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Abstract
Solar energy constitutes one of the main alternatives for facing the energy
problems of the future, taking into account the foreseeable depletion of the fossil fuels.
Transpired solar air collectors are relatively simple alternatives, which do not need a
continuous supervision and are mostly maintenance free. Their life cycle is relatively
high, around 25 years, and the total investment can be fully recovered in the short-term.
The aim of this master’s thesis is to analyze the feasibility of installing
transpired solar air collectors as secondary systems in big industrial buildings, for
heating purposes. The collectors would be designed for compensating the heat losses of
a building which is mainly heated up by a heat pump system. Precisely, this work tries
to evaluate the profitability of installing these collectors in Gävle, taking into account
the particularities of this location in the considered study.

This project work is focused on testing if these systems can provide enough
thermal energy for heating up big-sized industrial buildings. For this purpose, firstly, the
heat demand of the building for each month was calculated; secondly, the maximum
output from the collector was estimated, using WINSUN simulator; and, finally, the
energy difference that had to be covered by the main system was calculated. Once this
was done, the yearly running cost for the main system and the total investment for the
transpired air solar collector were estimated.

Due to the lack of experimental data, the obtained results can only be taken as
approximations. All the calculations and estimations have been made using WINSUN, a
simulator that has been configured according to the particularities of the project. The
results show that the solar collector provides a total thermal output of 29.700 kWh/year
(system which has a total investment of 77.000 SEK). The total heat demand of the
building is estimated to be of 87.100 kWh/year, being 51.800 kWh/year fulfilled by the
heat pump system (which has a yearly running cost of 24.000 SEK/year). The collector
has an average efficiency of 51,04%.
Keywords: transpired solar collector, heat pump system, heat demand, thermal output, solar energy,
fossil fuels, investment, running cost.
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1. Introduction
1.1. Solar thermal energy in Sweden
It is common knowledge that solar radiation is unevenly distributed, and that it
varies in intensity from one geographic location to another depending upon the latitude,
season, and time of day[1]. This unequal solar radiation distribution along the year
constitutes the biggest problem when it comes to design a solar collector system in a
specific location.

Sweden constitutes one of the five Nordic Countries (together with Denmark,
Finland, Iceland and Norway), which basically means that has high latitude. This also
means that the country has very long hours of daylight in summer and very long nights
in winter[2]. The following figure (see Figure 1) shows annual global irradiation in the
different countries of Europe.

Figure 1. Annual amount of solar energy within Europe

The use of solar thermal collectors is an environmentally friendly way of
producing energy for space heating and/or domestic hot water, since it causes no carbon
dioxide emissions[3]. The energy source is practically inexhaustible, but the Swedish
climate limits the use of solar collectors to late spring, summer and early fall[2]. The
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solar thermal systems are normally designed to barely cover the summer load in order
not to over-size the system and, thus, make it as cost effective as possible.

However, since the energy requirements for winter periods cannot be totally
fulfilled by these systems, the main heating system must cover such energy demand all
year round[2]. There is also the option to consider seasonal storage possibilities,
although the storage spaces need to be considerable to reduce heat losses.

Taking into account all what it has been stated up to now, the installation of
these systems in Sweden could be regarded as useless. However, it must be stated that
this country has made a big effort in this field; the amount of solar systems installed in
Sweden until 2012 was of about 15.000, being installed more than 2.000 per year[4].
These systems are mainly constructed in dwellings, although there also popular in
apartment buildings, in small district heating systems or in sport buildings (swimming
pools, football fields, etc.).

Sweden is characterized for being a large country with a low population density;
actually, the country has a total area of 450.295 km2, with a total population of 9,6
millions. The same occurs when it comes to the solar collector area per capita; Sweden
counts with 250.000 m2 of solar collectors (25 m2 per 1000 capita)[5].

Concerning the energy situation of this country in the recent years, it must be
pointed out that Sweden has adopted a really positive attitude.

Today, the heating sector in Sweden, to a large extent district heating, is
practically fossil fuel free; as a result of the increased use of biomass and heat
pumps[6][7].

The same is true for the electricity sector, where hydro power and nuclear stands
for the bulk of the production, and wind power is increasing rapidly[7]. The following
figure (see Figure 2) shows the global energy situation in Sweden and worldwide.
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Figure 2. Swedish and global energy supplies (2005)[7]

1.2. Solar thermal systems
To start with this section, the definition of a thermal solar collector must be
stated: a thermal solar collector is a device that collects heat by absorbing sunlight[8]. In
other words, it is a device designed for capturing solar radiation.

This happens when a fluid (liquid or gaseous), that circulates inside the solar
collector, absorbs the irradiance from the sun[8]. In the case of a solar water collector
system, the water is then pumped along pipes to the hot water tank, heating up the water
to a preset temperature[9]. The heat can be stored or directly delivered to the points of
use.

Figure 3. Operation method of a water solar collector system[9]
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The most common applications of this technology are hot tap water heating,
radiant floor heating and preheating of water for industrial processes[10]. Other
applications are water heating for indoor or outdoor pools and emerging applications
(such as refrigeration).

However, it must be stated that there are also other type of thermal solar
collectors that are not based on heating-up the water. These collectors are called “solar
air heating collectors”. They are used in a wide variety of applications; such as air heat,
space heating or process heat applications. This kind of thermal collectors is of special
interest in this project and, thus, it will be further developed in the following sections.

Regarding the actual situation, it must be stated that the solar thermal energy
constitutes an indispensable way of facing the energy requirements of the future, due to
the increasing fossil fuels depletion and the global awareness about the environmental
situation. Considerable efforts and studies are being made in this field in the last
decades, since it constitutes a long-term profitable technology, which is also
environmentally friendly and comprises attractive grants from the different
administrations.

1.3. Problem description
This master’s thesis work is based on analyzing the profitability of installing a
thermal solar collector system in the facade of a big-sized industrial building, with the
purpose of preheating the air that goes into such building.

These systems are currently in existence, although in small-sized buildings. For
this purpose, the feasibility of their application in real industrial plants is to be studied
through this work.

More specifically, the aim of this thesis is to calculate the annual energy usage
and total cost that the thermal solar collector system implies when is to be installed in
big industrial buildings. Moreover, in order to fulfill the heating demand during winter
periods (when just the solar collector system cannot cover the whole demand) other
main alternatives will be studied; such as a district heating, heat pump and electric
4

heating systems. Once each alternative has been studied (taking into account the
running costs for the different cases) the analysis of the system’s profitability will be
carried out.

Thermal solar
collector
system

Results

DH system

Results
CONCLUSIONS

HP system

Results

EH system

Results

Comparison

Chart 1. Basic diagram of the project execution process

Finally, it must be stated that the project will be carried out at the University of
Gävle (Högskolan i Gävle), in collaboration with FVB Sverige AB.

1.4. Limitations
It must be stated again that this project is based on analyzing the outcome and
profitability of a solar collector system, firstly, and to study the best possible
combination between such system and other main alternatives, secondly. The project is
not based on systems that are currently in use; it is, thus, a theoretical study of different
models, and there is no concrete performance or technical data for the systems that have
to be analyzed.

Regarding the study of the solar collectors, it must be stated that it will be
carried out through WINSUN simulator, a software that can provide good approximate
results.
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Due to this lack of experimental data, the scope of the study has been
constrained, resulting in different theoretical calculations and estimations that may not
represent with high accuracy the real behavior of an industrial building.

1.5. Objectives
The aim of this thesis is to analyze the feasibility of installing a solar collector
system in the facade of a big-sized industrial building. As the work also considers other
main alternatives, the following steps will be followed for obtaining the desired
outcomes.
 Study of the performance of the thermal solar collector system.
 Theoretical study of the system’s behavior (Karlsson’s formula).
 Practical study of the system’s behavior (simulations with WINSUN).
 Evaluation and comparison of the two outcomes.
 Study of the performance of different main alternatives.
 Theoretical study of the different system’s behavior.
 Comparison between the main alternatives.
 Global evaluation and comparison of the obtained results.

