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ABSTRACT 
The goal of the thesis was constructing a control system for a curtain that would 
regulate its position between up- and down states depending on out/indoor 
temperature and incoming solar radiation in order to be more energy efficient. A curtain 
hanging in front of a window creates a pocket of air, which in tandem with the curtain 
insulates the window and decreases heat loss, but at the same time it vastly decreases 
how much solar energy enters the room. A considerable part of a households total heat 
energy loss occurs through its windows. In order to lower this outflow and maximize the 
inflow of solar energy, it was decided upon to build a system that regulates the state of a 
window’s curtain. 

A scaled down prototype was constructed, consisting of a Styrofoam box with a window 
on one side, and a curtain in front of it. It was used to measure actual energy savings and 
also compare theoretical coefficients with experimentally procured ones, and 
extrapolate the results unto a larger scale. 

Heat transfer rates both with and without the curtain were experimentally tested.  This 
data was then used to implement a computer program, which was developed specifically 
for the project. It took input arguments needed for the calculations and output 
whichever curtain state would be most beneficial at any given moment. 

The program input was partially collected from two temperature sensors and one light 
sensor. The output was then used to control an actuator in the form of a stepper motor 
to change the curtain state. 

Finally, wireless controlling and monitoring of the system utilizing a dashboard 
accessible via the internet was implemented to permit tracking of data and overriding of 
the control system’s decisions, should the user desire. 

It was found that a system of this type could deliver energy savings on the magnitude of 
tenths of a kilowatt-hour per day during the winter in central Sweden. 
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SAMMANFATTNING 
Målet med denna kandidattes var att konstruera ett kontrollsystem åt en rullgardin för 
att reglera dess position mellan upp- och nedfällt läge, beroende på inne- och 
utetemperatur samt inkommande solstrålning för att spara energi. En gardin som 
hänger framför ett fönster ger upphov till en luftficka, som tillsammans med gardinen 
bidrar till att isolera fönstret och minskar värmeförluster, samtidigt som det drastiskt 
minskar solinstrålning in i rummet. En väldigt stor del av en byggnads totala 
värmeförluster sker via dess fönster. För att minska detta utflöde och maximera inflöde 
av solenergi, beslöts det att bygga ett system som reglerar en gardins läge. 

En prototyp i reducerad skala konstruerades, beståendes av en cellplastlåda med ett 
fönster med gardin på ena sidan. Den användes för att mäta energibesparingar och för 
att jämföra teoretiska koefficienter med koefficienter framtagna ur egna experiment, 
och extrapolera resultaten till en större skala.  

Värmeöverföringshastighet både med och utan gardin testades experimentellt. Dessa 
data användes sedan för att implementera ett datorprogram speciellt framtaget för 
projektet. Det tog emot indata som krävdes för beräkningar, och gav utdata i form av 
vilket gardinläge som skulle vara mest fördelaktigt vid varje givet tillfälle. 

Indata hämtades delvis från två temperatursensorer och en ljussensor. Utsignalen 
användes sedan för att styra en aktuator i form av en stegmotor för att ändra 
gardinpositionen.  

Slutligen infördes trådlös styrning och övervakning av systemet via en internet 
dashboard som samverkar med en MQTT-mäklare, för att tillåta kontroll av data och 
manuell styrning av gardinen. 

Slutsatsen nåddes att ett system av denna typ kunde leverera energibesparingar med en 
magnitud på tiondelars kilowattimmar per dag under vintern i centrala Sverige. 
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NOMENCLATURE 
 

Symbols 

Symbol Description 

A Surface area [𝑚2] 

T Temperature [𝐾]  

P Power [𝑊] 

U Overall heat transfer coefficient [𝑊𝑚−2𝐾−1] 

R Thermal resistance [𝑚2𝐾𝑊−1] 

G G-value, factor describing transmittance 

𝐸𝑣  Illuminance [𝑙𝑥] 

η Luminous efficacy [𝑙𝑚𝑊−1] 

C Heat capacity [𝐽𝐾−1] 

Abbreviations 

IPCC Intergovernmental Panel of Climate Change 

MQTT MQ Telemetry Transport 

GHG Green House Gas 
NRFC National Fenestration Rating Council 
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1 INTRODUCTION 

1.1 Background 

 
The accelerating consumption of energy has been a growing cause of concern for quite 
some time. The earth is simply incapable of sustaining the massive amounts of 
production and consumption of natural resources associated with our first world- and 
developing economies of today. Besides the obvious depletion of resources, this trend 
also manifests itself through environmental changes, one of the most often discussed 
being the global warming caused by GHG emissions connected to the reckless energy-
production & consumption methods mentioned previously, see Figure 1. In 2007 IPCC 
wrote in a report “Climate change 2007: Synthesis report, Summary for Policymakers” that 
“Warming of the climate system is unequivocal, as is now evident from observations of 
increases in global average air and ocean temperatures, widespread melting of snow and 
ice and rising global average sea level.” (IPCC 2007). 

 
Figure 1: (a) Global annual emissions of anthropogenic GHGs from 1970 to 2004. (b) Share of different 

anthropogenic GHGs in total emissions in 2004 in terms of carbon dioxide equivalents (CO2 -eq). (c) Share 
of different sectors in total anthropogenic GHG emissions in 2004 in terms of CO2 –eq (Forestry includes 

deforestation).(IPCC 2007, p.5) 

 
There are some severe potential consequences with continuing to so callously push the 
limits of our Earth’s ecosystem the same way we have been doing in recent times. 
Greenhouse gas emission affects the atmosphere of the earth so that the overall 
temperature increases. This could cause the large polar ices to melt and water levels to 
rise, threatening many coastal areas and islands with flooding. Even today, storms and 
ever-expanding desert areas have been noted to appear more frequently as a direct 
consequence of this. IPCC clearly states: “Observational evidence from all continents and 
oceans shows that many natural systems are being affected by regional climate changes, 
particularly temperature increases” (IPCC 2007). 
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By now, many governments have recognized the problems and have been forced to act. 
Europe, for example, has set a goal to perform a 40% cut in green-house gas emissions 
compared to 1990 levels, at least a 27% share of renewable energy consumption and at 
least 27% energy savings compared with the business-as-usual scenario (European 
commission 2016).  
In order to reach these goals, governments often put economic pressure on its citizens 
to lower their consumption of energy. An immediate method often applied is increasing 
the taxation on energy. Figure 2 shows the consumer price for different methods of 
producing energy, in the “households and buildings” sector. It also points at the energy 
required for heating and warm water in small households, apartment buildings and non-
household buildings in the year 2013 in Sweden. 

 
 
 

 
Figure 2: Energy consumption for heating and warm water in small houses, buildings with several 

households and other buildings. (Energimyndigheten 2015) 

 

The total energy consumption for the sector “households and buildings”, is 80 TWh, see 
Figure 2. The same year energy consumption in all the sectors regarding user-
consumption combined was 375 TWh (Energimyndigheten, 2015). Out of this number, 
heating and warm water in buildings is equal to 21% of total user-consumption. 

15 

Figur 6 Energianvändning för uppvärmning och varmvatten i småhus, 

flerbostadshus och lokaler 2013, TWh 

 

Källa: Energimyndigheten och SCB. Energistatistik för småhus, flerbostadshus och 

lokaler.  

