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Introduction

List of abbreviations and symbols
Abbreviations
a-Si
AC
AFCI
A/V
BAPV
BIPV
CdTe
CIGS
CCT
CRI
DALI
DC
DG
DSSC
ELV
LED
LV
mc-Si
MPPT
PC-LED
PV
PWM
QD
RGB
sc-Si
SOC
SSL
TF
UGR
Symbols
AL
Am
I
l
P
Ploss
Rl
Rm
S
V0

amorphous silicon
alternating current
arc fault circuit interruption
audiovisual
building adapted photovoltaics
building integrated photovoltaics
cadmium-telluride
copper-indium-gallium-(di)selenide
correlated colour temperature
colour rendering index
digital addressable lighting interface
direct current
distributed generation
dye-sensitized solar cell
extra-low voltage
light emitting diode
low-voltage
multicrystalline silicon
maximum power point tracker
phosphor conversion LED
photovoltaic
pulse-width modulation
quantum dot
red-green-blue
monocrystalline silicon
state of charge
solid-state lighting
thin-film
Unified Glare Rating

area in selected location [m 2]
area in measured location [m2]
current [A]
distance [m]
power [W]
power loss [W]
amount of radiation in selected location, statistical
[W/m2]
amount of radiation in measured location, statistical
[W/m2]
cross-section of conductor [mm]
voltage of the source [V]
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Vrms
Vpeak
αs
β
γ
γs
η
η
θ

ν

θz
λ
Δλ

φlum
φ
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average voltage over a period of time [V]
peak voltage [V]
solar altitude angle [°]
angle between the plane of the surface and horizontal
[°]
surface azimuth angle [°]
solar azimuth angle [°]
efficiency [%]
luminous efficacy [lm/W]
angle between beam radiation and surface of the solar
panel [°]
zenith angle [°]
wavelength of radiation [m]
wavelength band [m]
specific resistance of the conductor [Ω mm2/m]
luminous flux [lm]
phase angle [°]

1 Introduction

1.1

Background

Energy efficiency is an increasingly important issue because the price of the
energy rises constantly [1]–[3] as does the demand of the energy [1], [4], [5].
In 2011 the global total primary energy supply was 13113 Mtoe [5]. This is
expected to rise up to 17400 Mtoe in 2035 [1]. The global energy demand is
expected to increase annually by 1.6% before 2020 and by 1% after that. The
increase in energy demand is expected to grow 33% between 2011 and 2035
[1]. A large part of the energy demand could be fulfilled by increasing energy
efficiency, as currently well over half of all consumed energy is lost in the form
of waste heat [6]. By the end of 2012 renewable sources supplied
approximately 19% of the World final energy consumption and about 10% of
this was produced with other than traditional biomass [7].
The electricity demand grows more rapidly than the overall energy demand:
between 2011-2035 the annual growth is expected to be 2.2%, with total
capacity increasing from 22113 TWh annually up to 37087 TWh [1]. The
present climate change control strategies [8] require that a large share of the
added power generation should be covered by renewable energy. Additionally,
nearly half of the net increase in electricity generation is expected to come
from renewables [1]. At the end of 2013 about 22.1% of global electricity was
produced with renewables, with hydropower representing 16.4% of the
production and non-hydro renewables 5.7% [7]. The share of renewables is
expected to rise above 30% of all generation by 2035. If the retirement of old
existing power plants is taken into account, the total net power capacity of
renewables rises from 1600 GW in 2012 up to 4000 GW by 2035 [1]. These
figures give an indication of the enormous growth potential of the renewable
energy market. A large share of the future installed capacity is expected to be
solar photovoltaics (PV) [7].
Between 2008-2013 the solar PV capacity increased on average 55%
annually [7], although the relative growth percentages are expected to
decrease to around 27.4% annually between 2011-2017 [9]. The growth of PV
has been much more rapid than the average increase of renewable energy
sources, which was +5% annually between 2005-2011 [9]. In 2012 PV
accounted for more new electric generation capacity in the EU area than any
15

other technology, being 37% of all installed new capacity [10]. Its share of the
global electricity production is, however, still relatively small. Consequently
even a relatively small capacity increase results to high growth percentages. At
the end of 2013 there was 139 GW of installed PV generation whereas the
estimated total global power generating capacity was 5909 GW at the time [7].
By 2017 there is expected to be around 230 GW of installed PV capacity
worldwide [9].
Historically, the main obstacle for large scale PV integration has been the
relatively high price of PV equipment in comparison to conventional power
generation. The price of PV modules and systems is, however, constantly
decreasing [11]–[13] and in the future even cheaper modules are expected to
enter the market due to new PV technologies, such as dye-sensitized solar cells
(DSSC). Over the last few years the initial costs of PV have fallen rapidly, and
as a result a large amount of PV projects are now built without public financial
support [7]. Photovoltaics can be integrated in the building’s façade, roof,
awnings and sunshades. PV systems contain no moving parts and require
virtually zero maintenance during their lifetime, except for occasional
cleaning. They are, therefore, well suited for building integrated applications.
By replacing conventional building materials with building integrated
photovoltaic (BIPV) variants, the relative net cost of PV system can be reduced
[14].
Lighting consumes about 19% of all produced electricity worldwide [15] and
it also represents about 35% of total primary energy consumption within
buildings [16]. The energy efficiency of lighting is thus of high importance,
especially when the price of the electricity is expected to rise in the future [1]–
[3] and at the same time the energy efficiency regulations are becoming more
restrictive for lighting [17]. At the moment new lighting technologies are
emerging to the market and especially light emitting diode (LED) technology
has gained a lot of attention. It promises to produce more light per consumed
power than the conventional light sources and at the same time improve the
quality of the lighting by providing better colour rendition and wider selection
of available colours.
LEDs are based on diodes, which can operate only on direct current (DC), as
diodes conduct electricity only to one direction. Also a large variety of other
devices run on DC internally, such as computers and other electronic devices.
Electrical power is today transmitted in the networks almost solely using
alternating current (AC), so it must be converted to DC before these devices
can utilize it. Each power conversion stage adds losses to the energy chain
[18]. Thus, by substituting the existing AC supply grid with a DC grid it may be
possible to gain energy savings, as less power conversion stages are required.
According to previous studies [19]–[21], DC distribution is more efficient if
there is local distributed generation included in the system. However, the
power supply has been based on AC technology since the early 20th century
[22] and most of the existing devices have been designed for it. Therefore, the
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compatibility between existing devices and DC power must be ensured before
it can be implemented. However, most existing devices can be used with DC
also, either directly or by applying some modifications [23]. Therefore, the
question of transition to DC power architecture is mainly about costs and
whether it provides enough additional benefits compared to the existing
system, rather than about its technical viability.
If energy efficiency goals are to be met, it is essential to optimize each part of
the energy chain. In buildings the combination of distributed generation and
energy efficient lighting plays a vital part in this. This served as the motivation
for this thesis: how to implement new energy saving technologies to office
buildings and what is their impact on the electrical consumption of the
building?

1.2

Aim of the research and methods

The goal of this thesis was to research the electrical efficiency of an office
building containing distributed energy generation, especially from the
perspective of lighting. The individual aims were to compare the energy
efficiency and quality of LED lighting and fluorescent lamp lighting, to find out
the potential and variation of PV production through onsite measurement and
to investigate whether transition to DC power architecture is a viable option in
office buildings at the moment.
Photovoltaics was used as the distributed generation (DG) method, since it is
the most widely used building integrated DG technology today. It can be
installed to urban environment more easily than for example wind turbines,
due to lack of moving parts and associated noise. There are several free solar
radiation databases available [24]–[26]. Usually the available data is, however,
based on monthly, yearly, or daily average values, or the measurement period
of the more detailed data is short. Additionally, most of the available databases
are based on satellite measurements that record irradiation data. How much of
the irradiation can be utilized for energy production with PV modules depends
on weather conditions, temperature, soiling and snow coverage of the PV
modules and the used module technology. To provide high-resolution actual
PV production data, it was decided to build an onsite PV measurement
installation and use the production data in the calculations of this thesis. The
main advantage of this method over satellite measurements was that it took
into account the conversion efficiency of the panels and the local conditions in
the installation site, so theses parameters did not have to be estimated in the
performance calculations. For this work PV production data was recorded
throughout 2010-2013. This data was first compared to the statistical data to
ensure its validity and then used in the calculations and simulations conducted
in the work [I, II, III, V].
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LED and fluorescent lamp luminaires and lighting installations were
compared in two different studies [I, IV]. The luminous flux, power
consumption, CIE c0lor rendering index (CIE CRI) and luminous efficacy of
the luminaires were measured in the laboratory of the Lighting Unit of Aalto
University. The luminaires were installed in test rooms that were furnished for
the studies, and lighting installations were evaluated through measurements.
The illuminance, glare and uniformity of lighting were measured from each of
the lighting installations.
The subjective quality of the lighting was studied also, through a user study
in [IV], as it is essential that the quality of lighting is not compromised due to
energy efficiency requirements. After all, the main purpose of office lighting is
to provide optimal visual conditions which are accepted by the users. The
subjectively evaluated parameters included glare, reading task performance,
identification of detail, colour naturalness and pleasantness, illuminance level
sufficiency and pleasantness, pleasantness of the lighting in general and
naturalness of the shadows. The subjects also set their own preferred
illuminance levels and correlated colour temperatures (CCT).
Example calculations of the PV system sizing were studied [II, III, V]. The
examples were calculated for several different electrical appliance categories
and their combinations for different months and geographical locations [II,
III].
The electricity consumption of an office building was studied at different
system voltages through simulations [V]. As the total annualized costs of an
office building equipped with LEDs and distributed generation have been
studied before [19], [20] and the costs of the PV [27][28], and LED [29]
technologies are decreasing rapidly, it was decided to concentrate only on
energy costs rather than on the total system costs in this thesis [V].
The simulations were conducted for 230 VAC and extra low DC voltages 12
VDC, 24 VDC and 48 VDC. The building contained a BIPV system that was
sized to provide the daily energy consumption of the building in the summer.
The measured PV data and luminaire data [IV] were used in the simulation
along with the computed cable losses and the consumption data of computers
and ventilation units, which were obtained from manufacturer’s data sheets
and online sources. The varied parameters of the simulation were grid voltage,
inclusion of a battery in the system, luminaire types, dimming level of the
luminaires and the amount of available PV electricity. As a result, an efficiency
comparison of system options was conducted and its effect on the required
amount of grid electricity amount was calculated. The energy consumption of
the simulated building was compared to a similar building without a PV
system.
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1.3