Different simulations with WINSUN will be carried out, setting Gävle as a
location and modifying in each case the value for the operating temperature of the
collectors. Concerning this software, it must be stated that WINSUN allows the user to
calculate the solar irradiation and the energy output from a collector, depending on the
geographic location that is being considered (it allows to study several locations).
Furthermore, it also permits to calculate the total energy production for each hour of the
year[11].

Finally, it also must be stated that this project does neither consider heat storage
possibilities during the summer period nor the production of hot water for the building.
It is only based on producing hot air for the building, just for heating purposes.
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1.6. Previous research
Unglazed transpired collectors or UTC (also known as perforated collectors) are
a relatively new development in solar collector technology, introduced in the early
nineties for ventilation air heating[12].
This technology was invented and patented as “SolarWall TM” by Conserval
Engineering Inc. in the 1990s[13], which worked together with the U.S. Department of
Energy's National Renewable Energy Laboratory (NREL). Since then, thousands of
systems have been installed in a variety of commercial, industrial, agricultural and
process applications in over 35 countries around the world[14]. The technology was
originally used primarily in industrial applications, such as manufacturing and assembly
plants where there were high ventilation requirements, stratified ceiling heat, and often
negative pressure in the building.

One of the first companies testing the performance of these systems was Ford
Motor Company. Actually, the first unglazed transpired collector in the world was
installed by this company on their assembly plant in Oakville, Canada[15].

The previous case is only one among numerous examples, having installed
“SolarWall TM” more than 35 systems since 1992. Ford, General Motors, Federal
Express, and McDonnell Douglas are on the growing list of industrial users of this
technology.

Transpired collectors have also caught the attention of the research community.
In 1994, NREL and Conserval were jointly awarded R&D Magazine’s prestigious R&D
100 Award for their work developing the technology, and Popular Science magazine
assessed the transpired collector as one of the 100 most important technology advances
of 1994[16].

7

8

2. Context
FVB Sverige AB is a private energy consulting company[17]. Its main
headquarters are located in Sweden, and it employs over one hundred energy
consultants in seven different local offices. This company was founded in Sweden, and
currently has several offices in United States, Canada, Bahrain and Sweden.

The development of this project will be carried out in the Department of
Building, Energy and Environmental Engineering of the University of Gävle, in
cooperation with the company FVB Sverige AB, which will provide useful and relevant
resources that will make possible this project’s execution.
Therefore, it is noteworthy that the development and elaboration of the master’s
thesis will be realized in the mentioned department of the University of Gävle, being the
company FVB Sverige AB an additional support for accomplishing the goals of this
work.

Figure 4. FVB company (left) and University of Gävle (right)[18]

As it has been stated in the section before, this study is based on a system that is
not currently built. For this purpose, it does not make much sense to talk about the
project’s location. However, it does make sense to talk about the system’s description.

The model is composed by several devices. The main components are: a solar
thermal collector, which is supposed to be settled in the industrial building’s facade (the
one that is facing the sun); several dumpers, which regulate the air flow of the supply
air; a constant speed fan, which works due to the supplied power from a small
9

photovoltaic cell; a regulation and control system, which regulates the temperature of
the supply air by comparing it with the balance temperature of the building; and the airblowing system, which introduces the preheated air into the building (a duct system or
the ventilation system itself)[19].

The following figure (see Figure 5) provides an idea of the system that is to be
studied.

Figure 5. Basic scheme of the considered system[19]

As it has been stated before, not only the profitability analysis of the solar
collector system will be carried out, but also the study of the best possible combination
between such system and other main systems (district heating, heat pump and electric
heating systems), in order to analyze how the project’s specifications can be fulfilled in
the best way.
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3. Theoretical framework
This chapter refers only to low-temperature thermal solar collectors, since a
large amount of energy is not needed in order to preheat the air flow that enters the
building[20]. The reason is that, in contrast to the solar water heating systems, the
specific enthalpy for the air is not as big as the one for the water and, thus, less energy is
needed for heating-up the stream that goes into the building.

3.1. Working principle of a low-temperature air solar collector
system
The aim of a solar energy air heating collector is to gain useful energy from
incident solar radiation in order to heat up an air flow that will be introduced into a bigsized industrial building, for common heating purposes. Precisely, regarding the
particular interests of this project, transpired air solar collectors will be of special
consideration.

The working principle of a perforated air solar collector is based on the
following: the device is heated by the incoming solar radiation from the sun and a
ventilation fan, which is located in the upper part of the building, create a negative
pressure in the air cavity, drawing the solar heated air through the exterior panel
perforations[20]. A regulation and control system is used to adjust the ambient
temperature of the air through the perforations of the collector.

Solar air heating collectors can be broadly classified into two categories: passive
and active collectors.

a) Passive solar air heating systems
For a solar collector, to be passive means to have no fans which circulate the air
through[21]. These collectors must be installed vertically in order to be effective, with an
inlet at the bottom and an outlet at the top. Due to the change in the collector’s inside
temperature, air will always be sucked from the bottom; getting warm as it rises and
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being forced into the space to be heated. This simple convection current technology
requires no machinery whatsoever.

Figure 6. Passive solar air collector[21]

b) Active solar air heating systems
An active solar collector has moving parts which circulate air through, and it is
normally used for heating larger spaces[21]. These systems differ from passive solutions
because solar gains are controlled and distributed using a mechanical system, a fan[8].
The efficiency can be higher, according to the design of the system, but the cost is often
also higher, and such systems must be carefully maintained.

Active air heating systems can be classified into two main groups, according to
the air circulation pattern[22].
 Closed loop systems: the air is circulated from the house to the collector and
flows back to the house.
 Open loop systems: the air is taken from the outside, flows through the collector,
is then circulated into the building and flows back to the outside. This second
configuration corresponds to the preheating of outdoor air.

The following figure (see Figure 7) represents the main differences between
these two active air heating systems.
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Figure 7. Closed loop system (left) and open loop system (right)[22]

3.2. Components of an air solar collector system
An industrial solar air collector system does not consist only on the solar
collector itself. There are also other components that guarantee the perfect operation and
regulation of the system, according to the goals that have to be accomplished.

A low-temperature industrial solar air collector system consists, at least, of the
following elements[19]:
 Solar air collector
 Constant speed fan
 Dampers
 Air distribution duct
 Regulation and control system

The following figure (see Figure 8) provides an idea of the location and
importance of the different components of the system.
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Figure 8. Solar air heating system components[19]

It must be pointed out that in industrial buildings, where there is no existing air
distribution system, the interior components of a solar air heating system consist mostly
of a constant-speed fan, a recirculation damper system and a fabric distribution-duct.

3.2.1.

Solar air collector
Among the different types of solar collectors that are available in the market, the

transpired low-temperature air solar collector will be described, according to the
particular interests of the project. This type of solar collector is characterized by
operating at, or below, the ambient air temperature[20].

Solar radiation is the radiant energy emitted by the sun, particularly
electromagnetic energy. It goes from the infrared part (long wavelengths) to the
ultraviolet part (short wavelengths)[23]. The intensity of solar radiation is about 1.000
W/m2 under clear skies, depending upon weather conditions, location and orientation.

Solar hot air collectors are mounted on south-facing vertical walls or roofs. Solar
radiation reaching the collector heats the absorber plate, and the air passing through the
collector picks up heat from the absorber plate[24].

Freezing, overheating and leaks are less troublesome for solar air collectors than
for liquid collectors. However, since a liquid is a better heat conductor, solar collectors
14

using water, or another heat transfer fluid, are more suited to hot water heating for
domestic purposes. Therefore, a solar hot air collector is most often used for space
heating[24].

The black body of the collector receives and absorbs 95% of the available solar
energy, with only a small amount reflecting away[25]. It must be pointed out that this
efficiency goes down rapidly if the operating temperature increases. Heat is transferred,
and in this case lost, in three different ways: by conduction, convection and radiation.