I småhus är el vanligast för uppvärmning och varmvatten. Användningen var 

totalt knappt 15 TWh under 2013. Biobränslen som ved, flis, spån och pellets har 

stått för den största ökningen de senaste åren, men under de två senaste åren har 

det minskat. Under 2013 var användningen 11 TWh. Fjärrvärmeanvändningen 

var knappt 6 TWh. Olja för uppvärmning fortsatte att minska och var under 2013 

endast 0,9 TWh. Under 1990-talet och framåt har antalet småhus som installerat 

värmepumpar ökat stadigt. Under 2013 fanns någon form av värmepump i 

997 000 småhus i landet, vilket motsvarar 52 procent av samtliga småhus. 

I flerbostadshus är fjärrvärme det vanligaste energislaget för uppvärmning och 

uppgick till totalt 23 TWh under 2013. Elvärme stod för endast drygt 1 TWh och 

användningen av olja uppgick till 0,2 TWh. 

Även i lokaler är fjärrvärme vanligast för uppvärmning och varmvatten. 

Fjärrvärmeanvändningen var 18 TWh 2013. El används näst mest och uppgick till 

3,3 TWh. Oljeanvändningen för uppvärmning och varmvatten fortsätter att 

minska även i lokaler. Totalt under året var användningen av olja motsvarande 

0,5 TWh. 

Energipriserna för hushållskunder har ökat 

Energipriserna för hushållskunder var relativt stabila under andra halvan av 

1990-talet för att sedan öka kraftigt under hela 2000-talet. Ökade bränslepriser 

och skatter på energi är huvudorsakerna till de stigande priserna. 
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Figure 3: Energy prices for households and buildings in Sweden 1996-2014 

(Energimyndigheten 2015) 

 
For citizens of Sweden, the cost of heating is rapidly growing for each passing year, as 
shown above in figure 3. Assuming one owns a small house in Sweden with an energy 
need of 20 000 kWh’s worth of heating, using district heating, which is most often the 
least expensive option, the cost per year would be at least 20 000 SEK. Combined with 
the recent push in the public sphere for everyone to contribute towards building an 
ecologically sustainable future, there ought to be ample incentive for reducing heating 
loss in buildings. 
 
Around 1/3 of the heat loss in a house occurs from windows (NRDC 2011). With this in 
mind, it was subsequently decided to make a smart roller curtain that will serve to 
better conserve energy that would otherwise be used for heating. 
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Figur 7 visar att alla energipriser har ökat mellan åren 1996 och 2011 och 

speciellt elpriset. Sedan 2012 har elpriset minskat, både för kunder med enbart 

hushållsel och för de med elvärme. En minskning av elpriset kan innebära en 

ökad användning av el i hushållen. 

Figur 7 Energipriser för hushåll och lokaler 1996 – 2014, i 2014 års prisnivå, 

öre/kWh  

 

Källa: Energimyndigheten, SCB
4
, SPBI

5
. 

Oljepriset i Sverige följer utvecklingen av världsmarknadspriset på råolja som 

har stigit under nästan hela 2000-talet. Den gröna skatteväxlingen som innebär att 

skatterna på el och fossila bränslen gradvis ökar är också en anledning till ökade 

kostnader för olja. Det är den främsta anledningen till att flera hushåll har bytt 

från olja till andra uppvärmningssätt. Naturgaspriset som till viss del följer 

variationen i oljepriset, har också ökat under 2000-talet men sjunkit sakta sedan 

2011. 

Fjärrvärmepriset för flerbostadshus har ökat under hela 2000-talet. Skillnaderna 

mellan olika kommuner är mycket stora eftersom fjärrvärmen i Sverige består av 

ett stort antal lokala fjärrvärmesystem. Det är därför svårt att dra några generella 

slutsatser om orsakerna till prisutvecklingen för fjärrvärme. Ökade 

bränslekostnader är dock en bidragande orsak till de stigande fjärrvärmepriserna. 

Biobränslen som ved och pellets är också viktiga energikällor för hushållskunder. 

I april 2015 varierade villapriset för pellets i säck mellan 47 öre/kWh och 

61 öre/kWh, inklusive moms, med ett viktat medelpris för Sverige på 2 604 kr/ton 

                                                 
4 
Statistiska centralbyrån.  

5 
Svenska Petroleum och Biodrivmedel Institutet. 

Energyprices for households and buildings 
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1.2 Purpose 

The purpose and research question of the project is the magnitude of energy 
conservation which can be achieved within a household through a system altering the 
state of curtains between the up and down positions depending on inside/outside 
temperature and the intensity of incoming solar illuminance. In the process a prototype 
serving as a proof of concept will also be designed and a user interface for data 
tracking/overriding will be implemented.  
The purpose of the prototype is to show the applicability of this concept to reduce 
energy expenditure from heating and to thereby contribute to a more sustainable future. 
Furthermore, it seeks to assist in answering some questions more directly connected to 
the research question, namely: 

 How does the curtain state alter the U-value of the system in practice? 
 How much incoming solar energy later leaves the room due to emittance and 

reflection of surfaces? 
 

1.3 Scope 

 
As was previously mentioned, the purpose of this study is to determine the magnitude of 
energy which can be conserved using the aforementioned system. Since the practical 
experiments were conducted in Sweden during the period March to May 2016, most of 
the demonstrable results are only formally applicable there or in other temperate zones 
of similar climate. Speculation on the utility of usage in other regions can be done by 
extrapolation based on publically available climate data. 

Furthermore, the focus is primarily concerned with households of relatively normal 
style, i.e. living area/window area-ratio is kept within reasonable levels and insulation is 
sufficient enough so that heat loss through surfaces other than windows is negligible. 

1.4 Method 

 
To examine the research question, a miniature of the system will be constructed to 
facilitate the testing of the prototype. The model used to describe the heat flow through 
the windows will be the heat transfer version of Newton’s law of cooling (formula 2), 
while the energy entering and leaving the room due to EM-radiation is presumed to 
follow a formula used by window manufacturers (formula 4).  When calculating internal 
energy changes in the system, the model for isobaric heating (formula 9) will be used in 
conjunction with the ideal gas law. The research question will then be answered by 
extrapolating the collected data and combining it with existing scientific models. 

The basis of the prototype will be an Arduino microcontroller. Temperature 
measurements will be conducted via waterproof temperature sensors and illuminance 
measurements by a lux meter capable of measuring different spans of wavelengths 
independently. A WiFi-module will be used for communicating with the user interface, 
which will be a dashboard accessible via the Internet. Finally, the actuator of the curtain 
will be a stepper motor.  
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2   THEORY 

 

2.1 Heat Transfer 

Most windows sold today are marked with some sort of energy efficiency rating, in 
order to be comparable to one another. One example is the NRFC label. It stands for 
National Fenestration Rating Council. The NRFC is a non-profit public/private 
collaboration that provides contractors and homeowners with standardized, unbiased 
methods of comparing various brands and types of windows  (U.S Department of Energy 
1997).  The rating contains among other things; U-factor and SHGC (equvivalent in 
function to G-factor, see section 2.2).  The U- factor is a measure of heat transmission 
due to a temperature difference on the opposite sides of the window. The smaller the U-
factor, the less heat is transmitted per unit of time (U.S Department of Energy 1997). 
Several similar ratings exist in Europe, for example “Energimärkt Fönster” in Sweden. 

 The single most important part of determining whether the curtain should be up or 
down, is determining the heat transfer through window, the pocket of air and the 
curtain. There are three fundamental ways heat is transferred, see figure 4. 

