbed  by the cover sheet. One single 
sheet of glass gives a transmittance of about 96% for n = 1.5 in 

	 /	       
 Equation  6} and double glass transmittance of 92%. In reality, it 
can be lower, between 92% and 83%, and the effective U-value for 
a single glass is in the range 6 W/ K and 3 W/ K for double 
glass. What you lose in transmittance, you gain in insulation. 
Double glass can be a better option for solar thermal collectors in a 
cold climate. (Duffie & Beckman, 1991)  

Figure 11: Typical solar thermal 

collector with a transparent glass 

cover. (GreenTerraFirma.com, 2014) 
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4.1.2  Absorber 

A flat plate collector consists of a black absorber that converts solar radiation into heat. The heat is 
then picked up by the heat carrier that is circulating in the absorber’s “flow tubes”. The collector 
glazing and the insulation in the back reduce the heat loss, {Figure 15}. The most common type of 
absorber is made of copper pipes, with aluminum fins {Figure 14}. The heat is conducted from the fins to 
the pipes and the fluid in the pipes picks up the heat and brings it to a heat store.  

Another kind of absorber is the so-called “twin-wall-sheet-absorber” with series of intrinsic channels 
either in metal or plastics {Figure 16 } and {Figure 22}. The twin-wall-sheet-absorber does not have any fins, 
so the energy goes right from the sun, through the absorber and into the heat carrier. The radiation-
energy is absorbed and converted into heat, and the heat is transferred to the heat carrier. Absorbers 
with black color absorb about 95% of the radiation. An absorber is hotter than its surroundings when it 
is in use and that results in heat loss. The fin efficiency is a measure for how well the energy absorbed 
by the absorber surface is transferred to the heat carrier circulating in the fin pipe.  
 

  Figure  12:  Evacuated  tube  solar  collector.  (How 

Evacuated Tube Solar Collectors Work, 2014) 

Figure  13:  Reflection  for  a  double  glazed  solar  collector. 

Twin wall sheet absorber. (Duffie & Beckman, 1991) 
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Figure  14:  Copper  pipe  with 
aluminum  fins,  integrated  in  solar 
absorber.  (Solar  Fin  Tubes  and 
Headers, 2014) 

Figure 15: Typical flat plate collector (Colorado State University, 2014)   

 

Figure 16: Twin wall sheet absorber with canals for the water to flow and get heated up. 

4.1.3  Energy Storage in Water 

Water can due to high heat capacity store lots of energy. The heat escapes slowly when kept in an 
insulated container. The fluid leaving the tank for the collector is colder than the water entering the 
tank on the way back. The warm water enters the tank at a higher level and that helps to keep the 
stratification in the tank. The point is to use the top of the tank for heat storage and keep the water in 
the lower part of the tank as cool as possible so the heat exchanger can leave as much heat as possible 
from the solar collector. The heat carrier is usually water. The reason for using glycol is to prevent 
boiling and freezing of the heat carrier so the pipes does not get destroyed. 

4.1.4  System Control 

The controller turns the solar pump on and off depending on available heat from the sun. It is a simple 
device that measures the temperature in the heat store and in the solar collector. The pump is turned on 
whenever the difference in temperature between heat store and collector is large enough and turns it 
off again when the difference is too small. 

A self-circulating solar thermal system is called a thermosiphon. It has no need of an external power 
source – suitable in countries where electrical power is unreliable. Thermosiphon refers to a method of 
passive heat exchange based on natural convection, which circulates a substance (liquid, or gas such as 
air) without the necessity of a mechanical pump. The drawback with thermosiphon is less efficiency 
and that the tank needs to be placed above the solar collector, making it very visible.  
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4.2	 	 Energy	Gain	

There are different ways to measure how much energy is gained from a solar thermal system. The 
easiest way is to multiply volume with increase in temperature and the heat capacity:  

∗ ∗ ∗   [kWh] Equation 11  

Q: Heat energy [kWh] : . ⁄ V: Volume  

ρ: density [kg/ 	  ΔT: Temperature increase in body of water [K]   

4.2.1  Domestic Hot Water Withdrawal from Heat Store  

Domestic hot water  is the consumption of heated water  in a household.   It  is the amount of useful 

energy. The amount of extracted energy is obtained by measuring the mass of water, multiplied with 

the difference in temperature between cold water flowing in and hot water flowing out of the heat 

store  {Figure 17}.  Δ  was  the momentaneous difference  in  temperature between  the  cold  and 

warm water during the withdraw of water from the heat store. The volume was the amount of water 

withdrawn. Error! Reference source not found. was modified. 

∗ ∗ ∗   [kWh] Equation 12   

   

 

 

Figure 17: The difference in temperature between inlet and outlet was represented by the green area in the figure. The 

blue graph was the flow l/min. The total energy is obtained by multiplying green and blue areas with a constant. 

4.2.2  Heat Flow Method 
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The heat flow method measures energy in the collector. But it is difficult to measure in the collector 
itself, so we measure in the pipes where the water enters and leaves the solar collector. Four 
parameters are measured in order to obtain energy readings. It is the water flow, the temperature of 
water entering and leaving the collector and the time period. Stationary conditions are required. 

Volume equals flow multiplied with time period Ṽ ∗ ), is substituted into Error!  Reference 

source not  found..  is the difference in temperature of the heat carrier, between inlet and outlet. 

Ṽ is Volume flow ⁄  and  δt is timespan. = Energy calculated with heat flow method.  

    ∗ ∗ ∗ ∗ 	   [kWh]       Equation 13 

:	Difference in water temperature between collector outlet 
and inlet [K] 

: Volume flow through the 
absorber [l/min] 

4.3	 	 Efficiency	of	a	Solar	Collector	

The collector efficiency is how much of the energy from the sun we can capture. It is expressed 
without dimension, in percent: 

ƞ 	
	

	
    Equation 14 

 

	is the “useful” energy, A is the area of the absorber and I the solar radiance on the cover glass.  

The collector efficiency is used to describe the collector performance. The efficiency is given as the 
ratio of useful energy output – over a specified time period – to the total radiation energy available at 
the same time (Svåsand, 2003). The efficiency is influenced by factors such as surface area, heat gain, 
heat loss through convection and conduction, whether the surface of the collector is glazed, 
doubleglazed or unglazed. Selective cover and the material the cover is made of – reduction of iron in 
glass – will affect the efficiency of the collector. 

 
General expression for  efficiency of a flat plate collector: 

Ƞ 	ƞ 	–	
	

	 		
2

 
Equation 15 

where     is the average temperature between water going in and out of the collector and    is 

the ambient outside air temperature, both expressed in centigrades.”	  ” is the solar radiation in [kW]. 

The  constants  ,  and ƞ 		are determined experimentally in collector tests. K= *F, where F is 

fin efficiency, 	is the U-value and it describes how good insulation a certain part of the structure 
have.  The absorbers used in the experiment has got no fins {Figure 16} so there has been little focus on 
fin efficiency.  

In order to compare performances of different collectors, standardized test are required. One example 
is found in the European Standard EN 12975, Part 2 (EN 12975:2, 2003). The procedures are divided 
in the Steady State Test (SST) method, and the Quasi-Dynamic Test (QDT) method. The aim of the 
SST tests is to determine the power delivered by the collector under stationary, specified and identical 
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conditions with regard to temperature, solar irradiance and wind speed. There are five conditions for 
efficiency calculations according to steady state test method: 
  

1. Solar irradiance 0.8 kW/  perpendicular toward the collector surface, 
2. Constant ambient temperature of 20 °C 
3. Constant inlet and outlet temperature of the heat carrier fluid, 
4. Constant heat carrier flow speed 
5. Constant wind speed from south of 2m/s 

(Global Solar Thermal Energy Council , 2014) 

4.4		 	 Heat	Loss	

The whole purpose of a solar thermal system is to gain heat energy. But some heat will be lost along 
the way. Some heat will be lost in the collector, some in the pipes connecting the heat store with the 
drainback tank {Figure  25}, some in the drain back tank and some in the pump. The water in the 
collector flow by gravitational pull down into the drain back tank when the volume flow stops. This 
heat loss only occur when the solar pump is running. The heat store, on the other hand, lose heat to the 
air around it all the time. The heat lost during the day is higher than during the night because the 
temperature in the heat store is generally higher during the day.  