Chart 2. Low-temperature air solar collector. Efficiency versus operating temperature.[25]

3.2.1.1.

Classification of solar air collectors

Solar air collectors can be commonly divided into two categories[26]:
 Unglazed Air Collectors, used primarily to heat ambient air in
commercial, industrial, agriculture and process applications.
 Glazed Solar Collectors, based on air-recirculation principles. They are
usually used for space heating.
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a) Unglazed solar air collectors
The term "unglazed air collector" refers to a solar air heating system that
consists of a metal absorber without any glass or glazing on top[27]. The most common
type of unglazed collector on the market is the transpired air solar collector.

As it has been stated before, unglazed air collectors heat ambient (outside) air
instead of the recirculated building air. Based on this working principle, the transpired
solar collectors are usually wall-mounted[28]; to capture the lower sun angle in the
winter heating months, as well as sun reflection from the snow. The exterior surface of a
transpired solar collector consists of thousands of tiny micro-perforations that allow the
boundary layer of heat to be captured and uniformly drawn into an air cavity behind the
exterior panels[15]. This heated ventilation air is drawn under negative pressure into the
building’s ventilation system, where it is then distributed via conventional means or
using a solar ducting system.

It has been proved that transpired solar collector systems reduce between 1050% of the conventional heating load[29]; they act as a rain-screen, and also capture heat
loss escaping from the building envelope; which is collected in the collector’s air cavity
and drawn back into the ventilation system. There is no relevant maintenance required
with solar air heating systems and the expected lifespan is over 25 years.

Figure 9. Basic scheme of a transpired solar collector[15]
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b) Glazed solar air collectors
In contrast to the unglazed solar air collectors, these systems provide heat by
recirculating conditioned building air through solar collectors[20]. The collector’s
absorber material is heated up by the incoming solar radiation and, then, the indoor
exhaust air is ducted in order to get in contact with this surface. Finally, the preheated
air is newly introduced into the system, by means of a fan.

Due to the varying ducting methods, three types of glazed solar air collectors can
be commonly distinguished[20]: through-pass collectors; front-pass collectors, back-pass
collectors and the possible combination between the front and back-pass collectors.

(a)

(b)

(c)

Figure 10. Basic schemes of different glazed solar air collectors: (a) front-pass collector;
(b) back-pass collector; (c) through-pass collector.[20]

Taking into account that the main purpose of this project is to provide hot air to
big industrial buildings, the unglazed solar air collectors will have a special relevance in
this study. More precisely, and, as it has been stated before, the transpired solar air
collector will be of special consideration.
3.2.1.2.

Similarities and dissimilarities between transpired solar air collectors and
conventional collectors

The operating principle of perforated air solar collectors is the same as the one
for conventional collectors; it is based on the greenhouse effect.

The solar radiation incident upon the unglazed surface of the solar collector is
transmitted through this surface. The inside of the solar collector is usually evacuated;
the energy contained within the solar collector is basically trapped and, thus, heats the
air flow that circulates inside the empty box[28].
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Regarding the differences between these collectors and the conventional ones, it
must be pointed out that the main dissimilarity is located in the absorber. The transpired
solar air collectors are based on a perforated absorber; which is a dark, perforated metal
collector panel. It is installed on the south-facing side of a building, creating
approximately a 15cm gap between the collector itself and the building’s structural
wall[15]. The dark-colored wall acts as a large solar collector that converts solar radiation
into heat.

3.2.1.3.

Limitations for transpired solar air collector’s applications

As far as the application considerations for transpired solar air collectors are
concerned, the following points must be fulfilled.
Suitable south-facing wall
A sufficient area of suitable south-facing exterior wall is required for installing
the transpired collector’s metal cladding[15]. A wall with a high percentage of window or
door area would likely be unsuitable, as will a wall that could be heavily shaded
throughout the day. A facade does not have to face true south for a transpired collector
to operate effectively. Any wall within 45 degrees of true south will work, but the best
performance is realized when the wall is within 20 degrees of true south.

Ventilation load
A candidate building for a transpired collector must have a minimum ventilation
requirement[15]. A long-term storage warehouse, for example, would not be a suitable
application; because such a structure would not have to be ventilated. Also, buildings
that have 100% recirculation/filtration systems would be unsuitable.
The absence of a heat recovery system
Heat recovery systems, which are common in many modern office buildings (but
less common in industrial buildings), also preheat ventilation air[15]. Because of
redundancy of function, buildings with existing heat recovery systems may not be
suitable for transpired collector applications.
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3.2.1.4.

Performance evaluation theory of transpired air solar collectors

The useful heat gain by a collector can be expressed as[20]:
(Eq. 3.1)

And the following heat balance expresses the thermal performance of a collector
under steady-state conditions.
(Eq. 3.2)

A measure for a collector’s performance is the collector’s efficiency; defined as
the ratio of useful heat gain over any time period to the incident solar radiation over the
same period[20].

Efficiency can, thus, be defined as:
(Eq. 3.3)
From Equations 3.1 and 3.3:
(Eq. 3.4)
And from Equations 3.2 and 3.4:
(Eq. 3.5)

The general test procedure is to determine Qu from Equation 3.1 and measure I,
Ti and Ta (which are used for analysis based on Equation 3.2) by operating the collector
under nearly steady-state conditions in test facilities (i.e. either indoor or outdoor)[20].
Instantaneous efficiencies calculated from Equation 3.3 are plotted against (Ti-Ta)/I and
the intercept (FR(τa)c) and slope (-FRUL) determined (as in Equation 3.5). These
parameters are not constant: UL depends on temperature and wind speed; and FR is a
weak function of UL.
3.2.2.

Constant speed fan
A mechanical fan can be defined as a machine used to create flow within a fluid,

typically a gas such as air. The fan consists of a rotating arrangement of blades which
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act on the air. The rotating assembly of blades and hub is known as an impeller, a rotor,
or a runner.
In the considered study, the fans are associated with the building’s ventilation
system, mounted at the top of the wall[19]. They draw the outside air through the
transpired collector’s perforations, and the thermal energy collected by the wall is then
transferred to the air passing through. The fans then distribute the heated air into the
building through ducts mounted from the ceiling.

The regulation and control system plays an important role on keeping constant
the speed of the fan[19].

3.2.3.

Dampers
A damper can be briefly described as a valve or plate that stops or regulates the

flow of air in an air handling unit.

3.2.3.1.

Summer bypass damper

Concerning this project, summer bypass dampers can be located in the face of
the building’s canopy[19]. These dampers allow ambient air to be fed directly into the
building or process, when no heating is required[15].
3.2.3.2.

Recirculation damper

This type of damper is really common in industrial buildings where there is no
existing air distribution system[19]. A recirculation damper system, incorporated into the
fan compartment, mixes warm indoor air with cooler solar collector air to maintain the
constant delivered air temperature. The ratio of recirculated (indoor) air to solar air
heating system (outdoor) air varies continuously with changes in the ambient air
temperature, while a duct thermostat operates the damper system.

The following figure (see Figure 11) provides an overview of the different
components, and also shows the differences between the different types of dampers.
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Figure 11. Solar air heating system schematic[19]

3.2.4.

Air distribution duct
A duct system can be defined as a device that is used in heating, ventilation, and

air conditioning (HVAC) to deliver and remove air.

One of the most common types of industrial ducting has to do with perforated
fabric ducts; the mixture of ventilation air and recirculated air is distributed to the plant
through these kinds of ducts, which are located at ceiling level[19]. Because the air from
the ducting is cooler than air at the ceiling, the ventilation air will cool the ceiling
reducing heat loss through the roof at the temperature of exhaust air and the air will
naturally fall, mixing the building’s indoor air.

Another advantage of the system is that it can also recapture the building’s wall
heat losses if the collectors are mounted on the building wall, as it is in this case[19].
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3.2.5.