 

Figure 4: Displays the different ways heat is transferred through a window. 
(Wilson 2013) 
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 Conduction: This form of heat transfer occurs when molecules, atoms or 
electrons (within metals) have more kinetic energy on average than others next 
to them. When they collide with one another, kinetic energy is transferred. 
Consequently, energy redistribution (heat flow) from warmer to cooler materials 
will take place. (Young & Freedman 2014). For example, conduction occurs when 
cold air moves along the window glass, and the warm molecules in the window 
share energy with cold air molecules. 

 Convection: “Convection is the transfer of heat by mass motion of a fluid from one 
region of space to another” (Young & Freedman 2014, p. 634). For example, this 
occurs when warm air is moving through the small gaps in the window frame. 

 Thermal radiation: “Radiation is the transfer of heat by electromagnetic waves 
such as visible light, infrared, and ultraviolet radiation.” (Young & Freedman 2014, 
p. 634-635). Every physical body emits thermal radiation. A curtain would 
absorb some of it and reflect the rest back into the room. There is a formula for 
heat current in radiation. The relationship is called the Stefan-Boltzmann law. 
(Young & Freedman 2014), shown below: 
 
 
 

𝐻 = 𝐴 ∗ 𝑒 ∗ 𝑏 ∗ 𝑇4                (1) 

Where:  

H = heat current    [ 𝑊 ] 

A = Surface area    [ 𝑚2 ] 

e  = emissivity  

b = Stefan-boltzmann constant = 5.67(44) ∗  10−8   [ 𝑊 𝑚−2 𝐾−4 ] 

T = Temperature   [ 𝐾 ] 

Heat transfer is the transportation of heat through one material to another. The 
phenomena can be described with the formula below (Nationalencyklopedin 1996). This 
formula is also the same one that is used in the hot box test, described later in the text, 
and it’s a variant on Newton’s Law of Cooling. This formula takes into account all of the 
three ways of heat transfer: convection, conduction & radiation, assuming T isn’t varied 
over to large a span. 

 𝑃 = 𝑈 ∗ 𝐴 ∗ 𝛥𝑇                             (2) 

Where:  

𝑃 = Heat transfer rate [𝑊]  

𝑈 = Overall heat transfer coefficient, also called U-value   [ 𝑊 𝑚−2 𝐾−1 ] 

A = Surface area [𝑚2] 

ΔT = Temperature difference [𝐾] 
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One established way to determine the U-value for windows among manufacturers is by 
utilizing a so called Hot-Box test (figure 5). An insulated box is divided into two halves 
by the window to be tested. One side of the box is heated to 20 C, same temperature as 
the outside room (no resulting temperature gradient). The other side is cooled to 0C. 
During the experiment the heat flow through the window is measured . Formula 2 is 
then used to determine the U-value (SP Technical Research Institute of Sweden 2016).  

 

Figure 5: Schematic of hot box experiment setup. (SP Technical Research Institute of Sweden 2016) 

The “Smart Curtain” system requires input of, among other things, the total U-value of 
the window, curtain and the air trapped between them. Calculation of combined U-
values for multiple layers is done using the following formula below (Designing 
Buildings 2016): 

𝑈𝑡𝑜𝑡 =
1

(∑ 𝑅𝑘)𝑛
𝑘=1 +𝑅𝑖+𝑅𝑜

                  (3) 

Where: 

∑ 𝑅𝑘 =𝑛
𝑘=1  The sum of the thermal resistances of the layers 1, 2, … , 𝑛  [ 𝑚2 𝐾 𝑊−1 ] 

𝑅𝑖= Thermal resistance of the surface of the innermost layer  [ 𝑚2 𝐾 𝑊−1 ] 

𝑅𝑜 = Thermal resistance of the surface of the outermost layer  [ 𝑚2 𝐾 𝑊−1 ] 

𝑈𝑡𝑜𝑡 = Total heat transfer coefficient for combination of layers   [ 𝑊 𝑚−2 𝐾−1 ] 

If the layers are not too thick, the impact of 𝑅𝑖 and 𝑅𝑜 is often negligible. 

 

Thermal transmittance by hot box method

 

SP Technical Research Institute of Sweden 
Energy Technology 
Box 857, SE-501 15  BORÅS, SWEDEN 
Telephone: +46 10 516 50 00, Telefax: +46 33 13 55 02 
E-mail: info@sp.se, Internet: www.sp.se 
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 Determination of the thermal resistance of 
parts of buildings can be carried out in the 
laboratory by testing in accordance with 
EN ISO 12 567-1, EN ISO 12 567-2 or EN 
ISO 8990, for all of which SP is accredited.  
Doors, windows, wall elements and roof ele-
ments can all be tested in this way. 
 
The parts of the building to be tested are in-
stalled in a divider wall between the hot and  
cold sides of a test room. 
 
The hot box consists of a five-sided box, 
mounted in the warm side of the room, with 
the open side enclosing the test item.  The 
heat input to the box is controlled so that the 
temperature in the box is the same as in the 
surrounding warm room.  This means that all 
the input heat power will pass through the 
open side of the box, as there is no tempera-
ture gradient to drive heat through the hot box  

wall.  Correction can then be applied for heat 
loss through that part of the room divider wall 
(the thermal resistance of which is known) 
covered by the hot box and surrounding the 
item under test. 
 
Simultaneous measurement of the tempera-
ture difference across the item under test en-
ables the thermal resistance to be calculated 
from: 

 
( )

φ

φφ sesiA
R

φ
=  (m²K/W) 

where A = the area (m²) 

 φsi = the mean surface temperature on 
the warm side (°C) 

 φse = the mean surface temperature on 
the cold side (°C) 

 φ = the heat flow through the test item 
(W) 

 

Air temperature 
+20 °C 

Air temperature 
0 °C 

Thermal sensor 

Test item 

Baffle 

Fan 

Hot box 

Heater 

φφ = 0 K 
+20 °C 

Thermal sensor 
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2.2 Solar energy and illuminance 

The below formula is used for calculating how much power the sun radiates through the 
window. Basically, it describes how much effective energy from sun is coming in through 
window. The G-value is often used by manufacturers to express the rate of solar heat 
flow through the window (U.S Department of Energy 1997). 

 

𝑃 = 𝐺 ∗ 𝐴 ∗ 𝑃𝑠𝑢𝑛                        (4) 

Where: 

P = Effective power coming in through window [𝑊] 

G = G-Value (factor used on windows to describe maximum amount of solar energy 
passing through it. It is a value between 0 and 1). 