The heat loss from the heat store depends on the thermal insulation, the store temperature, the ambient 
temperature and the wind velocity. The wind velocity can usually be neglected since heat stores use to 
be placed indoors. The heat loss cannot be determined when the solar pump is on, when auxiliary 
heating is on, or any energy is added to the heat store. The heat loss from the heat store may be given 

by the following equation (Svåsand, 2003): 

 = A   ( 	 ) =  ( 	 ) 

Equation 16 

where A  is the total surface area  and  W/  is the heat transfer coefficient of the heat store.   
  K is the temperature in the heat store, and  is the temperature of the surroundings. 
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5	 	 EXPERIMENTAL	SETUP	

  

Figure 18: The test site (Solar Laboratory) located at the University of Oslo at the Physics building. 

The experiments were performed on the large wall-mounted window-collector in {Figure  18}. The 
equipment placed on the roof belongs to other experiments. The collector on the roof was used to give 
an  introduction for the student before the window collector  arrived in July.   

The experiments were conducted in a free standing 20  house {Figure  18} called the Solar Solar 
Laboratory. The Solar Laboratory is located south of the Physics building at the University of Oslo. 
The wall containing the window-solar-panel is directed to the south south west with an azimut angle of 
ϒ = 18°. The angle of inclination is 90° (vertical). The Solar Heating System consists of the solar 
collector, pipes, heat store, heat carrier, drainback tank, pump and solar controller. 

5.1	 	 Solar	Thermal	System	

The closed solar loop is explained in {Figure  19}. The solar thermal system at University at Oslo UiO is 
a forced pump system where the solar pump move water to the collector where it flows through the 
absorber and picks up heat. The water then flows through the heat exchanger {Figure  23} that is located 
in the bottom region of the heat store and some of the heat rise up to the upper part of the tank where 
the heat is stored. It then moves to the drain back tank and to the solar pump. The solar pump is started 
by the solar controller when the temperature in the solar collector is 6 K higher than in the heat store.  
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Figure 19: “Solar loop”. Window integrated solar thermal system, University of Oslo. The water flows thorugh the solar 

collector and picks up heat. The heat exchanger in the heat store remove some of the heat from the solar loop. When the 

pump stops, gravity pull all the water in the solar loop down to the drain back tank. 

5.1.1  The Solar Collector 

The solar collector looks at first glance like a window, just with an absorber inside {Figure  20}, and 
insulation behind, so you cannot see through. The solar collector consists of absorber, collector, cover 
and thermal insulation. The thermal insulation in the back is kept in place with plywood.  

The cover is made of two layers of regular window glass that is mounted according to {Figure  21}. The 
window glass is 6 mm thick, and the void between the two glasses 12 mm. The absorber is made of 6 
mm thick twin wall sheet {Figure  22}. The refractive index of the window and the transmission 
according to {Equation 5} and {Equation 6}   for n=1.5, give a theoretical transmission of 0.89.  

The collector is one large unit with a 5.36  gross area. The absorber's aperture area is 4.2  {Figure 
20}. The collector circuit is not pressurized. A twin wall sheet absorber has been used in this 
experiment.  

 

                                     Heat exchanger 

Heat store 
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Figure  20:  The  gross  area  of  the  absorber  is  5.36   whereas  the  absorber  area  	  is  4.2   

which exclude frame and the horizontal brace where the absorber is covered. 

 
Figure  21  ‐  Cross  section  of  window  and 

absorber used in experiment 

Figure 22 ‐ Twin wall sheet absorber 

5.1.2  The Heat Store 

The heat store is a 300 liter OSO Ecoline domestic hot water tank with an effective volume of 287 
liters {Figure  23}. A conventional heat store was chosen, in order to more easily be able to sell more 
solar collectors. The indirect heating coil, number 4 in {Figure  23} conducted heat from the water 
flowing through it, number 3 is the auxiliary (electrical) heating. Notice how the electrical heater is 
placed above the indirect heating coil. 

Table 2: Components and materials the heat store was made of. 

Item Material Thickness 
Inner tank – top, wall, bottom Stainless steel Duplex LDX2101 1 mm 
Outer wall Stainless steel  0.6 mm 
Top outside Plastic 2 mm 
Bottom outside Plastic 4 mm 
The whole cylinder Thermal insulation2 40 mm 
 
                                                            
2 Thermal insulation stiff polyurethane foam (PUR/PIR) PU nordic 
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Hot water from the top of the tank flows out through a mixing valve, number 2 in {Figure  23} whenever 
domestic hot water is consumed. Cold water from the tap will simultaneously enter through the mixing 
valve through the long vertical pipe down to the bottom of the tank. This stratification gave relatively 
cold water in the bottom that kept the solar heating going despite lots of hot water at the top.  The 
power cable {Figure 23}, was connected to the electrical heating device of 3 kW.      

 

Figure 23: Heat Store used in the experiment.  OSO Ecoline Coil RTV E 300 ‐ 3 kW (Oso, 2014) 

Description Sensor Unit Vertical Distance 
2 Withdrawn Water In/Out M4, M5 °C 168 cm 
3 Auxiliary Heater M6 kWh 85 cm 
6 Heat Store M1 °C 50 cm 
7 Heat Store Outlet/Drain Back Tank CH2 °C 27 cm 
8 Heat Store Inlet CH3 °C 82 cm 
 

Table 3: Placement of sensors in domestic hot water tank.  The numbers 2, 3, 6, 7, 8  from Figure 23. 

5.1.3  Pump, Drain-Back Tank and Water Pipes 

The water was pumped through the solar collector with a water cooled circulator pump from Grundfos 
Type UPS 25 – 60 B 180 P/N 59736500.{Figure  24} (Grundfos, 2014) It had three levels, I, II and III, 
where III was the maximum power output of  70 W. Level III was used all the time, except for a few 
short tests. Level III gave a volume-flow of approximately 3.6 to 3.8 l/min {Figure  24}. The flow could 
be up to 5 l/min on level III the first few minutes when the circulation started. 
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Figure 24: The solar pump used  in the 

experiment. Grundfos Type UPS25‐60 
Figure 25: Drain back tank 25liter Figure 26: Aventa Solar Controller

Copper pipes insulated with expanded polyurethane foam (Armaflex) were used in the solar loop. The 
drain back tank {Figure 25} was a 25 liters metal tank insulated with 40 mm thick expanded polystyrene. 
The whole purpose with the tank is to collect the water from the collector when the pump stops and 
the water is driven by gravitation into the drain back tank. 

5.1.4  Solar Controller 

The controller {Figure  26} was a simple device that measures the difference in temperature between the 
heat store and the collector. The solar controller turned the pump on when the difference in 
temperature was 6 K and turned it off when the temperature difference was 4 K.  

5.2	 	 Datalogging	Equipment	

Four measuring devices were in the facility. The Almemo logger 
(Datenlogger  ALMEMO  2890‐9,  2014)  {Figure  27}.  A second datalogger from 
“Picotech”, the Pico-logger {Figure  29}, the Water meter {Figure  30}. The 
temperature sensors in the controller are not directly involved in the 
results of the experiment since their sole purpose is to turn the pump on 
and off and is therefore excluded. The water meter is a manual device 
and contains no sensor. 
 

The Almemo logger {Figure  27} had inputs for 9 numbered from M0 to 
M8. The interface's A1 and A2 were for data read out and 
programming. Measurements of temperature, solar irradiation, 
electricity and water flow were recorded with this device.  The Almemo 
logger had its own auxiliary power supply and was easy to use. This 
device was recording data from the first to the last day of the measuring 
period. The Pico logger {Table  5} was started 25 of August 2012. The 
Pico logger was logging temperatures in the drain back tank as well as 
for forward and return flow collector inlet and outlet store and 
temperature in the heat store. The time interval between readings was 
most of the times 5 minutes, but at some occasions 10 seconds or 1 
minute were chosen as read out intervals. 
 