Regulation and control system
For an automatic operation of the installation, the system must be provided with

an electronic central control and a set of thermostats and sensors distributed along the
circuit.

In ventilation applications, an adjustable thermostat that senses outdoor
temperature controls the two dampers[30]. The thermostat is typically set to open the
summer bypass damper when the outdoor temperature is warm enough to eliminate the
need for heating (typically above 13ºC). This device is often located in the duct system,
so it is called duct thermostat.
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4. Methodological framework
4.1. Calculation of the incident solar radiation
4.1.1.

Basic definitions
Before calculating the amount of solar radiation that can reach the surface of the

solar collector, it is necessary to understand the importance of the parameters involved
in the definition of the solar angles, as well as the position and tilt of the solar
collectors.

a) Parameters that define the position of the sun
The geometric relationships between a plane of any particular orientation
relative to the earth at any time (whether that plane is fixed or moving relative to the
earth) and the incoming beam solar radiation, that is, the position of the sun relative to
that plane, can be described in terms of several angles. Some of the angles are indicated
in the following figure (see Figure 12)[31].

Figure 12. Zenith angle (θz), slope (β), surface azimuth angle (γ), solar altitude angle (αs) and
solar azimuth angle (γs) for a tilted surface.[31]

These concepts are defined below[32]:
Zenith angle (θz): Is the angle between the vertical and the line to the sun, that is, the
angle of incidence of beam radiation on a horizontal surface.
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Solar altitude angle (αs): Is the angle between the horizontal and the line to the sun, that
is, the complement of the zenith angle.

Solar azimuth angle (γs): Is the angular displacement from the south of the projection of
beam radiation on the horizontal plane. Displacements east of south are negative and
west of south are positive.

Solar declination (δ): Is the angular position of the sun at solar noon with respect to the
plane of the equator, north positive; -23.45˚ ≤ δ ≤ 23.45˚.

b) Parameters that define the position of the surface
And the variables that define the position of the surface[32]:

Hour angle (ω): Is the angular displacement of the sun east or west of the local meridian
due to rotation of the earth on its axis at 15˚ per hour; morning negative, afternoon
positive.
Latitude (Φ): Is the angular location north or south of the equator, north positive; -90˚ ≤
Φ ≤ 90˚.

Longitude (λ): It is the distance of the arc between the Greenwich meridian and the
meridian passing through the point; 0˚ ≤ λ ≤ 180˚.

Slope (β): Is the angle between the plane of the surface in question and the horizontal;
0˚ ≤ β ≤ 180˚.

Surface azimuth angle (γ): Is the deviation of the projection on a horizontal plane of the
normal to the surface from the local meridian, with zero due south, east negative, and
west positive; -180˚ ≤ γ ≤ 180˚.
Angle of incidence (θ): Is the angle between the beam radiation on a surface and the
normal to that surface.
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4.1.2.

Calculation of solar parameters
In order to calculate the solar irradiance towards the collector’s surface it is

necessary to calculate the hourly value of the different angles, so that the angle of
incidence towards the collector can be obtained. With this purpose, the angles that
define the geometric position of the collectors (Φ, γ, β and λ) are to be measured.
The hour angle (ω) can be obtained from Equation 4.1[32]:

(Eq. 4.1)
Where “HH” refers to the hours and “MM” to the minutes of solar time.

It is important to point out that the previous variables are expressed in terms of
solar time, and not in terms of normal time[11]. Therefore, in order to change from clock
time to solar time the following expression must be used (see Equation 4.2):

(Eq. 4.2)
Where “E” is a correction factor of the solar time, “Lst” refers to the standard
meridian and “Ll” refers to the local meridian.
On the other hand, the declination (δ) can be found from the approximate
equation of Cooper (1969)[32]:

(Eq. 4.3)
Where “n” refers to the day of the year.
Solar altitude angle (αs) can be calculated from Equation 4.5[11]:
(Eq. 4.4)
(Eq. 4.5)
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The solar azimuth angle (γs) can be calculated from Equation 4.6[11]:
(Eq. 4.6)
And the angle of incidence of solar radiation is given by Equation 4.8[11]:
(Eq. 4.7)

sin cos sin cos +cos cos cos cos +sin sin cos

(Eq. 4.8)
sin cos sin cos +cos cos cos cos +sin sin cos

If θ>90˚, then the radiation is coming from the backside.
Concerning the calculation of the hours for sun rise and sun set[11]:
(Eq. 4.9)
Two solutions for Equation 4.9 are given by Equations 4.10a and 4.10b:
(Eq. 4.10a)
(Eq. 4.10b)
Where “ωn” are the hours for sun rise and “ωu” are the hours for sun set.
Calculation of the total solar radiation upon collector’s surface

4.1.3.

The total solar radiation that reaches the Earth can be divided into diffuse, direct
and ground reflected radiation[14], according to the following expression (see Equation
4.11)[11].

(Eq. 4.11)
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4.1.3.1.

Direct solar radiation (Gb)

It is defined as the solar radiation received from the sun that has not been
scattered by the atmosphere[11].

The direct radiation towards a tilted surface, Gb, and the diffuse radiation against
a horizontal surface, Gd,h, can be calculated with Equations 4.12 to 4.14[11].

(Eq. 4.12)
(Eq. 4.13)
(Eq. 4.14)
The following figure shows in a clearer way the information it has been stated
above (see Figure 13):

Figure 13. Different definitions of direct solar radiation.[11]

Regarding the figure above (see Figure 13), the left picture shows the direct
radiation towards a surface which is perpendicular to the sun. The picture in the middle,
however, shows direct radiation towards an horizontal plane. Finally, the right picture
shows the direct radiation towards a tilted surface.

4.1.3.2.

Diffuse radiation (Gd)

Diffuse radiation can be defined as the solar radiation that has suffered a change
in its direction as a consequence of having being scattered by the atmosphere[11].

There are two models that allow the calculation of the diffuse radiation: an
anisotropic model (Hays and Davies model) and an isotropic model[11].
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Regarding the Hays and Davies model, it must be stated that this theory divides
the diffuse radiation into two parts; the radiation from angles close to the sun and the
rest of the sky. This last part is assumed to be isotropic.

(Eq. 4.15)
(Eq. 4.16)

Where “Ai” is an anisotropic index.
The first part of the right side of Equation 4.15 is the isotropic part. “(1+cos(β))/2”
is the view factor for the surface against the sky.
Concerning the isotropic model, it must be pointed out that this theory considers
that the diffuse radiation has the same intensity on the entire sky. This is the same as
having Ai=0 in Equation 4.15, which gives:
(Eq. 4.17)

4.1.3.3.

Ground reflected radiation

The ground reflected radiation describes the sunlight that has been reflected off
from non-atmospheric surfaces, such as the ground. Asphalt reflects about 4% of the
light that strikes it and a lawn about 25%[11].

The ground reflected radiation is normally assumed to be isotropic. It can be
determined using Equation 4.18[11]:

(Eq. 4.18)
Where “ρg” is the reflectance of the ground and “(1-cos(β))/2” is the surface
viewfactor against the ground.
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4.2. Theoretical calculation of the thermal output from the
collector
In this chapter a procedure for calculating the annual thermal output from a solar
air collector is going to be described.
Firstly, it has to be pointed out that the definition of a solar collector’s output is a
complex process. Therefore, Professor Björn Karlsson has developed a method for
simplifying the theoretical determination of the energy exchange from a solar collector,
which is known as “Karlsson formula”. This expression easily calculates the useful
energy per unit area as follows[11]:
(Eq. 4.19)

Where “η0” is the optical efficiency, “G” is the absorbed radiation and “F’U” is
the heat loss factor.

On the other hand, the Swedish solar heating period (the time when the solar
collector delivers heat) can be approximately described as[33]:
 G = 570 kWh/m2·year
 hamb = 1077 hours
 Tamb = 11,5˚C

These values consider a slope angle of 90˚C, what basically means that the
collectors are placed on the building’s wall (as it is in this case). This assumption works
when I>300 W/m2.