Scope of the work

The main focus of this work is on the electrical consumption of luminaires
and on the electrical production of the building integrated photovoltaic
system. Other electrical appliances are also briefly discussed, but only from the
viewpoint of electrical consumption and efficiency. The lighting is evaluated
additionally in terms of luminous efficacy, glare, luminance distribution,
colour rendition and illuminance. At the moment the majority of existing
lighting installations in commercial buildings is based on fluorescent lamps
[15], as in the past they have provided a better combination of luminous
efficacy and lighting quality than other light sources for this application.
Currently, LED luminaires are entering the market at a rapid pace, also in
office lighting. Therefore, it was decided that the light source comparison was
limited to FL and LED solutions, as other technologies are used only
marginally in office lighting applications.
Daylight can be used to reduce the amount of artificial lighting in buildings
and, thus, electrical consumption. However, the amount of daylight varies
greatly according to geographical location, weather and time of day. There is
also multiple daylight harvesting technologies with each having different
characteristics. Therefore, it was decided that the utilization of daylight in
office lighting was beyond the scope of this thesis.
The PV calculations of this study are based on onsite measurements at
Espoo, Finland (60.11°N, 24.49°E) conducted during 2010-2013. The PV
production varies due to location, time of day, season, weather and technical
implementation of the system. This must be taken into account if the results of
this study are used in another context.
In this work the PV module, unless otherwise noted, refers to the crystalline
silicon solar panel.
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2.1

LED technology

Light emitting diode (LED) is a semiconductor component that radiates light
when an electrical current flows through it. LED lighting is also referred as
solid-state lighting (SSL). The first LEDs were created in 1962 by Nick
Holonyak and S.F. Bevacqua [30], but the real breakthrough in lighting
applications occurred after the blue LED was introduced in 1993 by Shuji
Nakamura and his research team in the Nichia corporation [31]. Further
development of blue LEDs and phosphor materials has led to energy efficient
white light production with good colour rendering properties.
In 2013 good quality commercial LED luminaires reached 131 lm/W,
whereas high efficiency linear fluorescence lamp luminaires produced around
108 lm/W and high-intensity discharge lamp luminaires produced around 115
lm/W [29]. At the end of 2014 the highest LED lamp efficacies had already
reached over 200 lm/W and laboratory LED chip efficacies were even higher
[32]. This indicates that LED technology is still developing fast, and the
luminous efficacy of LEDs is continuously improving, whereas most of the
other light sources are already relatively mature technologies, whose efficacies
are not expected to improve much. At the same time the prices of LEDs have
fallen closer to the costs of conventional light sources and further price
reductions are expected in the future [29].
LED products can be made in almost any size and shape. This has enabled
the making of LED retrofit products, which fit directly to the luminaires
designed for conventional light sources. Additionally, the small size of
individual LED chips has enabled new type of luminaires that have previously
been impossible with large conventional lamps. As a result, LED technology is
very versatile and can be used today in almost all lighting applications.
LED technology differs from conventional light sources in terms of operation
principle. LEDs are made of semiconductor material that contains a p-n
junction, which is created by doping the semiconductor material with
impurities. The n-side of the junction has an excess of electrons and the p-side
has a lack of electrons (holes). At the ground state the sign carriers (electrons
and holes) cannot penetrate the junction region because of the formed spacecharge field. When the junction of the LED is forward biased, the current flows
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easily from the p-side to the n-side, but not to the opposite direction. In the
reaction electrons combine with the holes and this recombination process
creates photons. Photons radiate away from the LED-material, thus creating
light. The colour of the light depends on the used semiconductor material [31].
All of the emitted photons cannot escape the LED cone, because of several
loss mechanisms. Photons may be reabsorbed in the substrate of the LED and
if they are incident to the metallic contacts of the LED, they may be absorbed
also in the metal. Additionally, total internal reflection may occur in the LED
cone and prevent the light from exiting the semiconductor [31]. These losses
decrease the luminous output of the LED. The amount of lumens that can be
extracted from a light source in relation to injected electronic power is defined
as the luminous efficacy ηv (Equation 1).
 






 

Where φlum is the luminous flux, I is the input current and V is the voltage
over the LED. The current luminous efficacy goal [29] for LED packages is 250
lm/W for colour-mixed LEDs (CM-LED) and 247 lm/W for phosphor
conversion LEDs (PC-LED). The higher theoretical efficiency of CM-LEDs
results from the fact that CM-LEDs do not suffer from Stoke’s loss, which is
caused by the energy difference in the emitted and absorbed photons in the
phosphor material [29].
The LED chip produces heat due to electrical losses. When the temperature
of the junction rises, the luminous output of the LED chip is reduced.
Additionally, if the lens in front of the LED chip is made out of plastic, the heat
may damage it. In extreme cases the LED chip itself might even brake. LEDs
do not radiate heat, only light. Therefore, the heat must be transferred away
from the LED package through its base. This is usually done with a heat sink,
that is made out of material that conducts heat efficiently. The heat sink adds
bulk and cost to LED lamps and luminaires [30].
LEDs radiate directional light. To shape the light beam, external optics can
be applied on top of single LEDs, on a luminaire level, or both. Optics can be
lenses or reflectors. Lenses allow more detailed shaping of the beam, but the
intensity of the light decreases each time light passes through material.
Reflectors may operate on higher efficiency, but the shaping of the light beam
is less accurate with them than with lenses [33].
Unlike incandescent lamps and most other conventional light sources, LEDs
emit light only in a very narrow spectrum [34]. To produce white light, several
LEDs of different colour can be used simultaneously [30], [31], or single LEDs
can be coated with either phosphor [30], [31] or quantum dot materials [35],
[36] to produce a wider spectrum.
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The output of an LED depends on input current and voltage. Input current
relates directly to amount of emitted light, whereas even a small voltage
variation changes it considerably. Therefore, LEDs are usually dimmed by
modifying the input current. There are two different dimming methods:
amplitude modulation and pulse-width modulation (PWM) [37]. Dimming
decreases the power consumption and may increase the lifetime of LEDs, as
heat losses are reduced [30]. A lower operating temperature may also result to
possible colour variations, especially in RGB-LEDs, as each semiconductor
material reacts differently to temperature changes [37].

2.2

Building integrated photovoltaic systems

Sunlight can be converted to electricity either directly by using photovoltaic
(PV) panels, or indirectly by using solar thermal collectors and converting the
heat energy to electricity. In building integrated systems, however,
photovoltaics are currently the only viable option for solar electricity
generation. The systems can be divided to building integrated photovoltaic
(BIPV) systems and building adapted photovoltaic (BAPV) systems. The
difference is that BIPV systems are integrated directly to the roof or façade
elements of the building, whereas BAPV systems are mounted on top of
building structures [38]. Both of these system types, however, operate
similarly, and therefore they are discussed together in this thesis, and are
referred as BIPV.
BIPV systems accounted for about 1% of the total installed PV capacity in
2013. The share of off-grid PV systems was also low, being another 1% of the
total. The rest of the installed capacity (~98%) is installed in large gridconnected photovoltaic production plants [10].
The energy production of a BIPV system depends on multiple factors:
available solar radiation amount, used panel technology and coating material
and tilt angle of the panels. PV system components and consumption devices
present additional losses and dictate how efficiently production is utilized. In
the following subchapters, these are briefly discussed.
2.2.1

Solar resources

The amount of solar radiation reaching the earth’s surface is huge, about
10000 times the current global power consumption. The entire global energy
demand could be fulfilled if 0.4% of the total land area would be covered with
PV cells operating at 10% conversion efficiency [39].
Available insolation varies according to latitude, season, time of day and
weather. Especially in the high latitudes the seasonal changes in insolation
amounts are large. Figure 1 shows the sunrise and sunset times throughout
the year in the latitudes 0-90ºN.
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Figure 1. Sunset and sunrise times across the year in the latitudes 0-90º N. Upper curve (redorange) represents the sunset time and lower curve (blue) represents the sunrise time. Sun is
up between these two curves. Flat green area represents the polar night when the sun does not
rise above the horizon at all and the red flat area represent the time of midnight sun, when the
sun is above the horizon around the clock.