 

                                                            

Figure 27: Almemo data logger 
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Table 4: Sensors connected to Almemo logger 

 Parameter Unit Type of sensor Accuracy 
M0 Ambient °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 
M1 In heat store °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 
M2 Collector inlet °C Vortex Flow sensor VFS 

FVA-645GV12QT 
± 1°C3 

A1 Water Flow ⁄  ± 1.5% 

M3 Collector outlet °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 

M4 DHW withdraw in °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 

M5 DHW withdraw out °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 
M6 Absorber  °C ZA 9020 FS Thermo E4 ± 0.5°C/± 0.05% 
M6 Electricity kWh ZA 9909AK2U Zähler R3E4 ± 2 % 
M7 Solar radiance kW ZA 9000-F52 Norm EA ±3% 
M8 Hot water use °C FU A915-VTH 15 Zähler 

R3E4 
±1.5% 

 

Table 5: Sensors connected to Pico logger 

 Parameter Unit Type of sensor Accuracy 
CH1 Collector inlet °C IEC T  ± 0.5°C/± 0.05% 
CH2 Drain Back Tank °C IEC T ± 0.5°C/± 0.05% 
CH3 Heat Store °C IEC T ± 0.5°C/± 0.05% 
CH4 Collector outlet °C IEC T ± 0.5°C/± 0.05% 
 

 

Figure 28: Placement of sensors M0 to M8. 

                                                            
3 + 25°C to + 80°C 
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.  
 

Figure 29: The Pico data logger  Figure 30:Water meter for domestic  

hot water withdraw 

Figure  31:  Pyranometer  measures 

solar irradiance  

 5.2.1  Software 

The computer used for data read out was located in the Solar Laboratory. The computer was connected 
to the university network and server. All data files were converted into Excel files and stored on  the 
hard drive of the computer and the server.  

The Almemo logger required a little memory stick in the computer and a software called AMR 
Control to work. The software for the Pico logger was installed in another computer in the Solar 
Laboratory and the files transferred to the main computer. 

5.2.2  Sensors 

A total of 15 sensors were connected to the Almemo logger or the Pico logger. Sensor M2 measured 
the volume flow rate in the collector circuit and sensor M8 the domestic hot water withdraw. Readings 
were done with 5 minutes intervals, so another manual water meter {Figure  30} was used to accurately 
measure the amount of water withdrawn from the hot water tank. Sensor measured M7 solar radiance 
and M6 electrical power. The remaining 11 sensors measured temperatures at various places according 
to {Table  4  } and  {Table  5}. It was also two temperature sensors connected to the controller according to 
{Figure 26} 

All references to sensors M or CH in the text below refers to {Table 4} and {Table 5}. 

The ambient temperature M0 was measured by a thermocouple located on the north facing façade of 
the Solar Laboratory. There were two thermocouples measuring the temperature in the heat store - 
CH3 and M1. CH3 and M1 were located on different vertical levels in the tank {Figure  23}. M6 
registered electrical pulses or cts where 100 cts corresponds to 1 kWh. The thermocouples for 
domestic hot water consumption were located at the top of the heat store M4 and M5.  

A thermocouple for collector outlet M3 was placed on the water pipe and stayed there the whole 
period. A thermocouple for collector inlet M2 was placed in the pipe together with the flow meter for 
the solar circuit, but was replaced by another thermocouple that was placed on the pipe August 29 
2012. The Pico logger had two thermocouples connected to outflow CH1 and inflow CH4 of heat store 
from August 25 and onwards.  
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5.3	 	 Calibration	

To calibrate means to test the logging device and find constants that eliminate systematic errors and 
make sure correct values are obtained.  

5.3.1  Flow Meter 

It was one flow meter in the solar loop M2 and one M8 in the domestic hot water loop. 

The M2 flow meter was calibrated on August 7, 2012. Water was poured from a bucket down into the 
pump for one minute when it was pumping. That was repeated several times and an average in the 
range of 3.68 and 3.70 liters was obtained in both the bucket and the Almemo logger. An average of 
the flow meter readings from 1 to 23 August show 3.69 liters per minute with standard deviation 0.19 
liters per minute. The highest readings came from when the pump start and build up a high pressure – 
up to 5 liters per minute. The logger shows that an offset of two liters per minute when it is not 
operative. The Solar pump variations in August 2012 show rather large fluctuations, {Figure 40}. 

5.3.2  Temperature Sensors  

An attempt to calibrate four thermocouples was made in August 29 2012. Four thermocouples {Table 6} 
CH1, M1, M2 and TST, where disconnected from their locations and placed first in the air and then in 
a water container. The M2 collector inlet sensor broke, but the other three sensors were showing very 
similar temperatures both in cold and hot water according to {Table 6Error! Reference source not  found.}. The 
most important result was to calibrate  collector inlet thermocouple connected to Almemo M2 and 
Pico logger CH1, but M2 broke.  

Table 6: Calibration of sensors August 29. All units °C. 

Collector Inlet  
connected to Pico 
logger 

Collector inlet 
connected to 
Almemo logger4 

Heat store 
connected to 
Almemo logger 

Controller placed in 
Heat Store 

Medium where 
sensors were 
placed: 

CH1: M2 M1: TST:  
20.4  3.5 18.3 18.7  Air 
17.7 - 7.9 17.2 17.5 Cold water 
54.4 12.6 54.2 54.6 Hot water 

5.3.3  Domestic Hot Water Withdrawal 

The temperature sensors for domestic hot water withdrawal, M4 and M5, were located on top of the 
heat store, {Figure  23}. M4 and M5 were showing exactly the same temperature between withdraws, 
especially during nights when the whole system was at rest. The temperature difference between M4 
and M5 should therefore be very accurate.  

5.4	 	 Uncertainty	in	Measurements	

There are many uncertainties in readings and they can be difficult to determine. Systematical errors in 
the equipment can be adjusted when calibrated. The manufacturer provided random error for the 
equipment, {Table 4} { Table 5 }.  
                                                            
4 The sensor broke during the calibration 
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6	 	 MEASUREMENTS	AND	RAW	DATA	

There were 19 parameters that were monitored during the experiment, some that can be seen in, {Table 
4} and {Table 5}. There were 13 sensors measuring temperature, one consumption of electricity, one time, 
one for solar irradiance and three measuring volume flow. 

A manual protocol {Figure  52} was filled out daily. Seventy-one protocols were filled in from July 9 to 
October 3. Days without protocols were all, but one, on weekends or when the system was down. The 
protocols were useful since it gave a "snapshot" of what was being logged right then.  

Most of the parameters were registered with logging equipment and later transferred as text files to the 
computer. But some readings were done manually, as for the domestic hot water consumption (DHW) 
where a regular water meter, {Figure  30}, was used to measure volume flow, and the value written 
down once or twice daily at the bottom in the protocol {Figure  52  }. The measurements the controller 
registered were not logged. Some deviations that otherwise would pass unnoticed were discovered 
thanks to the protocol.  

The read outs would typically look like {Table 7}, where each sensor registers a value in a column. Most 
often it would register every five minutes, but on some occasions it would do so every minute or every 
ten seconds. Some interruptions occurred in the data, especially in July 2012, when the equipment was 
being fine-tuned. 

Table 7: Raw data from excel text document. Read out every five minutes.  

 

6.1 Solar Radiation and Ambient Temperature 

The solar radiation was measured with a Standard SolData 80SPC (SolData Instruments, 2014) 
instrument for measuring global solar irradiance, {Figure  31}. The sensor was placed on the wall beside 
the solar collector – with the same 90 degree angle as the solar collector. The sensor for the ambient 
temperature was placed on the north side of the solar laboratory and was never hit by sunlight.  

The ambient temperatures ranked from the hottest to the coldest day for the period 13 July to 10 
October, can be seen in, {Figure 32}. Only a few recordings were above 25°C and only a few below 5°C. 
The temperature was between 10°C and 20°C for 75% of the time. 
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Figure 32: The temperature during the experiment measured at Solar Laboratory, sorted from the highest to the lowest 

value.   