Replacing those parameters in Equation 4.19 the expression remains as:

(Eq. 4.20)
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The delivered heat, thus, can be expressed as the difference between the
absorbed solar energy and the heat losses to the ambient. The result is given in
“kWh/m2·year”.

4.3. Estimation of the annual thermal output from the collector
As it has been stated at the beginning of this document, the project is based on
testing the profitability of installing a solar air collector system in a big industrial
building, for air heating purposes.

Since there are no experimental data for this model, WINSUN simulation tool
will be used for estimating the annual energy output of the considered system analyzing,
then, its profitability by comparing the obtained results with the contemplated heat
demand of the building.

4.3.1.

Winsun simulation tool
WINSUN is a system simulation program for designing solar collectors and

photovoltaic cells. This software is based on the TRNSYS program, and thermal energy
equations are solved based on a modular approach depending on the input data[11].

This simulator gives the output of photovoltaic cells or solar collector systems in
kWh/m2·year; based on the efficiency, location, tilt of the system and weather data,
including diffuse and beam radiation.

4.4. Main systems for fulfilling the heating demand
Even if this master’s thesis tries to support the idea of installing a solar air
collector system for fulfilling the heating requirements of a big sized industrial building,
it is clear that the heating demand cannot only be fulfilled by means of the solar
collector; especially in winter periods, when the ambient temperature is low and the
solar irradiation is not that high. In these cases, the main heating system of the building
must fulfill the energy requirements.
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Therefore, an alternative main system for fulfilling the heating demand
difference has to be considered, and the aim of this chapter is to present the different
options.

4.4.1.

District heating system
A district heating (DH) system is a system where heat, centrally produced, is

delivered to end-users by using water as energy carrier[34]. Heat is then used by
consumers in form of hot tap water and space heating.

Different kinds of fuels can be used to produce district heat. Swedish statistics
for the year 2011 show that 41% of delivered heat was produced from bio-fuels; 18%
from solid waste and 7% from waste heat. Only 14% of heat was produced by
incineration of fossil fuels, and the remaining 20% was obtained from other sources.

A district heating system can contain a number of heat production units; such as
combined heat and power (CHP) plants, heat only boilers (HOB), electric heaters (EH),
and electric heat pumps (HP), among others[34].

This alternative is not only environmentally attractive (it reduces considerably
carbon dioxide emissions), but also economically: it implies lower costs of energy
generation, among other benefits. This is shown in the heat price for different district
heating companies of Sweden, which is around 0,6 SEK/kWh[35].

4.4.2.

Heat pump system
Heat pumps (HP) are driven by electricity and only require a comparatively low

temperature heat source, such as waste water from industry, sea or rivers in order to
produce heat of required temperature and supply it to the considered system[36].

The ratio of produced heat to supplied electricity is called coefficient of
performance, COP, and it is used to measure the performance of the heat pumps[37].
Obviously, the cost of running heat pumps is strongly dependent on electricity prices.
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For this study a standalone air/air heat pump is going to be considered. However,
it is interesting to show that models that consider both solar collectors and heat pumps
exist, although it is a difficult system combination[38]. The basic scheme for these
systems is shown below (see Figure 14):

Figure 14. Combined solar collector and ground-source heat pump system[38]

For these combined systems, as well as for the considered system, the common
values for the COP range around three[37][38].

Taking into account the definition stated before, the COP can be defined as
follows[37]:

(Eq. 4.21)

Where “QH” is the heat supplied to the hot reservoir and “W” is the work
consumed by the heat pump.

Considering the first law of thermodynamics the expression above can be
rewritten as[37]:

(Eq. 4.22)
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And at maximum theoretical efficiency:
(Eq. 4.23)

As it has been stated before, the common value for the coefficient of
performance in these cases is approximately three. Therefore, considering this value,
Equation (4.21) remains as:

(Eq. 4.24)

4.4.3.

Industrial electric heating
The last considered alternative has to do with a system that is based on

purchasing electricity for direct heating.

Electric heating is any process in which electrical energy is converted into
heat

[39]

. Common applications include space heating, water heating, cooking and

industrial processes.

An electric heater is an electrical appliance that converts electrical energy into
heat. The heating element inside every electric heater is simply an electrical resistor,
and works on the principle of Joule heating: an electric current through a resistor
converts electrical energy into heat energy[39].

The common values for purchasing electricity in Sweden range close to 1,1
SEK/kWh[35].
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5. Results
5.1. Calculation of solar parameters
The calculation of the different solar parameters has been made by a virtual tool
known as “Excel-Chart Solar Angles 0727.xls”[40]. This software has been developed by
the University of Mälardalen (Mälardalens högskola). It also allows the user to calculate
the different solar angles for a specific location by defining several input parameters
such as:
 The latitude
 The day number
 The surface tilt
 The surface azimuth
 The standard meridian
 The local meridian
The obtained results, as well as the values for the input variables, are shown on
Appendix 1.

5.2. Calculation of solar angles
As in the case of the different solar parameters, the results for the solar angles
have also been obtained using the calculation tool stated in the previous section, and
these are shown on Appendix 1.

5.3. Calculation of the incident total solar radiation upon
collector´s surface
In this chapter the results for the direct, diffuse and total solar radiation incident
upon collector’s surface will be presented. All these results consider that the collector is
tilted in 90˚ with respect to the horizontal plane.

These values have been obtained using WINSUN simulation tool and are
represented in different charts, which are shown in the following paragraphs[33].
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The complete data collection is shown on Appendix 2.

5.3.1.

Direct solar radiation
The obtained output for direct solar radiation upon the collector’s surface is

shown in the chart below (see Chart 3).
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Chart 3. Estimation of direct solar radiation using WINSUN

As it can be appreciated in the chart above (see Chart 3), the maximum observed
values for direct solar radiation are located on April (68,9 kWh/m2·month) and
September (60,17 kWh/m2·month). It is not clear if those days were sunny of cloudy
days (since the data has been obtained using a simulation tool), although the maximum
values are expected to happen at noon.
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5.3.2.

Diffuse solar radiation
The obtained output for diffuse solar radiation upon the collector’s surface is

shown in the chart below (see Chart 4).
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Chart 4. Estimation of diffuse solar radiation using WINSUN

According to the chart above (see Chart 4), the maximum observed value for
diffuse solar radiation is located on June (38,60 kWh/m2·month).
5.3.3.

Total solar radiation
The obtained results for total solar radiation upon the collector’s surface are

shown in the following chart (see Chart 5).
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Chart 5. Estimation of total solar radiation using WINSUN
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As it can be seen in the chart above (see Chart 5) the total solar radiation is
mainly dominated by the direct solar radiation. The maximum value is located in April
(115,7 kWh/m2·month). The values for the ground reflected radiation have been
obtained as a difference between the total solar radiation and the sum of the direct and
diffuse radiation, according to the formula shown below (see Equation 5.1):

(Eq. 5.1)
Where “Gg” refers to the ground reflected radiation; “Gtotal” does to the total
solar radiation; “Gb” does to the direct solar radiation and “Gd” to the diffuse solar
radiation.

5.4. Calculation of the thermal output from the collector
5.4.1.

Considerations
Before starting this chapter several ideas must be pointed out, in order to achieve

a better understanding of the results.
 All the calculations have been done considering a transpired air solar
collector, which is vertically settled in a facade. This configuration has
been done by adjusting the values for the “slope of surface” and for the
“azimuth” in WINSUN.
 The collector’s temperature is assumed to be constant along the process.
The considered collector’s temperature is only five degrees above the
one from the ambient, since it is supposed to be a low-temperature
collector.
 A control and regulation system for the summer period will be taken into
account, since in those months the air is hot enough and it does not need
to be preheated before being introduced into the building. This will be
done by setting a set-point to the balance temperature.
 For the winter period, however, the opposite happens; since the thermal
output from the collector is not high enough for covering the building’s
heating demand the main energy system must fulfill it.
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 The minimum outdoor temperature for Gävle ranges around “-22˚C”.
This is useful when calculating the building’s heating demand.
 The considered indoor temperature of the building is “20˚C”.
 The studied building has 800 m2 of heated area (A); 3 m high (h); and an
air exchange rate (N) of 2 h-1.
 The considered collector area is of 100 m2.
 This system only takes into account the preheated air that goes into the
building. It is a solar air collector system, which does not need water for
heating up the building.