Near the equator solar resources are almost constant throughout the year,
whereas in polar-regions there is abundant radiation during summer, and
almost none in the winter as the sun stays below the horizon throughout the
day. Additionally, in winter the solar yields are often reduced because snow
covers the solar panels, especially if the panels are tilted. Annual average
insolation amounts for horizontal surfaces are plotted in Figure 2.
It can be seen that in general the closer the area is to the equator, the higher
the annual average insolation yield in a day is.
The calculations of this thesis were based on the radiation amounts of
Southern Finland. At this latitude the yearly radiation amount is about 1000
kWh/m2, which is about 2.5 times less annually than near the equator.
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Figure 2. Annual average insolation on horizontal surface by latitude. This figure is plotted
using the solar radiation data available online at [25].

2.2.2

Solar cell technology overview

Light is electromagnetic radiation that is emitted in discrete particles called
photons [40]. Solar cells, also known as photovoltaic cells, are made of
semiconductor material that produces electricity by converting the energy of
the photons to the movement of electrons. The cells produce DC electricity.
The operation principle and characteristics of PV cells are covered in the
literature [41][42].
There are multiple different solar cell technologies and new technologies
have been introduced in the recent years. Crystalline silicon cells are the oldest
and still the most commonly used of the PV technologies. Thin film (TF)
technologies are also widely used, whereas dye-sensitized solar cells,
perovskite solar cells and quantum dot (QD) solar cells present more recent
technologies that are just emerging to commercial applications. Multi-junction
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solar cells provide the best conversion efficiency of the current technologies,
but they are only used in special applications due to their high price.
There are two main crystalline silicon solar cell types: monocrystalline (scSi) and multicrystalline (mc-Si). Sc-Si cells are made of uniform silicon rods,
whereas mc-Si cells are made of melted silicon ingots. The crystalline silicon
cells are rigid and coated with glass [43]. The conversion efficiency of sc-Si
cells is generally higher than of mc-Si cells. For commercial products the
efficiencies are currently about 16-22% for sc-Si and 14-18% for mc-Si [44].
For research cells the efficiencies are higher, approximately 25% for sc-Si and
20% mc-Si at the moment [45]. The efficiency of the crystalline silicon cells
reduces with temperature [46]. The advantage of mc-Si cells is that they are
cheaper to manufacture than sc-Si cells. Crystalline silicon cells are the most
efficient of the current commercial solar cell technologies, but they require a
relatively large amount of raw materials in comparison to other technologies.
This increases their costs [43].
Thin-film (TF) solar cells are manufactured by depositing a thin layer of
active material in top of substrate material. The efficiencies of TF solar cells
are lower than of crystalline silicon cells, but they require less material. The
substrate can be made of glass or flexible steel or plastic materials, which can
be manufactured using roll-to-roll techniques that reduce production time and
costs [43]. Active materials used in today’s commercial TF solar cells are
amorphous silicon (a-Si), cadmium-telluride (CdTe) and copper-indiumgallium-selenide (CIGS). The corresponding efficiencies for commercial cells
today are approximately 7-9% for a-Si, 10-11% for CdTe and 7-12% for CIGS
[44]. The best research cell efficiencies are closer to those of crystalline silicon:
13.4% for a-Si, 20.4% for CdTe and 20.8 for CIGS [45]. The flexible TF
modules can be integrated to building material, such as window shutters or
roof facades. Due to the thinness of TF cells, the heat can conducted more
easily away from the solar module than in the case of thicker crystalline silicon
solar cells [47].
There are many emerging PV technologies, most of which are based on dye
materials. According to dye material the dye-sensitized solar cell (DSSC)
technologies can be divided to fully organic cells and hybrid dye-sensitized
solar cells that contain also inorganic materials [43]. The operation principle
of DSSCs resembles an electrochemical cell more than the p-n junction of the
silicon based solar cells [47], [48]. Currently the highest reported laboratory
DSSC efficiency is 12.3% [49] for glass substrate and 8.6% with a flexible
stainless steel substrate [50]. DSSC technologies still require further material
and stability research before large scale commercialization, but the flexibility
and low cost of the cells promise new kinds of PV products in the future.
Stainless steel based DSSCs could be integrated to roofing or façade steels and
plastic DSSCs could be integrated for example to textiles [43], [47]. The main
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advantage of DSSCs over conventional solar cells is that they can be made
using inexpensive techniques and materials [43].
One promising new technology is perovskite materials. Perovskite means any
material that resembles the crystal structure of calcium titanium oxide
(CaTiO3). In solar cell applications there are multiple different perovskite
structures that each have their own characteristics [51]. Perovskite can be used
as a dye material and applied for example over thin metallic films. The
material structure has been used in solar cell applications only from 2009
onwards [52], but the highest reached efficiencies are already close to the
efficiencies of the best thin films technologies, with the record being 17.9% at
the moment [45]. The main obstacle of perovskite cells has been the high price
of the used materials, as the best performing devices have used an expensive
hole-conducting polymer (spiro-OMeTAD), which is 10 times more expensive
than gold or platinum. However, new cheaper materials are being developed to
lower the production costs [51], [53].
Quantum dot (QD) technology can also be used in PV applications. QDs are
nano-sized particles whose optical properties depend on the size of the
particle. In PV technology the absorption spectrum of DSSC materials can be
tuned by adding QDs to the material. In some conditions a single photon can
excite multiple electrons if the energy of the photon and the size of the QDs
align properly. This makes them a very promising PV technology candidate of
the future [54]. At the moment the best efficiency achieved by QD PV
technology is 8.6% [45].
Multi-junction solar cells contain several layers of different semiconductor
materials deposited on top of the same substrate. Each semiconductor layer
absorbs a different band of wavelengths, thus increasing the overall cell
efficiency. The current record efficiency of multi-junction solar cells is 44.4%
[45]. Manufacturing multi-junction solar cells is more expensive than other
cell types and at the moment they are not a feasible option for BIPV
applications.
Cell efficiencies are constantly rising [45] and at the same time the price of
photovoltaic modules is declining [12]. At the end of 2013 the cheapest
modules cost approximately USD 0.50/W. With the 2013 prices, the price of
rooftop produced PV electricity was below retail electricity prices in Australia,
Brazil, Denmark, Germany and Italy [7]. During the last 30 years the price of
photovoltaics has declined 20% each time the installed capacity has doubled
due to economics of scale in production capacity and new technologies that
consume less material.
Manufacturers promise typically at least a 25-year life span for PV modules
and recent improvements in process technology have increased the life
expectancy even further. For example the Slovenian PV manufacturer BISOL
promises 40 years of operative life time for their new PV modules [55]. At the
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end of the rated lifetime the output of the panel should be at least 80% of the
full output [38].
2.2.3