A = Surface area [𝑚2] 

𝑃𝑠𝑢𝑛 = Incoming power from the sun per surface area [ 𝑊 𝑚−2 ] 

The relationship between illuminance and power can be described as follows: 

 

𝑃 =
𝐸𝑣 ∗ 𝐴

𝜂
                       (5) 

Where: 

𝐸𝑣 = Illuminance  [ 𝑙𝑥 ] 

𝐴 = Surface area  [ 𝑚2 ] 

𝜂 = Luminous efficacy  [ 𝑙𝑚 𝑊−1 ] 

𝑃 = Power  [ 𝑊 ] 

Luminous efficacy for solar radiation is hard to precisely determine at any given time, 
since it is significantly affected by a myriad of factors, the most important of which are 
momentary solar altitude, light scattering by air molecules, aerosols, humidity and gas 
composition in the medium the light is travelling through. Generally, luminous efficacy is 
somewhere within the span of 80 to 130 𝑙𝑚 𝑊−1, increasing with solar altitude (figure 
6) and being significantly higher during overcast days and during the winter months 
(Kittler, Kocifaj, Darula, 2011). 
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Figure 6: Graph showing the correlation between luminous efficacy and solar altitude in July 1994 in 
Bratislava (Kittler, Kocifaj, Darula, 2011, p. 73) 

 

2.3 Heat capacity 

An object’s heat capacity is a measure of how much heat needs to be supplied to raise its 
temperature by an incremental amount. Hence, it can be described as follows (Blundell 
& Blundell 2014, p. 17): 

𝐶 =
𝑑𝑄

𝑑𝑇
                         (6) 

Where: 

𝑄 = Energy in the form of heat   [ 𝐽 ] 

𝑇 = Temperature   [ 𝐾 ] 

𝐶 = Heat capacity of object   [ 𝐽 𝐾−1 ] 

Heat capacity is sometimes expressed per unit mass, distinguished from the regular 
measurement of heat capacity by its name, specific heat capacity, and the use of a lower-
case 𝑐 in place of an upper-case one (Blundell & Blundell, 2014, p. 17): 

𝑐 =
𝐶

𝑚
                           (7) 
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Where: 

𝐶 = Heat capacity of object   [ 𝐽 𝐾−1 ] 

𝑚 = Mass of object  [ 𝑘𝑔 ] 

𝑐 = Specific heat capacity of object  [ 𝐽 𝐾−1 𝑘𝑔−1 ] 

Depending on the type of system being modeled, it might also be useful to express heat 
capacity on a per mole basis, particularly when dealing with gases. There are two 
fundamental ways to raise the temperature of gas: 

(1) Isochoric process, heating at constant volume. 

(2) Isobaric process, heating at constant pressure. 

The molar heat capacities corresponding to these two processes are denoted as follows 
(Blundell & Blundell, 2014, p. 17, p. 113): 

𝐶𝑉 = Molar heat capacity for the isochoric process  [ 𝐽 𝐾−1 𝑚𝑜𝑙−1 ] 

𝐶𝑝 = Molar heat capacity for the isobaric process  [ 𝐽 𝐾−1 𝑚𝑜𝑙−1 ] 

For an ideal monatomic gas, 𝐶𝑉 and 𝐶𝑝 are given by: 

𝐶𝑉 =
3

2
𝑅            (8) 

𝐶𝑝 =
5

2
𝑅            (9) 

 

Where: 

𝑅 = Gas constant (product of the Avogadro number and the Boltzmann constant) 
[ 𝐽 𝐾−1 𝑚𝑜𝑙−1 ] 

𝐶𝑉 = Molar heat capacity for the isochoric process  [ 𝐽 𝐾−1 𝑚𝑜𝑙−1 ] 

𝐶𝑝 = Molar heat capacity for the isobaric process  [ 𝐽 𝐾−1 𝑚𝑜𝑙−1 ] 
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3 DEMONSTRATOR 
 

3.1 Problem formulation 

The general principle the prototype is working on could be described as follows: 

Let 𝑈𝑤, 𝑈𝑐 and 𝑈𝑤𝑐 be the U-values of the window, curtain and window-curtain system, 
respectively. Furthermore, let 𝐺 be the G-value of said window. 

Then, in the presence of an outdoor temperature 𝑇𝑜, an indoor temperature 𝑇𝑖 and an 
incoming solar intensity 𝑃𝑠𝑢𝑛, the state equations for the two curtain states are as 
follows: 

𝑃𝑢𝑝 = (𝑃𝑠𝑢𝑛 ∗ 𝐺 − 𝑈𝑤 ∗ (𝑇𝑖 − 𝑇𝑜)) ∗ 𝐴 , for the curtain-up state 

𝑃𝑑𝑜𝑤𝑛 = −𝑈𝑤𝑐 ∗ (𝑇𝑖 − 𝑇𝑜) ∗ 𝐴 , for the curtain-down state 
 
From a strictly theoretical perspective, one could come very close to answering the 
research question simply using the foundation laid out under the theory section. 
Practically all modern window manufacturers provide data on the thermal and light 
transfer through their windows, the curtain can be made from a material with known 
parameters, and how temperature and light levels vary can be easily collected from 
various databases. The power saved at any given moment would then be equal to the 
difference between always having the curtain in the optimal state versus constantly 
leaving it in a singular state (presumably the up-state), i.e.: 

𝑃𝑠𝑎𝑣𝑒𝑑 = max(𝑃𝑢𝑝 , 𝑃𝑑𝑜𝑤𝑛) − 𝑃𝑢𝑝 

However, there are some problems with this approach, seeing as how there are some 
factors at play that fall outside the scope of the aforementioned models. 
Firstly, even if the U-value for both the window and the curtain are known, there is no 
easy way to exactly determine the U-value of the system they form when the curtain is in 
its down state in the presence of errors such as convection loses around the sides of the 
curtain and the presence of the insulating air layer between window and curtain. 
Secondly, not all of the solar energy entering the room through the window stays in 
there. Some of it inevitably reflects of surfaces inside the room and leaves the room the 
same way it came. The influx of energy hitting them also causes an increase in the 
thermal radiation being emitted from said surfaces, which may or may not prove be 
significant in the long run. 

Thus, aside from serving as a proof of concept, the demonstrator part of this thesis also 
seeks to answer the following questions, firstly introduced under the purpose section: 

 How does the curtain state alter the U-value of the system in practice? 
 How much energy leaves the room due to thermal radiation and reflection of 

surfaces? 
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3.2 Software 

The software algorithm is implemented using the Arduino programming language. 
There are two main programs running in the system, one on the Arduino (called 
Arduino_Smartcurtain), and one on the WiFi-module (called WiFi_Smartcurtain). The 
WiFi-module is connected to the Internet, and by extension an Adafruit dashboard for 
user monitoring and control (figure 8). 
 
Main program, Arduino:  

The Arduino_Smartcurtain sketch continuously collects temperature- and lux data from 
the connected sensors. It then sends that information to the external evaluation system, 
included as a library called Smartgardin. This library evaluates incoming sensor data 
and returns variables determining whether curtain ought to be up or down, as well as 
potential energy savings. The basic idea behind this can be seen in the figure 7 below: 

 
Figure 7: Flowchart detailing calculation function functionality. It is part of Smartcurtain library. 

 
 
Additionally, several external libraries are used. The OneWire library reduces digital 
pins needed for temperature sensors. DallasTemperature library handles and calculates 
correct temperature from sensor data sent by temperature sensors. Adafruit_TSL2591-, 
Adafruit_Sensor-, Tsl2591 libraries handle and calculate data from the light sensor. The 
Tsl2591 library is simply a couple of functions extracted from Adafruit_TSL2591 library 
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and put into separate library, due to minor changes in code and ease of access. Stepper 
library is used to control the stepper motor. Testpro library is an internal library that is 
used to handle serial communication between the Arduino board and WiFi module. For 
an overview of these libraries and corresponding references, see Table 1 at the end of 
this section. 
 
Basic pseudo code for the Arduino main function:  
 
First, create instances of every actuator and sensor.  
 
-Setup part; Activate and setup sensors and actuators. Synchronize Arduino and WiFi 
module. Curtain position calibration; Check for flags sent from module via serial port, 
where to move curtain. Move it and keep counting the number of revolutions. Set down- 
position of curtain to number of revolutions. Wait until stop-flag is sent.  
 