5.4.2.

Calculations from WINSUN
Results for the thermal output of the solar collector are shown on Appendix 2. In

order to represent the output in a clearer way the following table is included (see Table
1).
Table 1. Solar collector’s thermal output using WINSUN

TOTAL (kWh/m2·year)

Qcoll (T=20˚C)
462

Qcoll (T=25˚C)
404

Qcoll (T=30˚C)
354

Qcoll (T=35˚C)
311

As it can be appreciated in the table above (see Table 1), the higher is the
temperature of the collector, the lower the thermal output. These values will be
contrasted in the next paragraphs with the ones obtained from Karlsson’s formula.

5.4.3.

Calculations from Karlsson’s formula
As it has been stated in the “Section 4.2.” of this document, the thermal output

of a solar collector located in Sweden can be roughly estimated as:
(Eq. 5.2)

On the other hand, the common values for the parameters of a transpired solar
air collector are:
 Optical efficiency (η0) = 0,80
 Heat loss factor (F’U) = 5,0 W/m²·˚C
 Collector’s temperature (Tcoll) = 20˚C, 25˚C, 30˚C and 35˚C.
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Replacing these values in Equation 5.2, the obtained thermal output would be
(see Table 2):
Table 2. Solar collector’s thermal output using Karlsson’s formula

TOTAL (kWh/m2·year)

Qcoll (T=20˚C)
410

Qcoll (T=25˚C)
383

Qcoll (T=30˚C)
356

Qcoll (T=35˚C)
330

The complete sequence of calculations is shown on Appendix 4.
It must be pointed out that the value for the heat loss factor (F’U) is lower than
the one for other types of solar collectors. This is basically due to the small convective
losses that the transpired air solar collector presents, what it makes sense taking into
account that the air is sucked by the fan placed at the top of the building.
5.4.4.

Thermal output comparison.
In this section the comparison between the thermal output obtained from

WINSUN and from Karlsson’s formula will be done.

The comparison is based on analyzing how the thermal output from the collector
varies when the temperature of the device is modified. The following chart (see Chart 6)
allows comparing the results that have been obtained from both procedures:
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Chart 6. Thermal output comparison for both procedures (WINSUN and Karlsson’s formula)

On one hand, the previous chart (see Chart 6) shows that there is one point in the
diagram in which the thermal outputs for both procedures coincide; this happens
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approximately when the temperature of the collector is close to 30˚C. Nevertheless,
taking into account that the collector is assumed to work at low-temperatures, an
operating temperature of 20˚C is going to be considered for this work.

On the other hand, some differences between the two curves can be appreciated,
which can be due to several reasons:

-

Karlsson’s formula is based on the average data for the Swedish solar
heating period, while WINSUN simulator takes into account the specific
climate for Gävle.

-

Furthermore, the thermal output curve for WINSUN has been drawn taking
into account monthly data, while Karlsson’s formula just considers average
data from the whole heating season.

-

Ambient temperature from Karlsson’s formula is an average datum of the
whole season, while the one from WINSUN is an average value of the
twelve months of the year.

-

Nevertheless, it would be interesting to compare the values obtained from
both procedures with values that have been obtained experimentally, since
neither of them represents the reality with high accuracy.

The full sequence of calculations can be found on Appendix 5.

5.5. Energy demand gap
As it has been mentioned in sections before, there are several months in which
the output provided from the collector is not enough for covering the whole heating
demand of the industrial building. In these cases, the building’s main energy system
(district heating, heat pumps or electric heating) must fulfill it.

The industries fulfill their heat demands running systems as district heating,
bore-hole heat pumps or electric heaters, and only the heat losses of the building are
compensated by installing secondary alternatives as, for example, solar collector
systems.
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Taking into account the building’s heating demand and the total output from the
collector, the following table gathers the energy difference that must be covered by the
alternatives in question (see Table 3):

Table 3. Energy difference to be covered by the alternatives (in kWh/year)

All the calculations concerning the building’s heating demand are shown on
Appendix 3, the calculations related to the output from the collector are shown on
Appendix 2, and everything related to the heat losses and internal heat generation can be
found on Appendix 6.
As it can be appreciated in the table above (see Table 3), there are several
months in which the energy difference is negative (January, February, March, April,
May, October, November and December); this means that there is a deficit of energy
that must be covered by the main heating system, since the output from the collector is
not big enough for covering the total heating demand. On the other hand, it is also
shown that during the summer period (June, July and August) there is no output from
the collectors. Actually, this is not completely true; there is output from the collectors
during these months, but that energy cannot be utilized because under these conditions
the ambient temperature is higher than the balance temperature (fixed as 13˚C).
Therefore, the solar collector does not work in these cases, since the building itself can
be heated up automatically, due to the internal heat generation.

Concerning the month that is left, September, it must be pointed out that during
this period the output from the collector is high enough for covering the heat demand of
the building, and this is why the energy gap is considered as zero.
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Therefore, in the majority of the months, there is an energy deficit that must be
covered by the main energy system. For this purpose, these other options (district
heating, heat pumps and electric heaters) will be studied in the following chapter,
carrying it out a profitability analysis of the whole system.
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6. Profitability study of the solar collector system
The profitability of installing a transpired solar air collector system is to be
analyzed in this chapter.

As it has been stated in the section before, the installation of a solar air collector
system is contemplated as an alternative for other main systems (such as district
heating, heat pumps or electric heaters), in order to compensate the heat losses of the
building.

Therefore, the main target of this section is to study which combination of the
different systems can fulfill the energy and cost specifications of the project in the best
way.

6.1. Investment cost for a transpired air solar collector system
 Total cost for the installation: 77.000 SEK
 Total energy production: 29.700 kWh/year
 Collector’s area: 100 m2

(Eq. 6.1)

(Eq. 6.2)

(Eq. 6.3)

For calculating the pay-back to the bank the annuity can be defined as:

(Eq. 6.4)
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Where “r” refers to the annual interest rate and “n” refers to the life cycle of the
project.

The yearly and total payback to the bank can be calculated as:

(Eq. 6.5)

And for the whole period:
(Eq. 6.6)

The calculations that have been made for estimating the investment for these
collectors can be found on Appendix 7.

Therefore, the total amount to return back to the bank in 25 years will be
115.500 Swedish kronor, considering 4620 SEK per year.

Regarding the payback period of the investment, this can be calculated as
follows:

(Eq. 6.7)

It must be pointed out that this system does not consider maintenance costs,
since there are no relevant with transpired air solar collectors. The collectors are mostly
maintenance free, with no liquids and no moving parts other than the ventilation system
fans[14].
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6.2. Running costs for the main systems
The following table (see Table 4) gathers all the information regarding the
yearly total costs that the three different alternatives imply.
Table 4. Yearly running costs of the different alternatives (in SEK/year)
District Heating

Heat Pumps

Electric Heaters

Yearly running costs (SEK/year)

31078

18992

56977

Yearly fixed tax (SEK/year)

5625

5053

5053

TOTAL (SEK/year)

36703

24045

62030

The same information can be graphically represented through the following
chart (see Chart 7), in order to show the results in a clearer way:
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TOTAL (SEK/year)
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50000,00
40000,00
30000,00
20000,00
10000,00
0,00
District Heating

Heat Pumps

Electric Heaters

Chart 7. Yearly running costs of the different alternatives (in SEK/year)

The calculations that have been made for estimating the running costs for these
alternatives can be found on Appendix 8.