Components of the BIPV system

In addition to PV cells, various system components are required, depending
on the type of the system. A BIPV system consists of photovoltaic modules,
blocking diodes, circuit breakers, wiring, maximum power point trackers
(MPPT) and inverters.
Most of the existing PV systems are grid connected, and since a majority of
power grids are based on AC technology, the output power of PV modules
must be converted from DC to AC with an inverter. If the inverter is connected
to a public utility grid, then the AC output signal of the inverter must be
synchronized to same phase and voltage level with the grid signal.
Inverters can be divided into centralized-, string- and microinverters. In
centralized inverters all the power of the PV-array is fed to a single inverter
that is connected to the grid. With string inverters the production is divided to
multiple inverters, for example one inverter for each of the three phases of the
AC grid. In micro-inverters each of the PV modules have their own integrated
inverter. The choice between inverter types depends on the size and
characteristics of the system [56][14] [57].
The lifetime of an inverter is typically about 1-16 years [58], and their
warranty is often shorter, being typically only 3-5 years and in some cases 10
years [59]. The PV modules have a 20-30 year operational warranty [59],
[60]. Therefore the inverters must be replaced sooner than the modules.
Inverters currently present about 8-12% of the total lifetime cost of PV systems
[59].
As the production of a PV system varies according to insolation conditions, a
backup power system is needed in most PV applications. Power generation can
be either complemented with alternative methods, or if the PV system
produces surplus energy, it can be stored in a battery and utilized on demand.
Depending on the size of the battery, the battery can be used for power
conditioning, for a short-term storage redistributing the load over a day, or for
a long-term storage to ensure power availability through periods of low
insolation [61]. In off-grid applications a battery backup system is almost
mandatory to stabilize the system voltage.
Battery backup systems consist of the batteries, a charge controller and
possible additional diodes for protection. In some special applications, such as
light buoys, the charge controller may be excluded, but this requires careful
system design and is generally not recommended [62]. Following battery types
are used in PV applications: lead-acid, nickel-cadmium, nickel-metal-hydride,
rechargeable manganese (RAM) lithium-ion, lithium polymer and redox
batteries [61]. Lead-acid batteries are used most often, as they are relatively
cheap, have large capacity and their charge characteristics match considerably
well the behaviour of PV modules [63].
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The requirements for the battery of a PV system are long life, very low selfdischarge, long duty cycle, high storage efficiency, low cost and low
maintenance need [61]. The lifetime of batteries is considerably lower than PV
panels, being typically 3-10 years, depending on operating conditions. The
initial cost of batteries in typical PV-diesel hybrid systems is around 15% of the
total initial cost, but due to the shorter lifetime of batteries their share of the
costs can rise up to 35-50% over the 25 years of the system lifetime [62].
A charge controller unit is installed between the battery and the PV modules.
The charge controller protects the batteries against overcharging by
disconnecting the PV modules if the voltage rises too high or if the state of
charge (SOC) of the batteries rises to its maximum value. Additionally the
charge controller protects the batteries against discharging too low [62].
Blocking diodes prevent the batteries form discharging through the PV
panels when they are not producing energy and protect the batteries against
possible short circuits in the solar panels. Blocking diodes are often integrated
into the charge controller unit. Additionally, diode voltage droppers may be
installed between the load and the batteries, to ensure that the batteries do not
provide too high a voltage to the loads [61].
The voltage of the PV array changes according to insolation and temperature,
and the voltage of the battery changes according to SOC and temperature. If
they are directly connected, the PV voltage and battery voltage seldom match
each other. Therefore a DC/DC controller with a suitable operating algorithm
is required between them to optimise the usage of PV production. This device
is called maximum power point tracker (MPPT). MPPT can be also used to
match the load of the power grid to the production of the PV system. MPPT is
often integrated to the battery charge controller or the inverter of the PV
system, but it can be a separate system component as well [62].
2.2.4

Installation of a PV system to buildings

A single PV module typically creates a voltage between 12-48 VDC and its
power output can be up to a few hundred watts. Modules connected in series
increase the voltage of the array and modules connected in parallel increase
the output current of the system. It depends on the application and used
system components what is the best connection topology. Large PV arrays
consist of strings of series connected modules and these strings are connected
in parallel. Strings can be divided to substrings, with a bypass diode placed
between the substrings to improve resistance against open circuit defects, such
as arcing. Additionally, a group of panels can be arranged as multiple
branches, each consisting of several parallel strings. The branches are
separated by blocking diodes, which prevent a defective branch from loading
the other branches [64].
In BIPV systems the PV modules can be installed on the roof or façade of the
building. The advantage of façade installation is that the modules are less
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prone to get dirty or covered by snow, as the particles are more likely to slide
of the vertical glass surface than from a less tilted one. Roof mounting is,
however, more frequently used, as the tilt angle of the panels can be selected
more freely than in façade installations. Panels can be installed directly on top
of the roof materials or to racks that allow free selection of the tilt angle. If the
panels are installed directly on top of roof materials, an air space should be left
between the panels and the building surface to prevent the panels from
overheating. In some installations the PV modules can be also used to replace
conventional façade or roof tiles [64]. It is also possible to make transparent
PV modules that can be used to replace window materials. This kind of PV
panel reduces the light transmission around 70-80% in comparison to glass.
PV panels can be also used in shading applications [65].
Mechanical, electrical and fire safety factors need to be considered when
installing PV systems to buildings. Fire safety must be considered in two
different aspects: fires caused by external sources and fires caused by the PV
system components. Mechanical safety includes protection against weather
conditions, as panels are relatively light and their flat surface may gather wind
load.
The regulations regarding DC-side electrical protection of PV systems vary
according to country. For example, in many European countries unearthed PV
arrays and inverters are common, whereas grounding is mandatory in USA
[64]. In Finland the standard SFS 6000-7-712 defines that grounding of one
DC-side conductor is allowed if there is simple separation between the DCand AC-sides of the system [66]. In addition to grounding of conductors, also
the metal frame of the PV modules can be grounded for protection against
unsafe voltages, in a case of a ground fault. In addition to grounding, blocking
diodes, circuit breakers and fuses are used to improve the electrical safety of
PV systems. Blocking diodes prevent large current flows from shorts-circuits
to ground, whereas fuses and circuit breakers are used to protect the system in
case the blocking diodes fail [64]. If the continuous power rating of the wires
used on the DC side of the PV system is smaller than 1.25 * short circuit
current of the PV array, overcurrent protection devices must be used [66].
The voltages in larger PV arrays can be high, and the voltage is on whenever
the modules are illuminated. Therefore, disconnecting the PV from the load or
inverter does not make the array safe against electrical shock. If there is an
open circuit, arcing may occur between the open conductors, assuming that
the voltage is large enough between the open conductor ends, and cause a fire
hazard. A common source of arcing is loose or faulty connectors. Arcing can be
reduced by introducing redundant connections that prevent open circuiting
[64]. Lately also separate arc fault circuit interruption (AFCI) equipment has
been introduced. AFCI detects arc faults and disconnects the power before the
arc starts a fire.
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Distributed power generation can lead to islanding in grid fault occurrences.
Islanding means a situation, where a part of the electricity grid is separated
from the rest of the grid, but the local grid part remains operational, as there is
enough power generation in the area to match the power consumption. This
can be advantageous in terms of local power supply reliability, but it can pose
problems in terms of electrical safety. The maintenance crew correcting the
grid fault may not be aware that the lines are still energized. Additionally,
transient over currents may flow through the circuit breaker and inverters if
the grid is reconnected during the islanding situation [64].
Islanding can be detected with the inverters of the PV system, by monitoring
the variation of frequency, amount of harmonics or the impedance of the grid.
Islanding can also be detected from the side of the distribution network. When
the inverters detect an islanding situation, they disconnected the PV system
from the grid. A mechanical switch for the separation of the grid and the PV
system is also required [64]. Additionally, the DC side of the PV system must
also be separated from the inverter with a switch [66].

2.2.5

Integration to the utility grid

Traditionally electricity has been transferred only to one direction in the
utility grid: from large utility plants to consumers. With distributed
generation, such as local PV energy production, the situation is different. If the
local production exceeds the local consumption, the surplus energy needs to be
either stored or transferred to the utility grid. As electricity is transferred to
both directions, it presents additional demands for the grid.
Some of the renewable energy technologies are dispatchable, which means
that they can output energy to the grid at any time. These include hydropower,
geothermal energy, bio-energy and CSP plants with sufficient thermal storage.
Wind power, wave energy and PV energy production depend on weather
conditions, and are more variable and less predictable. PV energy production
matches more closely the peaks of electrical consumption in the power grid
than wind power production. Therefore, grid integrated PV requires less
storage capacity than a similar amount of wind power in the system.
Additionally, PV energy production is more predictable than wind and wave
energy production, as PV system does not produce anything during nights, and
even when it is cloudy the system produces at least 20% of its rated capacity.
Therefore, predicting the need for supplemental power to PV is easier than for
wind or wave energy [67].
If the DG power plant is integrated to the utility grid, the producer must
make a contract with the grid company and the power plant must meet the
recommendations set for production. In Finland the standard SFS 6000-5-55
[68] specifies the requirements for a generator that is connected to the public
utility grid. The generator may not cause disturbances to the grid and the
amplitude and the phase of the voltage must be synced with the grid. If the
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recommendations are fulfilled, anyone has the right to connect a power plant
to the public grid. Possible taxes depend on the size of the power plant and
who uses the produced electricity. The options are listed in Table 1.