-Loop part: Evaluate user request; Check for flags sent from module via serial port. If 
‘A’, do automation() function (uses several libraries to fetch data from the sensors, 
calculates optimal position of curtain depending on said data, then sends them over to 
the module via serial. Finally, it runs the stepper to optimal (up or down) position, and 
keeps track of the number of revolutions). 

Else if  ‘S’, the system does nothing (stops and keeps looking for incoming flags). 

Else if  ‘M’ the system is now in manual mode and allows Up or Down movement if those 
flags are incoming. If those flags are incoming the motor runs as long as these flags are 
incoming. 

End of pseudocode. 

Inside the automation() function there is a subprogram that is part of the “Smartgardin” 
library used to calculate energy savings achieved through changing the curtain state. 
The program is based on the heat equations introduced in the theory part. It calculates 
lost power through the window with and without curtain as well as incoming sunlight. 
By doing so and comparing the energy flows of the two states, it is able to output 
whether the curtain ought to be up or down. Additionally the saved energy is sent to the 
dashboard via the WiFi module for display. 
 
 
 
 
Main program, WiFi module: 

The WiFi_Smartcurtain sketch is tasked with establishing and maintaining the 
connection of the WiFi module to the WiFi as well as the connection to the dashboard. 
Several libraries are used. ESP8266WiFi lib is used to provide the WiFi- module board 
support for Arduino. Adafruit_MQTT_Library is used to handle communication between 
the Adafruit dashboard located on Adafruit IO servers and the WiFi-module. For an 
overview of these libraries and corresponding references, see Table 2 at the end of this 
section. 
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Basic pseudo code for WiFi module main function: 
 
First, create an ESP8266 WiFiClient class to connect to the MQTT_server. Create 
publication constants and subscription constants.  
 
Setup part; Connect to WiFi. Subscribe to subs. Synchronize serial with Arduino. 
Calibration() function runs until Stop button is pushed on dashboard. If Up button is 
pushed send ‘U’ via serial, else if Down is pushed, send ‘D’ via serial.   
 
Loop part; Control_state() function run for 1 min. It reads if there is incoming 
subscriptions from the dashboard (i.e. something is sent). If stop, send ‘S’. Else if move, 
check if up or down, send that value via serial. If automation, check if on (if on send ‘A’ or 
if off send ‘M’. 
If ‘A’, synchronize with Arduino. Variable_get(), publish those variables. Then run 
control_state() again. 

End of pseudo code. 
 

Table 1: Libraries included in Arduino UNO main sketch called Arduino_Smartcurtain. 

Library Function Input Output Reference 
Smartcurtain Evaluate 

incoming 

sensordata 

Sensordata Most energy 

efficient  

curtain state 

See pseudo code 

OneWire Reduces 

needed digital 

pins for 

temperature 

sensors, to 1. 

Digital pin 

used 
OneWire 

reference  
https://github.com/Pau

lStoffregen/OneWire.g

it 

DallasTemperature Handle 

temperature 

sensors 

OneWire 

reference 
Temperature 

in Celsius. 
https://github.com/mil

esburton/Arduino-

Temperature-Control-

Library.git 
Adafruit TSL2591 Light sensor 

handling 
-- Providing 

base for 

Tsl2591 

library 

https://github.com/ada

fruit/Adafruit_TSL259

1_Library.git 

Adafruit sensor Provides 

constants 
-- Providing 

contants for 

TSL2591 

https://github.com/ada

fruit/Adafruit_Sensor.

git 
Tsl2591 Displays 

lightintensity 

in lux 

-- Lightintensiit

y in lux 
See Adafruit 

TSL29591 

Testpro Syncing 

arduino and 

wifi | sending 

and receiving 

data 

Sync-flag | 

variables 
Sync-flag | 

data 

variables. 

See pseudo code 

Stepper Control stepper Steps per 

revolution, 

digital pins 

Signal to 

motor for 

rotation 

https://github.com/ard

uino/Arduino/tree/mas

ter/libraries/Stepper 
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Table 2: Libraries included in Adafruit Huzzah breakout module in Wifi_smartcurtain sketch 

Library Function Input Output Reference 
ESP8266WiFi Provides core 

to work in 

arduino 

environment 

for ESP8266 

chip. Supports 

communicatio

n over WiFi. 

-- -- https://github.com/esp8266/

Arduino.git 

Adafruit_MQTT Arduino 

library for 

access to 

MQTT and 

adafriuit IO. 

-- -- https://github.com/adafruit/

Adafruit_MQTT_Library.g

it 

Testpro Sync WiFi 

module | 

receive data 

Sync- flag, 

|variables 
Sync-flag | 

variables 
See pseudo code 

 

 
Figure 8: Picture of Adafruit IO dashboard, configured for project Smartcurtain. 

 

3.3 Electronics 

The prototype consists of a series of components connected to an Arduino 
microcontroller. These components consist of, firstly, two temperature sensors, one 
inside and one outside, to allow the Arduino to measure the difference between the 
inside and outside temperature. Secondly, there is a lux sensor, tasked with tracking 
solar radiation and reporting it to the Arduino. Thirdly, there is a WiFi-module, 
performing two-way communication with both the microcontroller and the dashboard, 
to allow the external system to run data analysis on data sent from the Arduino and to 
override its suggestions, should the user desire. Finally, the Arduino also controls the 
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systems actuator, the stepper motor controlling the curtain state. The basic placement 
and communication of these modules can be seen in figure 9. 

 
Figure 9: Block Diagram on the basic outline of the electrical components. Single arrow implies one-way 

communication, double arrow implies two-way communication. 
 

How the components of the prototype are connected on a breadboard and an electronic 
schematic can be seen in figure 10 and 11, respectively. 
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Figure 10: How the components are connected on a breadboard. 

 
 

 
 

Figure 11: Electronic schematic for the prototype 
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3.4 Hardware Components 

Microcontroller board 
 

 
Figure 12: Arduino UNO board (Arduino store n.d.) 

 

The core of the project is the Arduino UNO microcontroller board (figure 12) that has a 
built in ATmega328P microcontroller. Basically a microcontroller is a computer placed 
in a small chip. It differs from ordinary computers due to its more limited capabilities. 
For example, it is often only capable of running one program at a time, with limited 
performance (AVR-Tutorials). The Arduino UNO is providing support for the 
microcontroller with 14 easy accessible digital input/output pins, 6 analog pins, reset 
button, power jack and USB port among other things (Arduino n.d.). 
 
WiFi board 
 

 
Figure 13: Adafruit HUZZAH ESP8266 breakout (Adafruit Industries n.d.) 

Communication between the curtain system and the user is enabled through a WiFi 
board (figure 13). It is called Huzzah ESP8266 breakout and is a board based on the 
ESP8266 microcontroller. It can communicate wireless with Internet, sending at 80MHz 
via built in antenna. The board provides support in form of digital input/output pins, 
reset button, blinking led, and a 500mA regulator, among other things (Adafruit 
Industries n.d.). 
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Lightsensor 
 

 
Figure 14: Adafruit TSL2591 digital lightsensor breakout (Adafruit Industries n.d.)  

In order to detect and determine magnitude of incoming light, a TSL2591 light sensor 
was used (figure 14). It has a built in ADC, low current draw and infrared and full 
spectrum diodes. It has a 0.000118 - 88000 Lux detection range (Adafruit Industries 
2014). 