The temperatures were compared to the Norwegian Meteorological Institute (MET Norway) which has  
its main measuring station only 600 meters from the solar collector. MET Norway measured 
temperatures in August that were on average 1.56 °C lower than the ambient temperature measured at 
the Solar Laboratory, and for September 1.4 °C lower, {Table  8}.  The values from the ambient 
thermometer at Solar Laboratory were used for heat loss calculations and the values from MET 
Norway were used when comparing climatological data in chapter 7. 

 

Figure 33: The sun was  shining  (more  than 1W)  for 825 hours, on average 227 W. The highest value was 900 W. The 

average for the whole recorded period (including nights) was 100 W. 

The average solar radiation in August (with withdrawal of DHW, but no electrical heating) when the 
solar pump started was about 200 W. Only the 11 occasions when the sun really started the pump were 
counted. The solar collector started several times when cold water was withdrawn – the temperature 
difference between the heat store and the collector got to be more than 6 °C and the solar pump started. 
There were 300 hours of sunlight over 200 W/  from 13 July to 10 October 2012 according to, 
{Figure 33}. Eighty-six percent of the values from 13 of July to 10 October 2012 were recorded. 
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The weekly averages for solar radiation behaved as expected for a vertical solar collector {Figure  34}. 
The peak in the middle of the summer (week 20 to 30) for a horizontal collector is not there; instead, 
the graph shows a rather even solar radiation over the whole test period.  

 

 

Figure 34: Solar Radiation for all recorded data from 13 July 2012 to 9 October 2012. No recordings from 28 August to 1 

September in week 35, and October 1 to 3 in week 40. There were some shorter intermissions in July.  

This is how three typical days unfolded: According to,  {Figure  35},  the 20 of July was a day with great 
variations in the cloud cover, thus the zigzag curve for solar radiation. The ambient temperature was 
rather stable between 15°C and 20°C, with a low point of 13 degrees just before the sun started to 
shine at 12 noon. The 27 of August was one of the clearest days, so the curve for solar irradiance is 
very consistent and good for calculations, except in the evening between 17:00 and 18:00. The 21st of 
September was late in the season and the temperature was lower in the morning and the evening, 
especially. The solar radiation increased at 10:20 and disappeared at 17:30 because surrounding 
buildings were blocking out the sun late in the season when the sun was lower. The vertical position of 
on the solar collector did, on the other hand, enable higher solar radiation levels to be absorbed late in 
the season. The maximum solar radiation for 27 of August was 700 ⁄ , whereas it was 760 
⁄  for 21 of September. 

Table 8: Temperature and solar radiation for August and September 2012. 

 August September 

Temperature Solar Laboratory. 17.3°C* 12.5°C* 

Temperature measured by MET Norway at Blindern 
weather station 2012. 

16.1°C 11.1°C 

Temperature according to NS3001:2007 climate data for 
Oslo Blindern, from  MET Norway. 

16.9°C 11.5°C 

Solar Radiation Solar Laboratory 81  kWh* 75 kWh* 

Solar Radiation according to NS3001:2007 climate data 
for Oslo Blindern,  from  MET Norway. 

142 kWh 113 kWh 

*Data for 28-31 of August and 1 September was obtained from another experiment (Murtnes, 2013).  
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Figure 35: Ambient temperature and solar irradiance for 20 July, 27 August and 21 September. 
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It was puzzling that the temperatures at the test site Solar Laboratory differed so much from the 
temperatures measured only 600 meters away by MET Norway. It turned out that it actually got hotter 
at Solar Laboratory and there was nothing wrong with our thermometer, {Figure  36}. The temperatures 
are about the same for the MET Norway and Solar Laboratory in the early mornings and up till 12 
noon when the sun hits the brick building and the Solar Laboratory gets hotter. The backyard where 
the Solar Laboratory was located got 3 to 4 degrees warmer on sunny days, compared to the grass field 
where MET Norway did their measurements. During the sunny days of August 11, 12 and 13 (about 4 
kW m⁄ ), the ambient temperature at Solar Laboratory was much higher, but on 14 August with little 

sun (less than 2 kW m⁄ ), the ambient temperature is not so much higher at Solar Laboratory 
compared to the adjacent MET Norway. 

 

Figure 36: This figure compares air temperatures recorded at Solar Laboratory and the meteorological station at Blindern 
(600 m apart).The temperature  is higher during sunny days at Solar Laboratory, but about the same during nights. The 
Solar Laboratory temperature sensor is placed on the north side of Solar Laboratory.   

 

Figure 37: Solar radiation the whole test period, market with red square in {Figure 38}. 
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A vertical collector gets the maximum 
solar radiation in the spring and fall, 
not in the middle of the summer, 
{Figure  38}. The experiments on the 
collector started too late to see any 
trend in the spring, but it seems that, 
{Figure  37} shows that the solar 
radiation was less in July than in 
August and September and that it may 
go down a little in late August and the 
beginning of October.   

 

Figure  38:  Typical  yearly  distribution  of  solar  radiation with  a  vertical 
solar  collector placed  in Oslo. The  red  square  is  the  test period  in  this 
experiment, (Rekstad, 2012). 

6.2	 Solar	Loop	

The water was pumped in a closed system according to  {Figure 19}. The sensors involved were the ones 
recording water flow (A1) and collector inlet temperature (M2) collector outlet temperature (M3). 
Also involved was a sensor (M6a) that was placed in the absorber up to early September 2012, when it 
was replaced by a sensor (M6b) measuring the electrical power for the auxiliary heater. A sensor from 
the Pico logger (CH2) measured the temperature in the drain back tank, and then these readings were 
used to calculate stratification in the heat store. The water flow (A1) was measured in the pipe 
between the pump and the collector at the same place as the collector inlet (M2) sensor was situated. 

 

Figure 39: Two days when the solar pump was operating. The 20 July is a day with a heavily overcast sky that resulted in 
two interruptions for the solar pump during the day. 27 August was a very good sunny day when the pump was on for 8 
hours. Notice that the flow is 3.85 l/min from 11:40 to 14:00 and 3.5 l/min for the rest of the day. 
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The volume flow sensor broke at the end of August. A way to find the flow was needed. Something 
peculiar was discovered when all available data for the solar pump were condensed into a graph, 
{Figure  40}.  The pump seemed to operate on two levels, 3.5 and 3.85 l/min. The lower volume flow of 
3.5 l/min was usually found when it was very sunny and hot, and the slightly higher flow of 3.85 l/min 
in periods when it was cooler and not as sunny – but with so many exceptions that it was impossible to 
know for sure if it was the higher or the lower flow at any given moment.  

Different estimations were made, depending on the situation. For efficiency, in  {Figure 49},  the average 

for the one hour periods in September was 3.59 l/min. For the heat flow method in  {Table  10}  the 

average volume flow was 3.68 l/min for September. July 20, at 12:28 in {Figure  39},  shows how the 
pump builds up pressure when it starts, when readings up to 5 l/min can be recorded, but many times 
this period is so short in time that it is not recorded at all  because it is 5 minutes between each reading. 

 

Figure 40: All readings for volume flow from 13 July to 27 August 2012. Pump does not give same flow during operation, 

two levels 3.5 and 3.85 l/min. 

Two typical days are shown in  {Figure  41}. Heat was extracted on August 27 and the pump therefore 
started pumping earlier than the 21 of July when heat loss through the walls of the heat store was the 
only way energy could leave the system. The pump started at 12:18 on the 21 of July when, 
temperature in the heat store was 47 °C and the solar irradiance was 400 W/m . On 27 of August, it 
started (11:04) when temperature in heat store was 27 °C and solar irradiance was 300 W/m . The heat 
store was cold on 27 September because it had been an overcast day before, and water had also been 
withdrawn. The pump was on when 80% of the solar radiation hit the solar collector in July 21, and on 
August 27 it was on when 97% of the sun was hitting the solar collector.    
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Figure 41: All energy values are per m2 solar collector. The area under the solar irradiance curve the maximum amount of 
energy  that could be absorbed  this day. The colored areas are when  the pump  is on.  It  took a  long  time  for  the solar 
pump to start on July 21, but on August 27 the volume flow started earlier, because energy was removed from the heat 
store when water was withdrawn. 