Table 1. Tax liability of grid connected energy producers in Finland based on power plant size
and user of the produced electricity. Table is based on the info in [69].
Power plant size [kVA]
Conditions
< 50
May use or sell to public grid
Option 1: May use, but feed to public
grid is prevented
50 < 2000
Option 2: May use or sell to public grid
>2000
May use or sell

Electricity tax liable
No
No
Yes, on the part of own consumption
Yes, on the part of own consumption

The exact costs of the grid connection and sold grid energy vary between grid
companies. Typically the electricity producer is obliged to pay a transfer fee of
the production that is sold to the public grid. The Finnish legislation [70]
dictates that the transfer fee should not exceed 0.07 c/kWh per customer
annually.
One option for balancing the energy costs of distributed generation would be
net metering. Net metering means that the amount of locally generated energy
that is transferred to the public grid is reduced directly from the bought
energy, by running the electricity meter backwards in case the building
produces more than it consumes. The customer is either charged or
compensated, based on net reading of the meter. At the moment (2014), net
metering is not imposed in Finland. The main reason for this is that the
legislation dictates that VAT must be calculated always for the transferred
energy, and direct net calculation is not allowed [71]. As a result, in Finland
the energy flow to and from the public grid must be measured separately, and
the price for the energy can be different based on the direction of the energy
flow. The prices of grid energy depend on multiple factors, such as
subventions, cost of alternative energy and grid company electricity transfer
tariff policy.
2.2.6

Factors affecting the power production of a PV system

The power output of a PV system depends on many factors. First are the
technical parameters of the panels: the used photoactive material and its
properties. Second are the external environmental factors: insolation amount,
temperature, and shading caused by external objects, snow, dust and soiling.
Third are the system variables: how efficiently the produced energy is
transferred, converted and utilized.
Each semiconductor material has its own unique bandgap energy. This
means that the absorption spectrum varies, according to the used PV material.
Since daylight is a combination of different wavelengths at different
intensities, the absorption efficiency of the PV material depends on how
closely its absorption spectrum matches the spectrum of the daylight. For
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example a silicon solar cell, which is the most common type of solar cell today,
can absorb effectively wavelengths approximately between 400 nm and 1100
nm [72].
The energy of a photon is quantified, as is the bandgap energy of the PV cell
material. If there is a mismatch between the energy of the photon, and the
energy required to release an electron, the excess energy is converted to heat
[46]. As the bandgap and photon energies are quantified, a single photon can
release only one electron, at least in conventional cell designs. In recent
studies, however, a single photon has been able to excite multiple electrons in
quantum dot solar cell materials [73].
It depends on the used PV material how much temperature affects the cell
output. The conversion efficiency of silicon solar cells is more temperature
dependant than thin films solar cells [74]. The output current of silicon solar
cells depends only little on cell temperature, whereas the output voltage is
reduced significantly as the temperature rises [46].
A part of the sunlight is reflected from the surface of solar module, thus
presenting additional losses. The amount depends on the coating material. In
crystalline silicon cells a part of the surface is also covered with electrical
contacts, which reduces the effective surface area of the cell [42].
Battery backup systems are often used in PV systems. Battery charging and
discharging efficiencies are not constant and they also depend on the used
battery type and charger [75]. The charging efficiency is higher when the state
of charge (SOC) level of the battery is low. In a study [75] the average overall
charging efficiency was 91% between 0-84% SOC, whereas the charging
efficiency was only 55% between 79- 84% SOC. Above 90% SOC levels the
charging efficiency was lower than 50%. This means that in sunny conditions
where the SOC of the battery is typically high, a large part of the produced
energy can go to losses if it is stored in the batteries. If the batteries are
operating extended times on low SOC levels, their capacity may be reduced
permanently due to sulfation reactions inside the battery [75].
The PV modules can be connected in series to increase the system voltage
and in parallel to increase the current. The connection topology slightly affects
the losses of the system [64]. Shading can reduce the power output of the PV
array significantly, as a string of PV modules outputs only as much current as
its lowest producing module. If 5-10% of the array is shaded, the power output
can be reduced over 80% [76]. Dust, leaves, soot, bird droppings, frost and
snow may reduce the output of the panel similarly to shading. Also the
degradation of the PV material over time affects the output [14].
A PV panel utilizes insolation most efficiently when its surface is
perpendicular to the sun. Figure 3 illustrates the geometric relationships
between the sun, the solar module and the earth. Based on the definitions in
Figure 3, the angle of incidence between the beam radiation and the surface
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of a solar panel, θ, can be calculated using equation 2 [77]. The closer θ is to
zero, the larger the part of the radiation absorbed by the PV panel.
             

 

Figure 3. The geometric relationships between sun, solar module and earth. The figure is
based on the illustration in [77]. β is the angle between the plane of the surface and the
horizontal line. In this thesis this is referred as the tilt angle of the solar panel. γ is the surface
azimuth angle. The angular deviation of the surface of the plane from south, projected on
horizontal surface. Zero equals south, east negative and west positive. γs is the solar azimuth
angle. The angular deviation of the sun’s position from the south, projected on horizontal
surface. θz is the zenith angle. The angle between the vertical line and the sun’s position. αs is
the solar altitude angle, meaning the angle between the sun’s position and the horizontal plane
that is the complement of the zenith angle.

Depending on the used PV material and the coatings of the panel, the
production amount decreases as the angle between the sun and the panel
surface deviates from 90°. If the panels are installed to a constant tilt angle,
then the rule of thumb for annual optimum tilt angle is that the tilt angle
should be the same as the latitude of the installation location. In the winter
this angle deviates about +15° from the latitude angle and in the summer it
deviates about -15° of the latitude angle [78]. This rule of thumb does not,
however, work very well in the latitudes above 45°. The annual optimum tilt
angles are presented in [79].
It is also possible to install a solar tracking system that turns the panels
toward the sun as the position of the sun changes across a day. The tracking
system can be either 1-axis or 2-axis type. In a study [80] panels with a 2-axis
tracking system produced 25-45% more than panels installed on fixed
optimum tilt angle, depending on location. Largest gains for the tracking
system was obtained in areas of high annual insolation. However, in cloudy
conditions the efficiency of the tracking system is reduced, as the solar
radiation is isotropically distributed. In a study [81], a horizontal PV module
produced almost 50% more than a 2-axis solar tracking system during cloudy
conditions.
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2.3

Direct current systems in buildings

2.3.1

Comparison between AC and DC systems

In the early era of electrical systems power was transmitted using DC. At the
time there was no way to step up the DC voltage for transmission and step it
down again at the consumers end. Therefore, the electricity was produced
nearby the consumers and the voltage level was kept on a low level that devices
could use, 110 V in Thomas Alva Edison’s system. The using of low voltage
resulted in significant transmission losses if the wire lengths grew long. When
the transformer was introduced, AC became a more viable option, because the
voltage could easily be raised for transmission and stepped down again at the
consumers end. As a result the transmission losses of AC distribution system
were significantly lower than that of DC distribution, and wires with smaller
diameter could be used to transmit the same amount of power. These things
resulted in the victory of AC in the so called War of Currents at the end of 19th
century [22]. In these times, and the following decades, most electrical loads
were incandescent lighting and rotating machines that could be connected
directly to the AC grid.
Today buildings contain a large amount of electronic devices that operate on
DC [20][82]. Power electronics have developed as well and today there are
energy efficient DC/DC converters available that can change the DC voltage to
the required level [83]. By utilizing a DC grid, it may be possible to reduce the
amount of power conversions and associated conversion losses. With a DC
grid the distributed generation can be connected with less conversion stages
and it is possible to connect battery backup directly to the DC bus [84]. These
things have led to the reintroduction of the idea of using DC distribution
within buildings [19]–[21] [84].
In AC systems the amplitude of voltage varies between a positive and
negative maximum at a certain frequency, usually either 50 Hz or 60 Hz,
depending on the local standards [85]. The signal changes direction at the
given frequency and the average voltage Vrms can be calculated from the peak
value of the voltage Vpeak with Equation 3, assuming that the voltage is
sinusoidal.
  






 

In DC system the direction of electron flow stays constant and the frequency
is zero, meaning that the voltage is constantly at its maximum value. Due to
this, at equal wire diameters DC can be transmitted at a voltage matching the
AC voltage peak value Vpeak [86]. Regulations [87] also allow higher voltages
for DC than for AC in otherwise similar electric systems. This means that a
larger amount of power can be transferred with DC than with AC through
similar wires [82][88].
Reactive power is not transmitted in DC systems, which means that less
current is required to transmit equal power in DC systems than in AC systems.
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This results in smaller wire losses, as losses are in quadratic relation to the
current [82]. Conduction losses are, however, relatively small even in the
existing 230 VAC residential grids. In a previous study [82] they accounted for
only 0.3 % of the transferred power.
Many of today’s electronic devices; such as computers, audiovisual (A/V)
devices and LED lighting; operate internally on DC [23]. Distributed
generation is increasing rapidly [7] and many of the technologies, such as PV,
produce DC. If the DC devices are connected to an AC grid, the electricity
needs to be converted to DC, and possibly stepped down with DC/DC
converters, before it is suitable for the devices [89]. If the mismatch between
the supply voltage level and the voltage used by the device is large, additional
voltage conversion stages may be necessary to ensure suitable duty cycles for
the DC/DC-converters, as the duty cycle affects the efficiency of the converter
[90]. By installing a DC power network it may be possible to decrease the
number of power conversion stages and gain energy savings [23], [88], [90].
On average the AC/DC conversion accounts for approximately 10-20%
power losses in consumer electronic devices [23]. An ideal DC/DC-converter
can achieve 100% operating efficiency, whereas in practise the efficiencies
typically vary between 70-95% [89]. Each conversion stage induces losses to
the power chain, and transformers also cause additional standby losses [82]. A
detailed analysis of power converters can be found from the literature [88],
[89], [91], [92]. It can be concluded that switched-mode voltage converters are
more efficient than linear voltage converters, but they require more
components [90].
A DC signal does not have natural zero crossing points unlike an AC signal,
so it is harder to switch off than an AC signal with same nominal voltage. For
example a standard three-phase AC circuit breaker capable of extinguishing a
690 VAC signal can extinguish only a 600 VDC signal. A DC signal can be
switched off by creating a large enough physical distance between contacts, so
that arc is extinguished. The effective length of an arc can also be increased, by
stretching it with a magnetic field [88]. However, in low voltage (LV) DC
applications current breaking is not a problem, as AC breakers can be used
assuming that they are rated sufficiently for DC [84]. A low-voltage DC system
can be either ungrounded, high resistance grounded or low resistance
grounded. [93].
2.3.2

System voltage

The voltages defined by IEC are listed in Table 2. Higher voltages require
stronger insulation as the risk of electrical shock increase along with voltage.
Table 2. IEC definition of voltages [87].