Temperature sensors 
 

 
Figure 15: DS18B20 Waterproof Digital Temperature Sensor (Maxim Integrated 2016) 

The project uses two DS18B20 digital thermometers (figure 15). They are so called 1-
Wire capable, thus requiring one pin only apart from ground to function. In parasitic 
mode, power can be drawn directly from the digital input line. The thermometers have a 
64-bit serial code that enables multiple sensors to be controlled by one microprocessor, 
using only 1 digital pin altogether (Maxim Integrated 2016). 
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H-bridge 
 

 
Figure 16: L293D Dual H-Bridge (Adafruit Industries n.d.) 

In order to control the stepper motor, an H-bridge was used (figure 16). It’s working as a 
motor driver. An H-bridge allows to apply voltage to a load in separate directions. This 
way a motor can be driven in both ways. This project uses the L239D from Adafruit. It 
handles up to 600 mA and between 4.5 to 36 V (Adafruit Industries n.d.). 

Stepper motor 
 

 
Figure 17: NEMA 17 bipolar 12 V stepper motor (Adafruit Industries n.d.) 

Using a stepper motor allows for rolling the curtain up or down, remembering exact 
positions and holding that position firmly. A bipolar NEMA 17 12V stepper motor from 
Adafruit was used (figure 17). It has 200 steps/revolution (Adafruit Industries n.d.). A 
bipolar stepper motor requires that current through it be reversed in order to rotate its 
shaft the other way (Northwestern University 2006). By providing energy to separate 
coils at different intervals, the motor makes “steps” forward (Adafruit Industries n.d.). 
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3.5 Experiment outline 

To successfully calibrate the variables responsible for controlling the prototype and to 
answer the questions laid out in the problem formulation, certain tests must be 
performed. This is done in three separate steps: 

Step 1: The prototype is installed into a Styrofoam box that is used to simulate a room. 
For this first step, the box is kept intact (no windows) to determine how much energy 
escapes through its walls (figure 18). That is to say, the motor is not installed and only 
the temperature sensors actually provide information of value at this stage. The 
temperature inside the box is changed so it’s different to the outside and the subsequent 
change in temperature is monitored for an amount of time. From this cooling process 
the U-value of the box without the window can be determined, which will be needed in 
the later steps. The energy flow dependent on this variable will henceforth be denoted 
as 𝑃0.  

 
Figure 18: Energy flow for Styrofoam box without windows installed, represented in cross section. 

 

Step 2: This step is essentially a repetition of step 1, but with the window installed 
(figure 19). It’s important that this step is performed in a place where solar radiation 
won’t be a relevant factor. The previous step allows isolation of the energy flows 𝑃0 and 
𝑃ℎ , where 𝑃ℎ is the heat transfer through the window as a result of temperature 
difference. 

Because the area where the window will be installed is almost 
1

6
 of the surface area of 

the box, the full value of 𝑃0 can’t be used. Furthermore, since the side walls are almost 
half as thick as those of the bottom and the lid, and thermal resistance is proportional to 

this thickness, more than  
1

6
 needs to be subtracted. A rough approximation is made and  

𝑃0 is estimated to be reduced by 
1

5
 after the installation of the window. 
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Figure 19: Energy flow for Styrofoam box with windows installed, represented in cross section. 

 

Step 3: The curtain is then put in place and lowered, and the effect on 𝑃ℎ is measured 
the same way. 

Step 4: Finally, the influence of solar radiation is accounted for. Essentially, the second 
step is repeated, only this time under influence of direct sunlight (figure 20). Just like in 
the second step, the effects of the new influence as a result of solar radiation, 𝑃𝑟 , can be 
isolated. 

 
Figure 20: Energy flow for Styrofoam box with windows installed under influence of solar radiation, 

represented in cross section. 
 

Like was mentioned under problem formulation, some of the incoming solar radiation 
leaves the room due to reflecting of surfaces and causing an increase of thermal 
radiation emittance from furniture etc. If this effect is significant, then it is expected that 
the calculated G-value for the window will be lower than what the manufacturer of the 
glass pane specified. 

For data on the dimensions and characteristics of the window and Styrofoam box, see 
appendix 1.  
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3.6 Results 

Step 1: For the first step, after cooling the inside of the box to 11º C and placing it in an 

environment of 22º C, the temperature readings on both sensors were recorded in 15 second 

intervals over a period of 1515 seconds. The findings are presented in figure 21 below: 

 
Figure 21: Temperature readings for step 1 

Using formulas 6 and 9 to determine the change in internal energy between each data point 

the value of 𝑈 ∗ 𝐴 from formula 2 for this system is determined to be 1.25 𝑊𝐾−1𝑚2  using 

linear regression. 
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Step 1: Plain styrofoam box 

Only box
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Step 2: Similarly to step 1, the inside of the box is cooled to 13º C and placed in an 

environment of 23º C and temperatures are collected in 15 second intervals over 915 seconds. 

Once again, the findings are presented in figure 22 below: 

 
Figure 22: Temperature readings for step 2. 

Formulas 6 and 9 are used to calculate the change in internal energy, and the flow of energy 

leaving the box through the walls is subtracted (𝑃0 =
4

5
(𝑈 ∗ 𝐴)𝑏𝑜𝑥 ∗ 𝛥𝑇) to isolate the energy 

flow through the window. The value of 𝑈 ∗ 𝐴 from formula 2 for the window is determined to 

be 0.38 𝑊𝐾−1𝑚2  using linear regression. 
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Step 2: Window installed 

Box + window
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Step 3: At the start of step 3 the inside of the box has temperature of 32º C and is placed in an 

environment of 18º C. Temperatures are collected every 15 seconds over the duration of 945 

seconds. Findings in figure 23 below: 

 
Figure 23: Temperature readings for step 3 

The energy flow through the window and curtain is isolated using the same method as in step 

2. The value of 𝑈 ∗ 𝐴 from formula 2 for the window-curtain system is determined to be 0.34 

𝑊𝐾−1𝑚2 using linear regression. 

Step 4: For the fourth and final step the prototype is exposed to direct sunlight. At the start 

the experiment the inside of the box has a temperature of 21º C and the environment a 

temperature of 19º C. The reading of the temperatures and the incoming illuminance is 

collected in 15 second intervals over the duration of 1050 seconds. During this time the 

prototype is exposed to an illuminance of, on average, 53 kilolux (See appendix 2 for detailed 

data). Findings can be seen in figure 24. 
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Step 3: Window and curtain installed 

Box + window + curtain
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Figure 24: Temperature readings for step 4. For full data see appendix 2. 

Since the values of (𝑈 ∗ 𝐴)𝑏𝑜𝑥 and (𝑈 ∗ 𝐴)𝑤𝑖𝑛𝑑𝑜𝑤 are known from step 1 and 2, the energy 

stemming from illuminance can be isolated. Since it was a bright and clear day in early 

spring, a relatively low value of 95 𝑙𝑚 𝑊−1 is used as luminous efficacy. Using formulas 4, 5 

and the ideal gas law, an approximate G-value can be calculated for each data point and 

averaged to determine the windows G-value. It was determined that this value was 0.82. 
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Step 4: Window influenced by sun 

Box+Window+Sun
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4 DISCUSSION AND CONCLUSIONS 

4.1 Result analysis 

Looking at the results of step 2-4 of the demonstrator, it’s useful to compare these 
experimentally procured values to the theoretical ones, both to better understand how 
variables falling outside the scope of these models affect the system, but also to help 
spot flaws in the general methodology of the thesis. 