   

Figure 42: The average temperature difference between collector  inlet and outlet was 2.84°C during the 201 hours the 

pump was on in July and August. A constant of 1.22°C was added according to (section 7.1.1 Energy Analyze).  



43 
 

6.3	 Domestic	Hot	Water	Withdrawal	

Water was withdrawn from the heat store, to simulate domestic hot water consumption. The amount of 
225 liters of hot water was replaced with cold water from the tap every day.  The water was measured 
with a manual meter,  {Figure  30},  and also by sensor (M8). The sensor (M8) was only recorded once 
every five minutes and could only be used as an indication of when, but not how much had been 
withdrawn. 

 

Figure 43: Withdrawal of water, 112  lit at 11:29 and 113  lit at 13:54. The    between withdraw water  in and out  is 

marked in the figure. 

The sensor for domestic hot water withdraw in (M4) and out (M5) registered the temperature of the 
cold tap-water going in and hot water going out from the heat store. The green arrows in {Figure  43} 
indicate the difference in temperature ΔT between hot water going out and cold water going into the 
heat store. The ΔT this day was rather low because the heat store was cold in the morning after some 
overcast days. The outflow water temperature may have dropped when withdraws of 225 liters were 
done. 

The read outs were done every 5 minutes during the experiments.  That method resulted in only one or 
two readings for the temperature of the withdrawn water. Several observations were made to make 
sure these single values could be trusted. The read out interval was set to 1 minute in {Figure 45} and the 
outflow withdrawn water was stable at 52°C and the inflow stable at 13°C during the whole 9 minute 
long withdraw period. Results from a few more similar tests also show that the temperature during a 
113 liter withdraw procedure was stable, but that the hot water sometimes ran out at the end of a 225 
liter withdraw, resulting in a lower ΔT at the end. 

The logging devices registered all parameters but one – the amount of domestic hot water that was 
withdrawn from the heat store, also called the DHW- tank. The values were written down every time 
in the laboratory protocol, {Figure  52}. Withdrawal of water was done a total of 50 days during August 
and September. A total of 225 liters of hot water from the heat store was replaced with cold water 
from the tap - every day - to simulate domestic hot water consumption. The withdrawals were 
typically done at 10:00 and 16:00, 112 liters each time, except on days when one single withdrawal of 
225 liters was done. Single withdrawals were done 17 times – 10 of those on weekends. Withdrawals 
were done twice a day for 112 + 113 liters the remaining 33 days.  
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Table 9: The first column is the number of days when hot water from the heat store was replaced with cold water from 

the cold water tap. Second column is number of days when electrical heater was on. 

 Number of Days with 
withdraw,  225lit/day 

Days with electrical 
heater on*  

August 28 0 
September 22 25 
October 0 3 
*auxiliary heater on 5 September 12:22 to 3 October 13:16 

The volume was measured with a regular water meter {Figure 30} and the temperature difference 
 with two thermocouples M4 and M5. 

It was difficult to relate the extracted energy to the day when the energy was accumulated. The energy 
extracted from the heat store reflected the heat increase before the withdrawal. The energy from water 
that was withdrawn in the morning belonged to the previous day, plus the energy lost through the heat 
store during the night. Sometimes the morning withdrawal of water was made when the solar pump 
had been running for some time. It was difficult to know what part of the energy from the removed hot 
water belonged to the day before and the same day respectively. An example of this was seen in {Figure 
44} where the energy (5.5 kWh) from the withdrawn water at 10:43 belongs to the previous day. 

	  for the time period when the pump was on was added. 	  for the night was only 
added if energy from withdrawn water in the morning was added. This proved to be complicated to do 
on a daily basis, but easier for longer time periods. The method was used only used from – 6 to 20 
September {Table  16}. The time period was chosen because auxiliary heating was on, and it was 225 
liters of water was withdrawn every day, and the logger worked perfectly. 

 

 Figure 44: September 7, 2012: Withdrawal of 112 l at 10:43 and 113 l at 16:37.. Auxiliary heating of heat store on. Solar 

radiation 4.3 kWh/  and electrical heating 1.3 kWh/ .  
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.   

Figure 45:  Withdrawal of 113 lit starts at 12:08 and ends at 12:17. Outflow water is at 52°C and inflow at 13°C during the 
whole 9 min long period when energy is extracted. 

6.4	 The	Heat	Store	

The heat store had two sensors in it. The CH3 Pico logger was only plugged in during the latter half of 
the experiment, whereas the (M1) sensor was connected at all times  {Figure  46}.  It can be seen that the 
CH3 sensor at the 82 cm level in the heat store followed the temperature set by the electrical heater at 
the 85 cm level whereas the M1 sensor at the 50 cm level detected the temperature of the water 
brought in from the solar collector by the heat exchanger. The exception to the rule is at 10:43 when 
112 liters of water was withdrawn and even the CH3 sensor plummeted to 23 degree. The heat store 
was only 20 degrees on the M1 sensor after the withdrawal at 11:00 and 4.13 kWh of electricity was 
recorded, whereas at 17:00 the heat store was 34 degrees and only 0.3 kWh of electrical power 
registered. 

The auxiliary heater was a 3 kW electrical heater placed in the heat store {Figure  46}, and it was on 
from September 5 to October 3. The temperature was set to 60°C. The temperature in the upper half of 
the heat store where the thermocouple sat, was about 50°C, whereas the lower part of the heat store 
had temperatures between 20 and 50°C. 
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Figure 46: September 7, 2012. Withdrawal of 112 l at 10:43 and 113 l at 16:37. Total solar radiation 4.4 kWh/ . The 

two sensors in the tank CH3 and M1 are displayed. 

 

The temperature variation for the heat store is displayed in  {Figure  47}.  July 21: The heat could only 
escape through heat loss, mainly through the walls of the heat store. The temperature in the heat store 
was slowly lowered until, the pump started, and the temperature of the heat store increases. In the 
evening when the pump stopped, the heat started leaving the heat store and the curve points down. 
August 27: The heat store was rather cool from before, so the withdrawal at 11:30 lowered the 
temperature in the heat store a little, but trigged the pump that heats the water. Another withdrawal at 
13:44 lowered the temperature in the heat store. The pump was on till 18:28. September 21: During 
the withdrawal at 11:02 the temperature in the heat store plummeted, but the heat rapidly increased in 
the heat store when both energy from the sun and the electrical heating started immediately after the 
withdrawal, and the same goes for the withdrawal at 16:34. 

 

 

Figure 47: September 21 when water  is withdrawn and auxiliary heating  is on, August 27 with withdraw   but auxiliary 

power off and July 21 with no withdraw or auxiliary power. 
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7	 	 	 RESULTS	AND	ANALYSES	

Results from the experiments are presented in this chapter. The objective was to evaluate the 
performance of the faҫade solar thermal collector, and see how much energy it could produce in the 
form of domestic hot water. It was especially interesting to calculate how much energy the solar 
collector gave when the auxiliary heater in the heat store was operating. 	

A comparison was made between days in August when water was withdrawn daily and in September 
when auxiliary (electrical) heating was on and water was withdrawn, and days in July and October 
when withdrawal and electrical heating were off. Two different methods for calculating the amount of 
energy from the sun that accumulated in the facility were used: the conventional heat flow method 
{Equation 13} and the calculation of energy from the withdrawn water {Equation 17}.  

A comparison between the amount of energy that came from the sun and electricity, respectively when 
the auxiliary heating was on, was also made.  