Extra-low voltage (ELV)
Low voltage (LV)
High voltage (HV)

AC
50 V
1000 V
>1000 V

DC
120 V
1500 V
>1500 V
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If the system voltage is below 120 V at DC or 50 V at AC (RMS), the voltage is
considered as extra-low voltage (ELV) [87]. Depending on the protection and
separation from other systems, the ELV can be divided to safety extra-low
voltage (SELV), protective extra-low voltage (PELV) and functional extra-low
voltage (FELV) [94].
In Europe the standard AC voltage used in the low-voltage (LV) distribution
network is 230 VAC between the phase and the neutral. Between two phases
the voltage is 400 VAC [85]. At the moment there is no defined universal
standard voltage for DC systems, so if DC is used in buildings, different system
voltage options need to be considered.
A comparison between an AC system at 230 V and DC systems at 48 V, 120
V, 230 V and 325 V was carried out in [84] using the existing wires and power
loads of office spaces. With the parameters used in the study, the 48 VDC
proved too low, as voltage losses rise above the allowed level. 120 VDC was
also considerable less efficient in terms of power transmission. In this study
325 VDC was found to be the most suitable level for replacing the existing AC
system, both in terms of an economical and technical point of view. In the DC
systems the integration of a backup power system was considered easier and
more economical than in the AC option. If the DC system is realized with
voltages matching the current AC systems, the same wiring can be used.
DC power can also be distributed at considerably lower voltages. Most
devices used in consumer DC systems today are rated for 12 V, 24 V or 48 V.
These voltages also match the output voltages of typical PV modules and the
voltages of many battery systems. In this aspect these voltages would provide
easy integration of renewables. ELV increases safety against electric shocks,
but the low distribution voltage limits the usable wire lengths, as the voltage
drops considerably faster with lower voltages than in the existing 120 VAC or
230 VAC systems. Therefore, the wire lengths have to be shorter, or wires have
to be thicker, to transfer an equivalent amount of power with ELV than with
existing AC system. With devices requiring a high amount of power, the use of
extra-low voltages can be problematic.
To overcome this, hybrid systems containing multiple voltage levels have
been proposed. One option is to bring the electricity near to the consuming
devices on a higher voltage, use a centralized converter to step down the
voltage and connect the individual devices to this centralized power converter
[95]–[97]. The idea behind this methodology is to reduce the amount of low
power AC/DC rectifiers and associated losses. A possible downside of
centralized conversion systems is that the amount of wires may increase in
comparison to the conventional power system. Therefore the location of the
centralized converter in relation to loads has to be planned carefully to avoid
excessive wiring.
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At the moment the choice of DC voltage level within buildings remains an
open question. Voltages close to the conventional AC supply voltages would be
the easiest to implement on existing systems [84] and they would provide a
comparable amount of power using existing wires. ELV voltages, on the other
hand, may provide additional safety and may be more efficient in some special
cases, but they require a different power system architecture and are not well
suited for connecting high power loads.
2.3.3

Load operation on DC

LEDs operate solely on DC [30] and if they are connected to the AC grid,
AC/DC conversion is required. In theory LEDs can be connected directly to DC
bus, but in practise a driver is needed to regulate the amount of current
flowing through the LEDs. Modern fluorescent lamp (FL) luminaires are
equipped with electronic ballasts that are more energy efficient than the old
magnetic ballasts. Several manufacturers make electronic ballasts that also
accept DC input [23], whereas the old magnetic ballasts can be operated with
AC only.
All heating elements, such as those used in water heaters, can be supplied
with DC [23]. Uninterruptible power systems (UPS) store energy to batteries,
and in an AC grid they require two conversion stages: from AC to DC and back.
In a DC grid batteries can be directly connected, which reduces conversion
stages and conversion losses [88]. In a DC system it is also possible to
substitute multiple device or device group specific UPS systems with a
universal, building specific battery that provides backup power to all the
devices within the building. An additional benefit of this arrangement is that
power can be supplied from the universal battery longer than the typical 10-30
min provided by dedicated UPS units. At the same time the cost of the backup
power system may be reduced [84].
Induction motors operate only with alternating current, as their operation is
based on the changes in the magnetic field of their coils. Alternating current
creates an alternating magnetic field, whereas direct current does not.
However, DC can be used to drive induction motors via variable speed drives
(VSD). VSD allows the speed adjustment of the motor directly, whereas
without it the speed control of the induction motor is actualized by turning
motor on and off sequentially. VSD improves the overall operating efficiency of
the motor. AC grid electricity must converted to DC before the VSD can change
the current to the required frequency, so by using a DC grid, there is one
power conversion stage less than in the case of an AC grid. There are also DC
motors that operate directly on DC [23].
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3 Evaluation of PV production and its
effect to system sizing

An experimental PV measurement setup was built in the Aalto University.
The goal was to provide onsite PV production data for the calculations and
simulations of this dissertation. The onsite PV measurements were conducted
during 2010-2013 at Espoo, Finland.

3.1

Methods

3.1.1

PV system layout and components

An off-grid PV system was built on top of Aalto University School of
Electrical Engineering located in Espoo (60.11°N, 24.49°E), Finland. This
system provided PV measurement data from different orientations and tilt
angles. The layout of the PV system and glass cube (Figure 4) containing the
measurement system and the office test room is presented in Figure 5.


Figure 4. Glass cube on top of the Aalto University School of Electrical Engineering building.
Glass cube contained the measurement equipment of a PV system and a test room used for the
lighting installation [I].
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Figure 5. The layout of the PV system installed on top of Aalto University School of Electrical
Engineering. [I]

The PV system consisted of 3 x 100 Wp c-Si PV modules (Figure 6) that
provided power to the electrical loads inside the room. According to the
findings of a study [98] and the irradiation database [25], the annual optimum
tilt angle for the installation site (Espoo, Finland) is approximately 48°. For
this reason 48° tilt was selected as the tilt angle of main panels. The panels
were installed facing south.
Additionally, 5 separate 13 Wp c-Si modules (Figure 7) were installed. These
modules were not connected to the electrical system of the room, but provided
PV production data from different directions. In this work they are referred as
measurement modules. Four of the measurement modules were installed at a
90º tilt angle and provided production data from the principal compass
points: north, south, east and west. One measurement module was installed to
the same direction as the main panels: towards south at a 48º tilt angle.
Therefore, the power output of this measurement module matched the power
output of the main panels, when scaled with the panel’s respective surface
areas. By comparing the power output of the other measurement modules
(east, south, west, north; tilt 90°) with the southward tilted 48º panel output,
it was possible to calculate how much power would have been generated, if a
similar 3 x 100 Wp system would have been installed to the directions of the
other measurement panels.
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Additionally, a pyranometer [99] (Figure 7) was installed on the same axis
with the tilted measurement module (south, 48° tilt angle). Thus, it was
possible to calculate the efficiency of PV production in relation to solar
radiation.

Figure 6. Main modules of the PV system. Naps 100 Wp x 3 sC-Si panel. The nominal
2
production of the panels corresponds to 138 Wp/m .

Figure 7. Measurement module of the PV system (Naps 13 Wp sC-Si panel) and pyranometer
(Kipp & Zonen SP Lite 2).
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Figure 8. Measurement equipment for PV system monitoring. From left: Daqbook 112
datalogger unit, laptop with Dasylab 9.0 software, external display.