As it can be observed in the table and chart above (see Table 4 and Chart 7) the
best option to consider is the heat pump system since, in combination with the solar
collector system, constitutes the model with the lower running costs among the three
different alternatives that have been studied.
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7. Environmental impact of the project
Apart from the economic profitability, there are other aspects that must be also
taken into account when analyzing the feasibility of a project as, for example, its
execution’s environmental impact. This factor is sometimes difficult to quantify, but
this does not imply that it cannot be one of the major aspects when carrying on a project
like this. In the last decades, the global awareness towards the preservation of the
environment has experienced a notable increase and, thus, the analysis of such factor
has become a determinant point when analyzing a project’s feasibility.

The use of transpired solar air collectors in different industrial and residential
applications can provide the owner interesting positive effects[41]:

-

It is considered a high efficient technology; since these collectors are not
only clean and quiet, but also long-lasting and mostly maintenance free.

-

The energy does not have to be transformed along the process; heat is
delivered from the collectors and is directly introduced into the building.

-

Energy is generated and used in the same point or place; only the building’s
distribution system has to be considered, but not distribution grids or other
external systems.

However, as far as the environment is concerned, the main point of these
systems has to do with the reduction in the amount of gaseous emissions; by replacing
energy derived from fossil fuels with heat derived from clean solar energy, users can
reduce the detrimental environmental side effects; such as the production of greenhouse
gasses (plus NOX and SOX) associated with the burning of fossil fuels[27].
Taking into account the considered model (a transpired solar collector as a
secondary alternative for a heat pump system), the CO2 emissions for this case can be
estimated as follows:
 Yearly thermal output from the collectors: 29.700 kWh/year
 Yearly saved energy from the collectors: 29.500 kWh/year
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 CO2 emission rate[42]: 0,472 kg CO2/kWh
 Yearly reduction in CO2 emissions: 13.924 kg CO2/year
All the calculations that have been made for estimating these values can be
found on Appendix 9.
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8. Conclusions
This Master’s Thesis is based on analyzing the profitability of installing
transpired air solar collectors in big industrial buildings, for preheating the ambient air
that goes into them. The annual amount of heat that these collectors can produce is
expected to be of 29.700 kWh/year, with a total efficiency of 51,04% (when the system
is working), although it must be pointed out that these values have been obtained
making some assumptions that cannot guarantee the accuracy of the results.

Firstly, it must be stated that the project has been carried out in a theoretical
basis; the lack of experimental data or measurements could guide this work to a lack on
the accuracy of the results. Therefore, the different calculations that this Master’s Thesis
gathers should be taken as estimations, which have been made using a simulation
program known as WINSUN. This software has been configured according to the
particularities of the project, setting Gävle as location and considering vertical solar
collectors for the study.

Secondly, it must also be outlined that this system is only based on preheating
the outdoor air that goes into the building. It is therefore a solar air collector system,
which does not consider water for heating up the industrial building.

Thirdly, it might also happen that several values that have been assumed in this
work would not match with the ones observed in the real life.

Regarding the energy demand of the building and the output from the collectors,
it must be pointed out that the solar collector system constitutes a secondary alternative
of a building that is heated up by a heat pump system. As it has been stated at the
beginning of this section, the total production of the solar collector system is estimated
to be of 29.700 kWh/year, having the building an annual heat demand of 87.100
kWh/year. It must be outlined that this model also considers a regulation and control
system for the summer period, which is based on shutting down the solar collector
system when the outdoor temperature reaches the boundary, known as balance
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temperature and set up as 13˚C. The following chart (see Chart 8) shows the energy
balance of the building for each month:
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Ecoll
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2000,00
0,00

Chart 8. Heat balance of the building for each month (in kWh/month)

As it can be appreciated in the chart above (see Chart 8), during the summer
period there is heat demand, but the heat pump system and the solar collector system do
not work. Instead, this energy deficit is compensated by the internal heat generation of
the building, as it is shown in the following chart (see Chart 9):
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Chart 9. Internal heat generation during summer months (in kWh/month)

During the summer months the ambient air is warm enough for heating up the
building automatically and, therefore, the air does not need to be preheated by the
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collector. In the winter period, however, the collector does not provide enough heat for
fulfilling the demand, which has to be covered by the heat pump system.

Concerning the economic profitability of the system, it must be pointed out that
it implies a total investment cost of 77.000 SEK, with a specific investment of 2,6
SEK/kWh·year. Considering that the price for the heat rages around 0,6 SEK/kWh, the
expenditure would be recovered after 5 years. On the other hand, and as it has been
stated before, this system is considered to work as an alternative for other systems, such
as district heating, heat pumps or electric heating. After studying the different options, it
has been found that having a heat pump system would be the best option, which implies
a yearly running cost of 24.000 SEK/year.

Once again, it has to be outlined that these results are based on estimations and
simulations and, therefore, the calculations may represent inaccuracy in some way.
However, this Master’s Thesis tries to show that the installation of a system like this can
be profitable in Sweden, and that transpired air solar collectors can be considered as an
alternative for compensating the heat losses of big-sized industrial buildings.

As far as the heat and electricity prices are concerned, it must be stated that the
values that have been chosen refer to average values from different companies.
Therefore, the accuracy of the results cannot be guaranteed once again.

This study also establishes the starting point for future research. By taking
advantage of this idea better and more accurate models could be developed, as well as
the design of new systems that can minimize the limitations observed in this project.

To conclude, and as an attempt of making a global and personal evaluation, it
has to be taken into account that investing in solar energy means investing in the energy
of the future, and also in the preservation of the environment. This Master’s Thesis
work has helped me on broadening my general knowledge about this energy field, as
well as on understanding the importance of producing energy which is respectful with
the environment.
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Appendix
1. Calculation of solar parameters and solar angles
The input parameters that have been introduced in the calculation tool “ExcelChart Solar Angles 0727.xls” are shown in the table below (see Table 5):
Table 5. Input for calculating the different solar angles and solar parameters
Location
Latitude
Day number
Surface tilt

Gävle
60,68˚
1 (1st of January); 90 (1st of April); 181
(1st of July) and 273 (1st of October)
0˚

Surface azimuth

90˚

Standard meridian

-15˚
-17,2˚

Local meridian

As it can be seen below, the solar parameters and solar angles have been
calculated for the first day of four different months: January, April, July and October.
The reason for this distribution of time has to do with data representation purposes; by
this way, the variation of the parameter’s values for every three months can be shown.
1st of January:
Table 6. Results for solar parameters on the 1st of January
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1st of April:
Table 7. Results for solar parameters on the 1st of April

1st of July:
Table 8. Results for solar parameters on the 1st of July

1st of October:
Table 9. Results for solar parameters on the 1st of October
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2. Results from Winsun
The input data that has been introduced into WINSUN simulator is shown in the
figure below (see Figure 15).

Figure 15. Input data for WINSUN simulator
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And the monthly output for a vertical solar collector, as well as the values for the
direct, diffuse and solar radiation, is shown in the following figure (see Figure 16):

Figure 16. Output data from WINSUN simulator

The “blue” square does represent the values for the total (Htot-tilt), direct (Hbeamtilt)

and diffuse (Hdiff-tilt) solar radiation. However, the “green” box shows the values for

the thermal output from the collectors (in kWh/m2·year), which work at different
temperatures. The output can be also represented in (kWh/year) through the following
table (see Table 10):

Table 10. Thermal output of the collectors using WINSUN (in kWh/year)
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The last table (see Table 10) considers a total collector area of about 100 m2,
datum that has been also considered for other calculations.
The “pink colored cells” show the thermal output of the collectors when the
ambient temperature reaches the boundary value (balance temperature), set up as 13˚C.
As it can be appreciated in Table 10, there is no output from the collectors under these
operating conditions; this is due to safety reasons, since the system would automatically
shut down in order to avoid over-heating situations.