 

7.1.1  Energy  Analyzes? 

The heat flow method was explained in {Figure  17}, and in chapter 4.2.3 where the flow is multiplied 
with the difference in temperature between the water leaving/entering the solar collector. The sensor 
for collector inlet (M2) along with the flow meter (A1) was placed inside the pipe whereas the 
collector outlet (M3) was on the pipe. The sensor placed in the pipe was more accurate in determining 
the temperature of the water than the sensor placed on the pipe. A correction constant of 1.22°C was 
used to compensate for this. But the heat flow method was still showing low values for energy because 
the thermocouples M2 and M3 were not calibrated.  M2 has an accuracy of ±1°C and M3 has an 
accuracy of ±0.5°C. This suggests a high probability for systematical errors. And taking into 
consideration that the difference between the solar collector inlet and outlet only was on average 
2.84 °C according to {Figure 42}, then a deviation of only a fraction of 1°C has a huge impact. 

The energy gain was calculated with heat flow method for August and September {Table 10}.  {Equation 13} 
was used to calculate the energy yield. It was done in five minute periods in Excel and summarized.  
The volume flow sensor was broken in September and it was discovered in data from August that the 
pump used to pump 3.5 or 3.85 liters per minute, usually less on sunny and warm days, but not for 
certain. The flow for September and October had to be estimated. The logging device did not record 
the last four days of August and the first day of September, according to {Table 10}. Data for these five 
days were obtained from another experiment running simultaneously in Mortensrud Oslo (Murtnes, 
2013). The total energy accumulated per square meter of solar collector was calculated day by day for 
August and September according to {Table 10}.  
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Table 10: Measured solar radiation and Collector yield calculated with heat flow method for August and September 2012.  

Date Measured 
Solar 

Collector 
Yield 

Efficiency Date Measured 
Solar 

Collector 
Yield 

Efficiency

2012, radiation   2012, radiation   

August kWh/  kWh/  % September kWh/  kWh/  % 

1 2.7 0.9 33 1 4.6* 1.6* 35* 

2 0.2 0.0 0 2 2.5 0.8 31 

3 3.8 1.6 43 3 3.2 1.5 46 

4 4.3 1.7 39 4 3.6 1.8 50 

5 2.9 1.1 38 5 4.7 1.9 41 

6 0.7 0.1 13 6 1.3 0.4 28 

7 1.2 0.4 32 7 4.4 1.9 43 

8 3.4 1.3 39 8 3.8 1.3 35 

9 3.4 1.3 38 9 1.0 0.1 12 

10 3.6 1.4 39 10 0.1 0.0 0 

11 4.8 1.8 38 11 0.8 0.3 38 

12 4.4 1.5 35 12 2.3 1.0 42 

13 1.9 0.6 33 13 3.2 1.4 42 

14 3.4 1.4 42 14 3.4 1.5 44 

15 4.6 2.0 44 15 3.3 1.0 31 

16 2.1 0.6 30 16 1.5 0.3 17 

17 1.7 0.7 40 17 3.2 1.2 38 

18 0.3 0.1 15 18 2.4 0.6 27 

19 4.1 2.0 48 19 3.8 1.0 27 

20 0.2 0.1 31 20 3.8 0.9 23 

21 4.1 2.0 49 21 4.3 1.9 43 

22 1.0 0.2 19 22 0.4 0.0 0 

23 1.4 0.5 35 23 0.5 0.0 0 

24 2.7 1.2 44 24 4.3 1.8 41 

25 3.2 1.5 47 25 0.2 0.0 0 

26 1.8 0.4 24 26 0.6 0.2 27 

27 4.4 2.2 49 27 1.1 0.2 21 

28 0.3* 0.1* 40* 28 3.0 1.0 34 

29 4.4* 1.8* 40* 29 2.2 0.5 24 

30 2.2* 0.9* 40* 30 2.9 1.0 35 

31 2.4* 0.9* 40*     

TOTAL 81 33 40  75 27 35 
*Data for 5 days came from another experiment in Mortensrud (Murtnes, 2013). 

 

The efficiency was a little lower in September because the colder ambient temperature increased the 
heat losses. There was a good correlation between the available energy and the total solar radiation 
according to {Figure  48}. The vertical distance from the straight line y = 0.45x to a dot is called R and 
the total sum of the R squared  = 0.94 for August and = 0.88 for September are both good values 
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since the ideal is = 1. The value 0.45 in the graph means it is 45% efficiency (when the sun shines). 

 

 

Figure  48:  Correlation  between  collector  yield  and  solar  radiation  calculated with  heat  flow method  in  August  and 

September 2012. 

7.1.3  Heat Loss 

The heat loss from the heat store when the solar pump was on was difficult to determine. The heat loss 
for this particular heat store was calculated during the night when the system was not operative. The 
heat loss was expressed as the U-value multiplied with the difference between the ambient temperature 
and the temperature in the heat store. Values for ambient temperature were missing for some days and 
estimations for ambient temperature were made. 

The theoretical U – value was calculated with the thermal conductivity  λ = 0.038, found in table, and 
thickness d = 0.04 m. Theoretical   = 0.925 ⁄ 	assuming that only the thermal insulation 
was important for the heat flow. 

Doing the same for with 15 nights in July, August and October gave an average  = 0.79 
⁄ . The calculations were made only in the nights between 20:00 to 08:00. The ambient 

temperature was higher in the day, especially when no withdrawal of water was made. An average of 6 
days in July and October with no withdrawal gave an U-value of 0.81 ⁄ 	 and 9 days in August 
with withdrawal gave an U-value of 0.77 ⁄ . Calculating for some days in September with 
auxiliary heating on also gave the same U-value.  
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The  = 0.81 ⁄ 	 or  = 3.4 ⁄ 	 for the whole heat store.  

A list of values for heat loss can be found in {Figure  53}. They are listed according to the average 
temperature in the heat store, starting with the highest value.  A table grouping the values show clearly 
that the heat loss was higher when the temperature in the heat store was higher, and the other way 
around.  

Maximum heat loss calculated for the heat store with ambient 20°C and heat store 60°C and U-value 
3.4 W/K is 3 kWh/24h which corresponds to the heat loss stated by the manufacturer of the heat store. 

7.2  Efficiency of the Solar Collector 

The efficiency was calculated during one hour long time periods on days when the solar radiation was 
high, according to the standardized test. The solar irradiance should be 800 W/  when calculating 
efficiency, according to the standardized test in section, (4.3 Efficiency of a Solar Collector), but there 
were never that high solar irradiance on average over one hour. The average for the 37 one hour 
periods in August, September and October that were analyzed was a 680 W/ . The solar irradiance 
and efficiency in July was low (irradiance 580 W/ and efficiency 31%) and July was therefore 
omitted from the analysis. The low solar radiation in July was due to the vertical orientation of the 
solar collector which resulted in a high solar radiation in September and October. 

 

Figure 49: Efficiency for 36 one hour periods with high solar radiation in August, September and October 2012. 

The efficiency was plotted against an average of ambient temperature and temperature in solar 
collector and was divided with the solar irradiation (Tcollector-Tambient)/Irradiation.  

 

Table 11: Efficiency for 42 one hour periods during August, September and October 2012, 90°S. 

[K m2/W] 
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  Hours  Solar  

irradiance 

Efficiency Withdraw 

water 

Electricity 

    kWh  %  225 l/day  kWh 

July  5*  580  31  off  off 

August  15  640  55  on  off 

September  15  710  51  on  on 

October  7  710  45  off  off 

*July was omitted because of very low efficiency 

The equation y=-2,7x + 0.63 gives some characteristics for the solar collector according to {Equation 
15}.  The maximum efficiency is = 63%. That is a low number depending on reflection and 
absorption in the glass. The -value gets really low because it is double glass and the glass itself is 
regular glass and not iron reduced solar glass. A collector with iron reduced solar glass can according 
to (Rekstad, 2012) increase the maximum efficiency from = 68% to = 86%. The K = -2.7 is the 
slope of the red line in {Figure 49} and represent the heat loss coefficient. 

7.3	 	 Annual	Calculated	Solar	Energy	

The annual solar energy was calculated with the heat flow method and by calculating energy from 
water that was withdrawn. Statistics for solar radiation during an average year were obtained from 
MET Norway and from Norsk Standard NS3031:2007. The summer of 2012 was very low in solar 
radiation and calculating using an average year was necessary to get relevant results. 