Starting with step 2, the measured value of 𝑈 ∗ 𝐴 amounted to 0.38 𝑊𝐾−1, which 
corresponds to a U-value of just below 6 𝑊𝑚−2𝐾−1. This value is actually surprisingly 
close to the value supplied by the manufacturer, 5.8 𝑊𝑚−2𝐾−1. This close proximity is 
likely more coincidental than anything else, seeing as there is quite a large spread in the 
collected data (mostly due to it being affected by 𝑃0, which itself is experimentally 
determined, leaving a lot of room for random error). However, the fact that it is even on 
the same magnitude despite the low-budget, relatively haphazard setup does lend some 
credence to the used methodology. 

For step 3, the value arrived at for 𝑈 ∗ 𝐴 was 0.34 𝑊𝐾−1, which corresponds to a U-
value of slightly above 5 𝑊𝑚−2𝐾−1. As can be inferred from the small difference 
between these two values for U, the curtain has not had a very large effect on the heat 
transfer rate. This is most likely due to the issue of convection losses around the curtain 
first raised under the problem formulation section. It’s certainly also possible that the U-
value is bigger in reality, but is hidden behind the multiplicative errors of step 1 and 2. 

Finally, for step 4, it was estimated that the G-value of the window was 0.82, which quite 
close but slightly lower than the value supplied by the manufacturer, 0.89. The 
difference is likely attributable to the reflection and thermal radiation inside the box.  

4.2 Discussion 

4.2.1 Performance 

With the above findings in mind, one is better equipped to more accurately answer the 
research question: “What magnitude of energy can be conserved using the Smart Curtain 
system?” 

As a reminder, energy savings were defined as: 𝑃𝑠𝑎𝑣𝑒𝑑 = max(𝑃𝑢𝑝 , 𝑃𝑑𝑜𝑤𝑛) − 𝑃𝑢𝑝 under 

the problem formulation section. Because the default state, 𝑃𝑢𝑝, is always subtracted, it’s 

apparent that the energy saved for a given period of time is at least partly inversely 
proportional to the time spent in the up state. This implies that the system is more 
effective during the winter months when effective solar intensities are lower and the 
days are shorter. Furthermore, in the down state, energy conserved compared to the up 
state (as a result of a better U-value) is proportional to the temperature difference 
between the inside and outside air. This further implies that the systems effectiveness is 
at its highest during the winter months. To determine the actual magnitude of energy 
conservation, further assumptions must be made.  
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First, assume a large scale window-curtain system with a window surface area of 1 𝑚2, 
regulated using the prototype, where the window is of the model Kömmerling Select, a 
double glass window with a U-value of 1.1  𝑊 𝑚−2 𝐾−1 (Kömmerling 2016). Let the 
curtain be a Black Silver Screen energy curtain from North Solar Screen with a U-value 
of 1.5 𝑊 𝑚−2 𝐾−1(North Solar Screen 2016). From the results of step 3 of the 
experiment, it is implied that the combined U-value of these layers is likely to be 
significantly worse than what formula 3 suggests. There is not enough data to determine 
the exact value, but a 50% efficacy loss would probably be a rather conservative 
estimate, i.e. the U-value of the curtain in practice is 3 𝑊 𝑚−2 𝐾−1. Using formula 3, this 
gives the window-curtain system a combined U-value of 0.80 𝑊 𝑚−2 𝐾−1 in the down 
state. For simplicity’s sake, also assume that the glass used is untreated for radiation, 
and thus similar to the glass used in the experiment in G-value. Considering the effects of 
reflection and thermal radiation discussed in step 4 caused a drop in G-value of about 
8%, The G-value for the window would then amount to about 0.89 ∗ 0.89 ∗ 0.92 = 0.73. 

Using data collected from weather stations Tullinge A and Stockholm Sol of SMHI 
(Swedish Meteorological and Hydrological Institute 2013), and assuming a constant 
indoor temperature of 20ºC, the power the system would have been able to conserve for 
any given day can be calculated. A few of these are represented below in table 3 (See 
appendix 3 for raw SMHI data): 

Table 3: Approximation of energy savings for prototype on a large scale system 

Date Energy Conserved [Wh] 

2013-01-01 89 

2013-12-29 79 

2013-01-25 197 

2013-03-30 74 

2013-11-30 125 

Average: 112.8 

It’s worth noting that the performance of the system can be significantly increased if one 
could find a way to reduce the aforementioned convection losses around the curtain 
body. This could be done by, for example, mounting small rails on the walls surrounding 
the window to keep the curtain in contact with the wall in its down state. Furthermore, 
the scope of the experiments doesn’t take into account the placement of radiators in the 
room. If radiators are located below the windows, then the presence of a curtain 
significantly decreases the temperature of the air closest to the window surface, since 
the current of warm air flowing up towards the roof will be blocked. If the convection 
losses around the curtain can be reduced to such a level that they are of equal size to this 
effect combined with the natural insulation provided by the air layer between window 
and curtain, which shouldn’t be too unfeasible, the energy conserved by the system 
changes to the values found in table 4. 
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Table 4: Approximation of energy savings for prototype on a large scale system with reduced convection 
losses 

Date Energy Conserved [Wh] 

2013-01-01 156 

2013-12-29 140 

2013-01-25 341 

2013-03-30 129 

2013-11-30 220 

Average: 197.2 

Regarding the energy expenditure of running the prototype; since the goal of the system 
is to preserve heat, it’s really only the mechanical energy needed to alter the curtain 
state that can be considered an energy loss, since the heat being emitted from the 
electronics will contribute to heating the room. Thus, this source of energy loss is 
considered negligible. 

4.2.2 Industrial Applicability 

To assess the potential applicability of the system in a market and industrial context, 
one needs to determine whether it’s economically, ecologically and socially sustainable 
to manufacture on a larger scale. Using the energy savings presented in table 4 in the 
previous section and applying it to a window-curtain system with an area of 1.5𝑚2, one 
could expect to conserve about 45 𝑘𝑊ℎ during the period of November-March in central 
Sweden. Assuming an energy price of 1.5𝑆𝐸𝐾/𝑘𝑊ℎ, this would amount to saving around 
70 𝑆𝐸𝐾 per year. The sum of costs for the components necessary for the prototype are 
slightly above 400 𝑆𝐸𝐾, giving the product a pay-back time of about 6 years. This is 
without accounting for the effect of cost reductions due to scale and usage of more 
purpose-specific components, so the cost of the final product would likely be 
significantly lower in practice. This implies that the product is both economically and 
ecologically sustainable. From a social sustainability perspective, the product does not 
have any immediate favorable or detrimental effects.  

4.3 Conclusions 

It’s theoretically possible to conserve energy using a control system to regulate the state 
of a roller curtain based on feedback from temperature- and lux sensors. This has also 
been shown to be practically realizable in the form of a small scale prototype. 

During the course of the experiments, it has been found that convection around the body 
of a curtain is a potentially large source of energy loss for a window-curtain system. It 
has also been shown that reflection and thermal radiation plays a significant role when 
calculating the net energy entering a room due to solar radiation. 

These findings, in combination with existing scientific theories and industrial models, 
has allowed for a conservative approximation of the magnitude of energy that can be 
conserved using this type of system. This magnitude is on the order of 0.1 kWh per 
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square meter of window during a winter day (November-March), and decreases to 
nothing as the outdoor temperature increases. It was also concluded that with some 
changes to the system to reduce convection losses, the effectiveness could be 
significantly increased. 
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5 RECOMMENDATIONS AND FUTURE WORK 
 
There is a lot of potential research that is in line with the spirit behind this thesis but 
falls outside of its scope. These projects mostly fall into three different categories:  

Projects that deepen the technical scope 
Projects that focus on more accurately describing the dynamics of the system. An 
example would be studying convection effects in detail in the presence of radiators and 
other heat sources in the room. These types of projects would help determine the 
parameters responsible for controlling the prototype with greater accuracy, which 
would increase the performance. 