3.1.2

PV production measurements

The production of the PV system was measured at 1 s intervals. The
individual measurements were averaged over 1 minute before they were stored
to a computer (Figure 8). As a result, the recorded daily PV production data
consisted of 1440 individual measurements (24 h * 60 min). The data was
recorded throughout 2010-2013. The panels were cleaned manually according
to their state of soiling, on average twice a year.
3.1.3 Relation between energy efficiency of devices and sizing of PV
system

The price of PV systems is still relatively high and it is almost directly related
to the size of the system. In BIPV systems also the available area for PV panels
is often limited. Thus, the consumption of energy should be minimized, by
using energy efficient components, as it reduces the required PV panel area if
energy is produced locally. A consumption comparison study between typical
office devices was performed [II, III]. Additionally, it was studied how much
the required PV area varies in relation to season and the geographical location
of the installation site.
The PV module area requirements for similar office devices; laptops, desktop
computers, LCD displays, laser printers, photocopiers, projectors and air
conditioning units; were compared in two different locations, which received
very different amount of insolation [II]. The locations were Espoo in Finland
(60.1°N, 24.5°E) and Khartoum in Sudan (15.5°N, 32.5°E). In Finland the
insolation amounts vary significantly between seasons, whereas in Sudan the
insolation amounts remain almost constant throughout the year.
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The energy production of the PV system was measured in Espoo Finland
(60.11°N, 24.49°E). Based on this, it was calculated how much PV surface area
is required to cover the electrical consumption of office devices in that
location. Then the results were scaled to Khartoum, based on average monthly
insolation data [25] and using Equation 4.
    






 

Where AL is the PV panel area [m2] in the selected location, Am is the
measured PV area [m2] in Finland, Rm is the amount of radiation in Finland
based on statistical data and RL is the amount of radiation in the selected
location based on statistical data. This equation takes into account the
measured efficiency of the PV panels and allows scaling of the results to other
locations, based on a statistical data. The results are, however, approximate
values, as the temperature, soiling, shading and weather conditions affect the
production of the PV system, and their prediction requires more detailed local
data. The purpose of Equation 4 is to give a rough estimate rather than exact
values [II].
A scaling map was created to calculate the required PV panel area in other
locations, based on the coordinates of the location and Equation 4 [III]. The
required PV panel areas were calculated based on monthly production [II] and
average yearly PV production [III].
The devices that were compared in the study were selected from two extreme
ends of the power consumption scale of their device category, at the time of the
studies in 2010 [II] and 2011 [III]. The power consumption data of the devices
was obtained from an online source [100] that ranks devices based on their
power consumption. The lighting consumption was based on measurements
[I]. The purpose was not to concentrate on individual devices but rather to pay
attention to the differences in power consumption between devices of the same
category and on how this affects the sizing of the PV system [II, III].

3.2

Results

3.2.1

Comparison of irradiation data to existing databases

To ensure that the PV measurements were valid, the measured data was
compared to existing databases [26], [101]. These databases were based on
measured solar radiation, rather than the production of actual PV systems.
Therefore, the comparison between the measured local solar irradiation data
and the statistical solar irradiation data was made. The results are presented in
Figure 9 and Table 3.
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Figure 9. Average daily energy irradiation from the onsite measurement system in Espoo,
Southern Finland (60°11N, 24°45E) and from online databases [26], [101].
Table 3. Annual irradiation amount comparison between measured and statistical values

Measured
SoDa [26]
NREL pvWatts [101]
% difference: measured vs SoDa
% difference: measured vs NREL

Irradiation kWh/m2
Cumulative yearly
Average daily
1079
2,99
1427
3,90
1127
3,08
-24,4%
-23,4%
-4,3%
-2,9%

Both of the reference irradiation databases [26], [101] were based on satellite
measurements. The SoDA HC3v4 time series covers only 2005, whereas the
NREL database was based on average values of multiple years. The measured
values in Espoo, Finland (60°11N, 24°45E) were close to those of the NREL,
whereas the SoDa values differ more from the measured and the NREL values.
This demonstrates the difference between years in terms of solar insolation,
although in general the seasonal insolation amounts follow a similar pattern,
as can be seen on Figure 9.
The measured irradiation values were considered to be in line with those of
the previous gathered statistics. Therefore the measurement system was
considered to be accurate enough for the purposes of this thesis.
3.2.2

The energy production of the PV system

The energy production of the PV system was measured and the
measurements were continued afterwards throughout the years 2010-2013 [I,
II, III]. The results of these measurements are presented in Figures 15-21.
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Figure 10. Cumulative monthly energy production during 2010-2013 for south oriented PV
panels that were installed at 90° tilt angle. PV panels were installed on the rooftop of an office
building in Espoo, Southern Finland (60°11N, 24°45E).
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Figure 11. Cumulative monthly energy production during 2010-2013 for south oriented PV
panels that were installed at 48° tilt angle (annual optimum angle). PV panels were installed on
the rooftop of an office building in Espoo, Southern Finland (60°11N, 24°45E).
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Figure 12. Cumulative annual energy production during 2010-2013 of PV systems. PV modules
were installed on the rooftop of an office building in Espoo, Southern Finland (60°11N, 24°45E).
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The cumulative monthly production of the south facing PV system tilted at
90° (vertical surface) during 2010-2013 is presented in Figure 10. A similar
system tilted to an annual optimum angle, 48° at the same location, is
presented in Figure 11. The energy production of the panel at 90° tilt angle
was higher than the panel at 48° tilt angle between late autumn and early
spring, whereas in late spring, summer and early autumn the production of the
panel at 48° was higher. Figure 12 shows the cumulative yearly production of
the modules.
The annual production of the south facing PV panel tilted at annual optimum
angle (48°) was 12-31% higher than the panel at 90° tilt angle, depending on
the year. The most prominent anomaly seen in Figure 10 and Figure 11 is
March 2013. In 2013 there were lot of sunny days in March and this shows as
considerably higher cumulative production than in other measured years. The
productions of the modules installed in other directions were lower than the
south facing module installed in 90° tilt angle: west 28-41% lower, east 3548% lower and north 72-79% lower.
In 2012 the measured energy production was considerably lower than in
other years. The measurement system suffered from several system failures
(Table 4), which were mostly caused by the crashing of the computer running
the measurement software (Dasylab 9.0). In 2012 there were also some cable
connection failures between the data collection system and the 48° tilted south
facing measurement panel. The first cable failure was between January and
early March and the second between mid-June and mid-July. As there was no
data available during the system failures, the data was excluded from the
results. In 2010 there were the least system failures (Table 5) and for this
reason it was used as the input data in the simulations [V].
The main reason for measurement failures was the rather old computer
equipment used in the monitoring process, which proved to be unreliable at
times. In retrospect a more careful selection of monitoring equipment could
have improved the measurement reliability and, thus, reduced the amount of
gaps in the measurement data.
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Table 4. Missing energy production data of PV system. Explanations: N/A = data not available,
OK = data available.

Date
22-26.7.2010
1-5.9.2011
19-27.2011
26-30.12.2011
1.1-3.3.2012
4-5.1.2012
5-8.6.2012
18.6-29.6.2012
30.6-17.7.2012
29.10-9.11.2012
15.4-3.5.2013
19.5-4.6.2013

Missing measurement data
South 90°
West 90°
North 90°
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
OK
OK
OK
N/A
N/A
N/A
N/A
N/A
N/A
OK
OK
OK
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

East 90°
N/A
N/A
N/A
N/A
OK
N/A
N/A
OK
N/A
N/A
N/A
N/A

South 48°
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 5. Total number of missing energy production data of PV system during 2010-2013.

Year
2010
2011
2012
2013

South 90°
5
19
35
37

Days missing total
West 90°
North 90°
5
5
19
19
35
35
37
37

East 90°
5
19
35
37

South 48°
5
19
108
37

Figure 13 shows a comparison of the cumulative monthly energy
production in 2010 for PV panels installed at 90° tilt angle and facing south,
east, north, west and for a panel that was installed at the annual optimum
angle 48° facing south. The south facing panels produced more energy
throughout the year than panels facing other directions. In summer when the
sun is high and days are long in Finland, the east and west facing panels
produced almost as much as the vertical south facing panel, but much less
than the south facing panel installed at a smaller tilt angle. During the winter,
spring and autumn the west and east facing panels produced considerably less
energy than the south facing panel at similar tilt angle. The panel facing north
produced significantly less energy throughout the year than the panels facing
other directions, as the north facing panel received only diffuse radiation at
this latitude.
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Figure 13. Cumulative monthly energy production in 2010 for south, east, north and west facing
PV panels that were installed at 90° tilt angle and south facing panel installed at 48° (annual
optimum angle). The PV panels were installed on the rooftop of an office building in Espoo,
Southern Finland (60°11N, 24°45E).