7.3.1  Calculated Energy 

The heat flow method was used to calculate annual collected solar energy. Energy was calculated for 
all days in August and September. The results are presented in {Table 12}. The solar radiation is 
measured with pyranometer, the available energy calculated with heat flow method, and the efficiency 
is the relation between the two. 

Table 12: Measured values  for  solar  radiation and  calculated values  for available energy and efficiency  in 2012  from 

{Table 10}. 

  August  September   

Solar Radiation*  81  75  kWh 

Collector Yield**  33  26  kWh 

Efficiency  40  35  % 

*Measured at Solar Laboratory summer 2012    **Heat Flow Method 

The recorded and calculated values had to be compared to an average year. Values for temperature and 
solar radiation, (insolation) at 90°S inclination in a normal year was obtained from Norsk Standard 
3001:2007. The Insolation in a normal year according to {Figure 12} for August is 142 kWh/m2 and for 
September is 113 kWh/m2. Measured solar radiation is 81 kWh/m2 for August and 75 kWh/m2 for 
September. 

Table 13: Values for temperature and solar radiation a normal year according to NS 3001:2007.  

  Jan  Feb  Mar Apr  May  Jun  Jul  Aug  Sep  Oct Nov Dec 

1)    ‐3.7  ‐4.8  ‐0.5  4.8  11.7  16.5 18  16.9 11.5 6.4  0.5  ‐2.5 
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2)  28  61  106  135  134  150  140 142  113  70  44  28 

1) Average monthly temperatures  [°C ]    2) Solar Radiation 90°S [kWh/m2] 

The yearly collection of solar radiation was calculated from March to October. The efficiency for 
August was calculated to 40% and September 35%. The efficiency for May, June and July was 
estimated to 40%, April 35% and March and October 30% {Table  14}. The estimations for the 
efficiency were determined according to the ambient temperature.  Low ambient temperature will cool 
down the collector, thus making the temperature difference between the heat store and the collector 
higher and the pump will therefore start later, resulting in a lower efficiency. 

The collector yield per square meter of solar collector was calculated by multiplying the solar radiation 
with the efficiency {Table  14}. The sum of collector yield from March to October is 366 kWh/m2. A 
solar collector of 6.6  is necessary to collect 2400 kWh, which is half of the annual energy 
consumption of domestic hot water for an average family in Norway. 

 

Table 14:Solar radiation for normal year times an estimated efficiency give the available energy per square meter solar 

collector. A 6.6 square meter collector give half of yearly energy 2400 kWh. 

  Total  Unit  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct 

Efficiency    %  30*  35*  40*  40*  40*  40  35  30* 

Solar 

Radiation** 

990  kWh/ 

m2 

106  135  134  150  140  142  113  70 

Collector 

yield 

366  kWh/ 

m2 

32  47  54  60  56  57  40  21 

6.6 m  

collector 

2400  kWh/ 

m2 

209  310  352  394  367  373  259  138 

*estimated  **average values from Norsk Standard 3001:2007 Normal year inclination 90° south    

Half of the energy comes from the sun and the other half from electricity and the monthly distribution 
of energy can be seen in {Figure  50}. It is assumed that the yearly demand of domestic hot water is the 
same over the year, 400 kWh per month. A solar collector of 6.6 m2 will give almost all of the energy 
demand for domestic hot water consumption for May, June, July and August and about half of the 
demand in March, April, September and October. Electrical heating makes up all the energy demand 
in the winter months. The four winter months are excluded because it is so cold and there is very little 
sunlight to catch. To make the system work in the winter, we also need antifreeze, and that may 
change the performance of the whole system. And the low midwinter sun can easily be blocked from 
obstacles. 
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Figure 50: The total energy demand per year is 4800 kWh, 50% comes from the sun and 50% from electrical power. The 

collector is running from March till October.  

 

7.3.2   Energy Calculated from Withdrawn Water and Electrical Power 

A homogeneous 15 day period in the data was found from 6 to 20 September 2012. The energy was 
calculated according to:  

 = 	 	 	      

Equation 17 

A volume of 225 liters was withdrawn every day, the electricity was on, and the data logger was on all 
the time, {Table 15}. The values for the solar radiation and electricity consumption were added together 
from the raw data. The volume of the withdrawn water was multiplied by the temperature difference 
between the cold water from the tap going into the heat store and the hot water going out {Equation 12}.  
For withdrawals see section {6.3 Domestic Hot Water Withdrawal}. The heat loss was calculated according 
to {7.1.3  Heat  Loss}, where a  = 0.81 ⁄ 	 was used to calculate heat loss in the heat store. There 
were two thermocouples in the heat store according to {Figure 23} and {Table 3}, one at the 50 cm level, 
one at 82 cm level, and the height of the tank was 162 cm. The electrical heater was heating up from 
85 cm and up, causing the thermocouple at the 82 cm level to be heated to more than 50 degrees, 
whereas the thermocouple at the 50 cm level would follow the temperature from the heat exchanger 
that was dependent on how much solar heated water was flowing in the pipes. The thermocouple at the 
82 cm level was given a weight of two and the thermocouple at 50 cm level a weight of one when an 
average for the temperature in the heat loss was chosen. The heat flow method (HFM) was included 
for comparison. 

Table 15: A total volume of 225 liters of hot water was withdrawn every day from 6 to 20 of September. A withdrawal of 

225  liters was taken at one single occasion on 8, 9, 11, 15, 16, 19 and 20 September, whereas the other days had two 

withdrawals as specified in the table. 

Date 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Morning 112 112 225 225 112 225 112 112 119 225 225 124 113 225 225
Evening 113 113   113  113 113 106   101 112   
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Table 16: Solar Radiation, Withdraw, Heat Loss, Electrical power during 15 days  in September 2012. All values are per 

square meter  solar  collector. A withdrawal  of  225  liters  of  hot water was  taken  every  day  or  54  liters  per   solar 

collector. Heat flow method (HFM) is included for comparison.  

September Withdraw Solar 
Radiation 

Withdraw Heat 
Loss 

Electricity Free 
energy 

HFM 

 liters kWh kWh kWh kWh kWh kWh 

6 54 1.3 2.6 0.34 1.6 1.3 0.4 

7 54 4.4 2.2 0.44 1.3 1.4 1.9 

8 54 3.8 2.1 0.31 1.5 0.8 1.3 

9 54 1.0 2.0 0.22 1.4 0.9 0.1 

10 54 0.1 2.4 0.32 2.4 0.3 0.0 

11 54 0.8 2.1 0.40 2.1 0.4 0.3 

12 54 2.3 2.3 0.36 2.0 0.7 1.0 

13 54 3.2 2.5 0.39 1.4 1.5 1.4 

14 54 3.4 2.0 0.40 1.5 0.9 1.5 

15 54 3.3 2.1 0.34 1.4 1.1 1.0 

16 54 1.5 2.5 0.36 1.6 1.3 0.3 

17 54 3.2 2.4 0.34 1.6 1.1 1.2 

18 54 2.4 2.5 0.44 1.8 1.1 0.6 

19 54 3.8 2.4 0.23 1.1 1.6 1.0 

20 54 3.8 2.6 0.30 1.7 1.1 0.9 

Total 804 38.5 34.6 5.2 24.3 15.5 12.9 

Average 54 2.6 2.3 0.6 1.6 1.3 0.86 

September Withdraw Sun Withdraw Heat 
Loss 

Electricity Free 
energy 

HFM 

A total of 3375 liters, 225 liters per day were withdrawn during the 15 days from 6 to 20 September. 
Seven of the days (8, 9, 11, 15, 16, 19, 20 September) had one large withdrawal of 225 liters (54 
lit/m 	solar	collector) and the others two withdrawals per day as specified in {Table 15}.  
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Figure 51: Correlation between collector yield and solar radiation from {Table 13}.  