Projects that widen the technical scope 
Projects that seek to expand the possible usage of the prototype. Examples include 
implementing the control system on several windows in the same building, reaping 
possible synergistic effects due to lower impact of the reflection effect investigated 
under step 4 of the demonstrator. It’s also possible to adapt the system for use during 
the summer months, with the purpose of conserving energy expended through air 
conditioning. 

Commercialization and market analysis 
Projects that investigate the feasibility of a commercialization of the prototype. An 
example could be identifying market niches where its performance might be extra 
noteworthy.  
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APPENDIX: ADDITIONAL INFORMATION 
 

Appendix 1: Non electrical component data 
 
Specifications of window used in prototype: 

 
Dimensions of Styrofoam box used in prototype: 
Height 290 mm 

Width 535 mm 

Depth 345 mm 
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Appendix 2: Demonstrator step 4 complete data 
BOX + FÖNSTER TEST + Sol   

Rumstemp. Boxtemp. 
Delta 
temp. Lux 

19,12 20,69 1,57 54892 

19,12 21 1,88 55278 

19,06 21,37 2,31 55336 

19,06 21,75 2,69 55516 

19,12 22,12 3 55544 

19,19 22,56 3,37 55392 

19,25 22,94 3,69 55520 

19,25 23,37 4,12 55442 

19,31 23,81 4,5 55438 

19,31 24,19 4,88 55518 

19,31 24,62 5,31 55614 

19,31 25 5,69 55678 

19,31 25,44 6,13 55938 

19,31 25,81 6,5 56124 

19,31 26,19 6,88 56253 

19,31 26,56 7,25 56157 

19,31 26,94 7,63 56232 

19,31 27,37 8,06 56089 

19,37 27,75 8,38 56069 

19,37 28,06 8,69 56021 

19,31 28,44 9,13 55978 

19,25 28,75 9,5 55901 

19,25 29,12 9,87 55635 

19,25 29,44 10,19 55566 

19,31 29,75 10,44 55321 

19,31 30,12 10,81 54916 

19,37 30,37 11 54822 

19,44 30,69 11,25 54572 

19,37 31 11,63 54177 

19,37 31,25 11,88 53864 

19,31 31,56 12,25 53538 

19,31 31,81 12,5 53140 

19,25 32,06 12,81 52972 

19,25 32,31 13,06 52730 

19,25 32,56 13,31 52573 

19,25 32,81 13,56 52619 

19,25 33 13,75 52601 

19,25 33,25 14 52430 

19,25 33,44 14,19 52083 

19,25 33,63 14,38 51830 

19,31 33,81 14,5 51476 

19,37 34 14,63 51500 
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19,37 34,19 14,82 51506 

19,37 34,38 15,01 51207 

19,44 34,56 15,12 51032 

19,44 34,69 15,25 51065 

19,37 34,81 15,44 51160 

19,31 35 15,69 51348 

19,25 35,13 15,88 51633 

19,37 35,25 15,88 51938 

19,5 35,38 15,88 52235 

19,56 35,56 16 52437 

19,56 35,69 16,13 52938 

19,56 35,81 16,25 53217 

19,56 35,94 16,38 53089 

19,56 36,06 16,5 53350 

19,5 36,19 16,69 52546 

19,5 36,31 16,81 53059 

19,5 36,44 16,94 53257 

19,37 36,56 17,19 53281 

19,31 36,63 17,32 52568 

19,19 36,75 17,56 52040 

19,06 36,88 17,82 51451 

19 36,94 17,94 50607 

18,87 37 18,13 50599 

18,87 37,13 18,26 50386 

18,81 37,19 18,38 50847 

18,69 37,31 18,62 50956 

18,69 37,38 18,69 51052 

18,69 37,44 18,75 51041 

 
  



 50 

Appendix 3: Data from SMHI 
 
 

  
2013-01-

01   
2013-12-

29   
2013-01-

25   

  Temp Psun Temp Psun Temp Psun 

00:00 4.3 0.37 4.0 0.12 -25.1 0.46 

01:00 4.5 0.12 4.0 0.23 -25.6 0.54 

02:00 4.7 -0.02 3.9 -0.22 -25.1 0.41 

03:00 4.6 -0.07 3.6 0.35 -25.5 0.22 

04:00 4.6 0.94 3.3 0.50 -25.2 0.13 

05:00 4.8 1.29 3.1 -0.20 -25.0 0.27 

06:00 4.8 1.27 3.4 0.34 -25.5 0.46 

07:00 4.5 0.46 3.5 0.67 -24.4 1.09 

08:00 4.2 1.16 2.9 2.39 -24.0 16.99 

09:00 4.4 8.71 2.8 20.44 -21.2 84.18 

10:00 4.1 18.76 3.2 62.65 -13.3 128.95 

11:00 3.9 21.00 3.9 96.42 -12.5 145.16 

12:00 3.7 48.62 4.0 94.42 -11.0 145.65 

13:00 4.1 49.85 3.7 58.87 -10.2 93.49 

14:00 3.3 14.88 3.0 11.79 -12.4 41.71 

15:00 3.1 0.67 3.6 1.48 -14.5 12.48 

16:00 2.7 -0.12 4.1 0.85 -16.7 0.68 

17:00 2.4 0.28 4.0 0.87 -18.1 -0.02 

18:00 1.7 0.32 4.2 1.20 -14.0 0.17 

19:00 0.4 0.83 4.5 1.45 -12.5 -0.11 

20:00 -0.3 0.61 4.6 1.38 -14.6 0.25 

21:00 -2.1 1.26 4.6 1.20 -12.4 -0.07 

22:00 -3.1 1.02 4.6 1.35 -12.7 0.36 

23:00 -0.5 1.18 4.6 1.41 -16.1 0.24 
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2013-03-
30   

2013-11-
30   

 
Temp Psun Temp Psun 

00:00 -2.8 0.46 -6.4 0.37 

01:00 -2.8 0.65 -6.6 0.81 

02:00 -2.8 0.77 -7.6 0.74 

03:00 -2.5 0.16 -7.8 0.73 

04:00 -2.8 0.11 -7.1 0.58 

05:00 -2.9 15.71 -7.7 0.71 

06:00 -2.7 62.81 -7.7 0.84 

07:00 -2.0 243.75 -7.7 0.76 

08:00 -0.5 389.18 -7.8 11.74 

09:00 0.5 465.22 -2.3 78.27 

10:00 1.3 575.74 -0.8 116.87 

11:00 1.4 604.05 0.0 74.61 

12:00 1.7 594.84 -0.1 35.53 

13:00 1.8 553.92 -0.3 46.54 

14:00 1.9 470.64 -0.9 14.55 

15:00 1.6 356.34 -1.5 0.79 

16:00 1.1 208.30 -2.3 -0.04 

17:00 0.3 76.68 -3.9 0.05 

18:00 -0.8 5.51 -5.2 0.60 

19:00 -2.2 -0.19 -6.2 0.67 

20:00 -3.1 -0.33 -3.8 0.61 

21:00 -4.2 -0.31 -2.5 1.08 

22:00 -5.6 -0.40 -2.3 0.29 

23:00 -8.4 -0.15 -1.9 0.91 
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