Precisely, the following figure (see Figure 17) shows the energy amount that has
to be discounted from the total energy production from the collectors; this amount of
produced energy would be useless, since the operating temperature would be higher
than the balance one.

Figure 17. Calculation of the useless energy from the collectors

Therefore, this figure (see Figure 17) represents the energy amount that cannot
be used as a consequence of having an operating temperature which is higher than the
balance one. The “green” line represents the ambient temperature variation over the
different months, while the “blue” line represents the total thermal output for a collector
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that operates at 20˚C. The total energy that cannot be utilized can be roughly estimated
as 13.480 kWh/year, which represents the 29,2% of the total output.

3. Building’s heating demand
The heating effect of the considered industrial building is shown in the table
below (see Table 11).
Table 11. Heating effect for the considered building

However, regarding the particular interests of this project, it is interesting to
have the heating demand in “kWh/month”. For this purpose, in order to calculate the
building’s heat demand in these units, the following formula has been used:

(Eq. 10.1)

Where “Pmax” refers to the maximum effect of the building; “ΔTmax” to the
maximum temperature difference, (with Tout,max=-22˚C for Gävle); “Tin” is the indoor
temperature (20˚C); “Tout” is the outdoor temperature in Gävle for each month; and “d”
is the number of days that each month has.

Finally, concerning also the particular interests of this work, it is also interesting
to represent the heating demand per month:
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Table 12. Monthly heating demand for the considered building (in kWh/year)

4. Calculation of the collector’s thermal output using
Karlsson’s formula
The thermal output of the considered solar air collector can be also calculated
using Karlsson’s formula as follows:

(Eq. 10.2)
 Optical efficiency (η0) = 0,80
 Heat loss factor (F’U) = 5,0 W/m²·˚C
 Collector’s temperature (Tcoll) = 20˚C, 25˚C, 30˚C and 35˚C.
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Tcoll = 20˚C:
(Eq. 10.3)

Tcoll = 25˚C:

(Eq. 10.4)

Tcoll = 30˚C:

(Eq. 10.5)

Tcoll = 35˚C:

(Eq. 10.6)

5. Calculations for thermal output comparison.
This section includes the calculations that have been made for setting a
comparison between the thermal output obtained for both procedures (WINSUN and
Karlsson’s formula). The following table and figure (see Table 13 and Figure 18) gather
these results:
Table 13. Necessary data for thermal output comparison
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Figure 18. Thermal output comparison

6. Heat losses and internal heat generation (IHG)
6.1. Heat losses
Another way of representing the building’s total heat demand is to calculate the
difference between the energy losses and the internally generated heat due to the people,
lighting system and equipment.
Originally, a building’s heat balance can be represented as:
(Eq. 10.7)
Where “LT” and “LV” refer to the transmission and ventilation losses,
respectively; “FU” is considered a utilization factor; and “GS” and “GI” are the heat
gains due to the solar radiation and the internal heat generation, respectively.

However, in this case, the gained heat due to solar radiation heat will be
neglected, and the utilization factor for the internal heat generation will be taken as one.
67

Therefore, Equation 10.7 remains as:

(Eq. 10.8)

The formulas that allow calculating the heat losses for a building can be
expressed as:

Ventilation:

(Eq. 10.9)

(Eq. 10.10)
Transmission:
(Eq. 10.11)

It must be stated that a Swedish year consists of 5000 hours (hamb) when
Tin=20˚C and Tamb=0˚C. With these data the average heat losses for the whole year can
be calculated. The following tables (see Table 14 and Table 15) show these calculations:

Table 14. Calculation of average ventilation losses (in kWh/year)
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Table 15. Calculation of average transmission losses (in kWh/year)

However, since it is interesting to calculate the total energy losses for each
month, WINSUN simulator has been used for providing these data, and the results can
be appreciated in the following table (see Table 16).
The simulator allows the user to calculate the building’s total heat losses setting
up an “UA” value of 100 W/K. Therefore, an extrapolation of the results obtained for
100 W/K has been done for estimating the total heat losses for this case in particular:

Table 16. Calculation of the total heat losses using WINSUN (in kWh/year)
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6.2. Internal heat generation (IHG)
The internal heat generation refers to the amount of heat that is generated inside
the buildings, by means of people, lighting and the equipment[43].

In the following paragraphs the amount of heat that is generated by the different
sources will be shown.

People:
Table 17. Internal heat generation due to the people (in kWh/year)

Lighting:
Table 18. Internal heat generation due to the lighting system (in kWh/year)
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Equipment:
Table 19. Internal heat generation due to the equipment (in kWh/year)

The following table (see Table 20) shows the total heat generation for each
month, taking into account the three different sources.
Table 20. Summary of the internal heat generation (in kWh/year)

As it has been stated at the beginning of this section, the heat demand of the
building can be calculated either as a difference between the heat losses and the internal
heat generation, or from a formula (see Appendix 3).
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The following chart (see Chart 10) represents the grade of concordance between
the two procedures. The “red” line refers to the values that have been obtained as a
difference between the heat losses and the internally generated heat, and the “blue” line
represents the values that have been calculated from the formula shown on Appendix 3,
taking into account the maximum heat effect of the building.
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Chart 10. Grade of concordance between the two procedures for calculating the heat
demand of the building.

7. Estimation of the collector’s investment cost
The following table (see Table 21) shows the calculations that have been made
in order to estimate the total investment cost for the transpired air solar collector, as well
as the yearly and total payback to the bank:
Table 21. Estimation of the total investment cost and the pay-back (in SEK)
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8. Estimation of the yearly running costs for the main systems
The following tables (see Table 22, Table 23 and Table 24) show the
calculations that have been made for estimating the yearly running costs for the district
heating, heat pump and electric heating systems.
District Heating system:
Table 22. Estimation of the yearly running cost for the DH system (in SEK/year)

Heat Pumps system:
Table 23. Estimation of the yearly running cost for the HP system (in SEK/year)
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Electric Heating system:
Table 24. Estimation of the yearly running cost for the EH system (in SEK/year)

9. Calculations concerning the environmental impact of the
project
The following calculations (see Table 25) represent an estimation of the energy
savings that transpired air solar collectors can provide for this project. Furthermore, the
reduction in CO2 emissions can also be estimated basing on these data.
The parameters involved in these calculations can be calculated as:

(Eq. 10.12)

(Eq. 10.13)

(Eq. 10.14)

Where “Acoll” refers to the collector area; “qsolar” to the useful energy from the
collector; “tdays” and “thours” refer to the time that there is airflow through the collector,
in (days/week) and (hours/day), respectively; “Uwall” is the heat loss coefficient of the
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wall; “HDD” refers to the annual heating degree days; and “Ehtg” is the efficiency of the
conventional heating system.
Table 25. Estimation of the energy savings obtained from transpired solar collectors (in
kWh/year and in percentage)

10. Calculation of the solar collector’s efficiency
The collector’s efficiency can be calculated as the total thermal output provided
by the device at one period divided by the total absorbed solar radiation by the absorber
during that period:

(Eq. 10.12)

The following table (see Table 26) shows the collector’s efficiency for each
month of the year, as well as the average value:
Table 26. Estimation of the solar collector’s efficiency (in percentage)
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It must be pointed out that this efficiency value has been obtained considering
only the months in which the solar collector works; therefore, it does not consider the
summer period, in which the collector would be turned-off in order to avoid overheating situations.

11. Meteorological map of the minimum outdoor temperatures
in Sweden
The following map (see Figure 19) gathers the observed minimum temperatures
for different locations of Sweden.

Figure 19. Observed minimum temperatures in different locations of Sweden
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12. Outdoor temperatures for Gävle over the year
The following table (see Table 27) shows the average outdoor temperatures for
Gävle (Sweden), for each month of the year.

Table 27. Average outdoor temperatures for different locations of Sweden
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