It was possible to collect a little more heat by doing two withdrawals per day; the days with two 
withdraws generated 5% more energy. A total of 34.6 kWh/m  was withdrawn and another 5.2 
kWh/m  came from heat loss. The heat loss was added to the total energy. In that way we can get the 
total heat energy available with this collector. The electrical power for the period was 24.3 kWh/m . 
The total withdrawn energy for the period 6 – 20 September is, according to {Equation  17} 15.5 
kWh/m   

A way to transform the values to yearly average was found. The 15.5 kWh/m  were produced during 
15 days or half of the month of September when 38.5 kWh/m  out of 75 kWh/m  or 51.3% of the 
solar radiation in September 2012 hit the collector. That gave a monthly value for withdrawn energy 
for September of 30.2 kWh/m . Looking in {Figure  50} for solar radiation in a normal year gives us a 
higher value of the withdrawn energy. An average year in Oslo has a solar radiation of 113 kWh/m  in 
September {Table  14}, 40% higher than the solar radiation recorded at the Solar Laboratory, 81 
kWh/m2 according to {Table  10}. The measured value of withdrawn water of 30.2 kWh/m  had to be 
adjusted up to 41.9 kWh/m  for September to obtain values for an average sunny year. The average 
solar radiation from March to October is 990 kWh/m2 and for September 113 kWh/m2 according to 
{Table  14}. The winter months of November until February are excluded because it is cold and another 
technology with antifreeze needed to be used as there is very little solar radiation in Oslo in the winter, 
the sun is also low, and the sun can easily be blocked behind obstacles. The total withdrawn energy 
including heat loss and excluding electrical heating is 367 kWh/m2 per year, compared to 366 kWh/m2 
for the heat flow method.  
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8	 	 DISCUSSION	‐	CONCLUSION	

The solar thermal collector mentioned in this report will not “save the world”, but many small energy 
solutions will together move the global energy consumption towards renewable energy. The collector 
can realistically harvest half of the energy needed for domestic hot water from the sun in Oslo. The 
window integrated collector blends into the house and it needs little maintenance.  

The solar collector and the rest of the system connected to it worked as it should. It were minor 
problems with the sensors. The sensor measuring the volume flow broke half way through the 
experiments, and there were no indoor ambient temperature sensors in the experiment, thereby making 
it difficult to calculate heat loss. 

The collector harvested little solar radiation in the summer of 2012. The main reason ought to be that 
it was a cloudy summer. There were few obstacles blocking the solar radiation, except early in the 
morning and late in the evening, and late in the season when the sun was low. The glazing was made 
of regular glass with a theoretical efficiency (η) of 0,63 as compared to 0,68 as calculated in an 
internal report from the solar energy company Nordan (Rekstad, 2012), where a value of η = 0,86 for a 
one layer solar glass that experimentally gives 10 % more on a yearly basis.  

A household with a 6.6 m2 solar thermal collector would get 2400 kWh/year from the sun and 2400 
kWh/year from electrical power for domestic hot water.  Those figures are calculated with a solar 
collector made of regular glass for an average year according to MET Norway.  Solar glass would give 
2400 kWh/year with a surface of only 6 m2. The season could be prolonged by adding antifreeze and 
make it run from November to February, but there is little energy to get during that time period even 
with a vertical solar collector that can really absorb the solar radiation in the winter with a low angle. 
The reason is that more of the solar radiation is likely to be blocked out by trees, buildings and other 
obstacles when the sun is close to the horizon compared to when it is higher up in the sky. The 
difference in temperature between the heat store and the ambient temperature will also be higher in the 
winter and the heat store will need more solar radiation to run the facility. 

It would be possible to install more solar collectors and install pipes for floor heating and contribute to 
heating during spring and fall, but that is not included in this report. A larger or more insulated heat 
store would be able to store the heat longer time, so the heat could be used during times when the sun 
does not shine. That may increase  the cost for the heat store.   

The amount of free solar energy is 367 kWh/m2 or 2400 kWh for a collector of 6.6 m2. The price for 
one kWh including electricity price, grid rent and taxes is 0.85 NOK (Electricity prices , 2014). The 
2400 kWh yearly harvested from the sun an average year is worth 2040 NOK. The payback time for 
the whole system would be 15 years if the cost for the system is 30000 NOK. With a 6000 NOK 
subsidy from (Enova, Gode råd om energi - helt gratis, 2014), the payback time is 12 years. One can 
argue that everyone needs a heat store, so we can deduct the cost of that and get a payback time of 10 
years. 
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9	 	 APPENDIX	

9.1	 	 Comparison	roof	and	wall	

A regular collector, made of six segments, can be seen on the roof in picture {Figure 18} The collector 
on the roof was simultaneously being used in other project where anti-freeze was used, and for that 
reason little happened during the summer. From March till June when I was waiting for the window-
solar-panel to arrive, I  had the privilege to explore the solar heating system mounted on the roof and 
the somewhat complicated system made up of three tanks. The software used was “lab-view”, a rather 
easy to use program displayed like a flow chart. Lab-view is designed to be used in much more 
complex situations and l found the program quite massive. Other students have been doing work on 
different collectors mounted on the roof on this building  jfr spikkeland)  

ROOF  VINDU  ROOF  VINDU 

Produced  Produced  Kalori  Kalori 

heat   heat  

JULY  kWh  kWh  %  kWh  kWh  % 

14  3.6  3.40 106  9.0  4.56 198 

15  2.7  1.89 143  5.4  2.03 268 

20  2.3  1.90 121  4.2  3.16 132 

21  4.5  3.02 149  8.6  4.56 189 

24  4.4  1.67 263  4.5  2.40 187 

26  6.7  4.41 152  9.1  5.33 171 

OKTOBER  Average:  149  Average:  185 

1  2.9  1.4 

2  2  2.5 

5  1.7  4.88  35  4.9  7.00 69 

6  2.8  4.54  62  3.8  3.33 114 

9  1.9  4.4  5.4  81 

Average:  48  Average:  83 
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Figure 52: The laboratory protocol filled in every day 
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Figure 53: Heat Loss  	

HEAT LOSS depending on temperature in heat store and ambient temperature.

July, August, October included. September gave strange values due to electricity heater on.

Energy lost in heat store drops beautifully as temperature in heat store gets lower.

No ambient temperatures from 1 aug to 10 sep.  Estimate ambient with KV inn.

Temperatures Orange color: Ambient T measured by device1  

Temperatures Blue background is an estimate: Days when I had  KV inn and ambient I found:

T DHW Deduct from KV inn to get sollab temp

[℃] [℃]

30‐40 2 (For instance 11 aug: DHW=48,6 [C];  

40‐50 6.5 KV inn 33,7 [C] minus   6,5 [C] gives  27,2 [C] )

50‐60 7.7

Explanation Chart:

DHW Heat Loss ‐ average 20:00‐08:00 next moring 29 day of month

at 20:00 during nite    Feb month

[℃ ] [kWh] 30 6 10 26.90 ambient device 1 [ ]

60‐65  1.28 July Okt Okt 27.2 ambient estimate [ ]

26.90 21.6 20.0 [℃]

55‐60  1.14 5 9 27 29

Okt Okt July July

19.9 17.8 26.7 30.20 [℃]

50‐55  0.83 22 7 28 24 16

July Okt July July July

24.40 19.8 27.8 28.50 26.20 [℃]

45‐50  0.68 20 15 23 25 11 12

July July July July Aug Aug
25.70 26.70 25.70 26.5 27.2 27.3 [℃]

18 8 19 14 27 4

July Okt Aug July Aug Aug

26.7 17.8 28.1 27.60 28 25 [℃]

40‐45  0.50 17 15 19 4 21 5

Aug Aug July Okt Aug Aug

25.2 26.6 24.8 20.3 25.2 23.9 [℃]

35‐40  0.31 14 10 25 9 1

Aug Aug Aug Aug Aug

28 28.6 25.7 26.9 28.9 [℃]

30‐35 0.25 3 8 12 13 16

Aug Aug July July Aug

27.3 24.7 27.3 28.6 26.7 [℃]

20‐30  0.14 13 24

Aug Aug

28.6 24.8 [℃]
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