The average daily energy production of the PV system was calculated for
each month and is presented in Figure 14 for the south facing panel tilted at
90° and in Figure 15 for the south facing panel, tilted at 48°. If there was
missing data from any of the days within a month, the lost or partial daily data
was excluded and the average daily production was calculated using the days
with complete energy production data. In January and February 2012 the data
of the whole month for the south facing panel at 48° tilt angle was missing,
and therefore, the corresponding average daily production is not included in
Figure 15.
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Figure 14. Average daily energy production for the PV panel facing south, tilt angle 90°. The PV
panels were installed on the rooftop of an office building in Espoo, Southern Finland (60°11N,
24°45E).
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Figure 15. Average daily energy production for the PV panel facing south, tilt angle 48°. The PV
panels were installed on the rooftop of an office building in Espoo, Southern Finland (60°11N,
24°45E).
Table 6. The average daily production ratios of 48°/90° south facing PV panels during 20102013. The PV panels were installed on the rooftop of an office building in Espoo, Southern
Finland (60°11N, 24°45E).
2010
January
February
March
April
May
June
July
August
September
October
November
December
Annual

2011
77%
56%
103%
133%
158%
168%
164%
145%
122%
101%
88%
66%
132%

2012
80%
90%
103%
134%
154%
167%
161%
145%
120%
100%
84%
65%
130%

2013

121%
130%
152%
94%
86%
143%
122%
97%
74%
12%
116%

70%
84%
102%
114%
154%
172%
166%
143%
122%
99%
84%
63%
126%

The average daily production ratios 48°/90° of different months in 20102013 are listed in Table 6. A similar pattern is shown in average daily
production ratios than was in the cumulative production ratios. From
November until February the 90° tilted module produced more than the 48°
tilted module, whereas during the other months the situation was the
opposite. As the insolation levels were much higher in the summer than in the
winter, the overall energy production of the 48° tilted module was higher than
that of the 90° tilted module.
The panels at 48° tilt angle were more prone to soiling and snow coverage
than those installed at 90°. Thus, the cleaning of the panels at lower tilt angles
is more critical than those installed at 90°.
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Figure 16. The effect of the tilt angle on the energy production of PV panels. The PV panels
were installed on the rooftop of an office building in Espoo, Southern Finland (60°11N, 24°45E).

The relation between the tilt angle and the production of the PV module was
studied with a short term measurements in different months in 2010. The
measurements were performed at the time when the sun was at its highest
point, between 12 a.m. and 2 p.m. during clear days. The results are presented
in Figure 16. As the radiation amount varies constantly according to time of
year and day, the measurements provide only examples. However, in winter
the best yields were achieved with close to vertical tilt angles, whereas in the
summer optimal production was achieved with smaller tilt angles.
3.2.3 Relation between the energy efficiency of devices and the sizing of
the PV system

The relation between the energy efficiency of electrical appliances and the
sizing of PV system was studied [II, III].
Desktop computers, laptop computers, 19” and 24” LCD displays, laser
printers, photocopiers, projectors and stand-alone air conditioning units were
compared in terms of energy consumption [II]. The devices chosen for the
study represented the maximum and minimum power consumption of their
representative device categories on the market, at the time of the study (June
2010). Table 7 shows the annual power consumption of the devices.

Table 7. Annual power consumption of the devices used in comparison [II].

Product category
Laptops
Desktop computers
LCD display 19"
LCD display 24"
Laser printer
Photocopier
Projectors
Air conditioning units

Minimum
19
35
27
60
85
65
102
490

Annual energy consumption [kWh] *
Maximum
Minimum / Maximum [%]
60
32%
1117
3%
150
18%
291
21%
757
11%
624
10%
3120
3%
2117
23%

* details about calculation method in [II], Appendix 1.
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The comparison gives insight to the ranges of electrical consumption within
product categories. Assuming that the other specifications of the device are
adequate for the purpose, considerable energy savings may be possible by
selecting a less consuming device.
The relation between annual power consumption of electrical appliances and
its effect on the sizing of the PV system was calculated [III]. The minimum and
maximum values of electrical consumption were updated, based on the
available products in April 2011. Additionally, the PV area requirement per
square meter for LED and FL lighting was calculated, using the electrical
consumption values calculated in a previous experiment [I]. The results are
presented in Table 8.
Table 8. Required PV panel areas corresponding with the energy consumption of office devices
and the lighting of the test room [III]. Calculations are based on the 2010 annual production of
m-Si PV panels tilted at 48° and located at 60°11N, 24°45E (= 122,32 kWh/a/m2).
Annual energy consumption
[kWh] *
Product category
Laptops
Desktop computers
LCD display 19"
LCD display 24"
Lighting type, average
illuminance in the room
LED, Em = 285 lx
LED, Em = 390 lx
LED, Em = 510 lx
LED, Em = 770 lx
FL, Em = 410 lx

Minimum
19
29
27
36

Maximum
60
1117
150
291

Annual energy consumption
[kWh/m2] *
8
11
14
27
22

2

Required PV panel area [m ]
Minimum
0.16
0.23
0.22
0.29

Minimum /
Maximum [%]
32%
3%
18%
12%

Maximum
0.49
9.13
1.22
2.38
2

Required PV panel area [m ]
0.06
0.08
0.11
0.21
0.18

Relative to FL, Em
= 410 lx
36%
47%
63%
120%
100%

The calculated PV panel areas were based on the annual production of sc-Si
panels tilted to an annual optimum angle, which was 48° at the measured site
in Espoo, Finland (60°11N, 24°45E). A scaling map (Figure 17) was created
based on the statistical insolation data of [25]. The map provides an
approximation of the required PV panel areas in other locations. In the areas
of highest annual insolation the required areas are approximately 2-2.5 times
smaller, whereas nearby the poles even larger PV areas are needed. These
results are based on the average yearly insolation. The higher the latitude of
the location, the larger the seasonal variations in the PV panel area
requirements, as was demonstrated in [II].

50

Evaluation of PV production and its effect to system sizing

Figure 17. PV panel area scaling chart [III]. Required PV area at a selected location can be
calculated approximately by picking a calculated PV area (Required PV panel area at the
average yearly production) of a selected device from the Table 8 and multiplying it with the
factor presented in this figure corresponding with the selected location. This figure was created
by using the statistical data of [25] and comparing the average annual insolation values of the
installation site to other locations.
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3.3

Summary

The PV production data was gathered over four years (2010-2013). The data
showed considerable seasonal variations in the PV production at the location
(60°11N, 24°45E) and gave an indication of the variations between years. The
production variation between different tilt angles and orientations were
measured.
The south facing module installed at 48° tilt angle provided 12-31% more
energy annually than a similar module installed at 90° tilt angle. Panels
installed towards the west and east provided between 28-48% less energy
annually than those installed towards south at same tilt angle (90°). Therefore,
it can be concluded that south was the most suitable installation direction for
the panels, especially if the annual optimum tilt angle was used. In some
conditions it might be beneficial to install PV modules towards west and east
also, at least if the price of the modules is not an issue. The installation
towards north cannot be recommended, as they produced over 70% less
energy than the south facing panels at a similar tilt angle.
There is a large variation in the energy consumption of electrical devices. By
selecting energy efficient devices, considerable savings may be achieved. This
may reduce the size and costs of the PV system considerably, assuming that all
energy to devices is produced locally with PV.
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4 Comparison between LED lighting
and fluorescent lighting

LED lighting was compared to fluorescent lighting in terms of lighting
parameters and electricity consumption [I, IV]. Luminaires were first
measured in a laboratory and then installed into office rooms, where the
lighting installations were evaluated.

4.1

Methods

4.1.1

Luminaire measurements

The luminaire measurements were conducted at the Aalto University
Lighting Unit. Luminous flux, luminous efficacy, power consumption, colour
temperature and CIE CRI were measured using an integrating sphere [I, IV].
LED chips were installed to pendant FL luminaire housings after removing
the original T5 fluorescent lamps. The modified luminaire was compared to
the original luminaire [I]. The luminaires are shown in Figure 18.

Figure 18. Pendant luminaires used in [I]. Upper = original luminaire using 1 x 28 W T5
fluorescent lamp, CCT 3000 K. Lower = modified luminaire using 11 x 3 W LED chips, CCT
5250 K.
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Recessed T5 FL luminaires (Re_T5, Figure 19 c) were compared to LED
luminaires (Sq_LED, Figure 19 b) [IV]. Recessed LED luminaires (Ro_LED,
Figure 19 a) was evaluated at three different CCTs: 3000 K, 4500 K, 6000K
[IV].

Figure 19. Luminaires used in [IV]. a) Round LED luminaire (Ro_LED), 27 W, DALI compatible,
dimmable, adjustable CCT 2621–6321 K, recessed ceiling mounted. b) Square LED luminaire
(Sq_LED), 44 W, DALI compatible, dimmable, CCT 4000 K, recessed ceiling mounted. c)
Rectangular T5 FL luminaire with low luminance louvre, 2 x 28 W T5 fluorescent lamp, DALI
compatible, dimmable, CCT 4000 K, recessed ceiling mounted.

4.1.2

Test rooms

Three test rooms were built in the facilities of Aalto University Department
of Electrical Engineering.
First test room (Figure 20) was built inside a glass cube, in the immediate
vicinity of the PV system to keep the voltage losses in the wires low [I]. The
room dimensions were: width 2m x length 4 m x height 2.6 m. The windows of
the room were blocked against sunlight during the experiments. The room was
furbished with two office chairs and a table.

a)

b)

Figure 20. a) Test room layout [I] b) Overview picture [I]. Task area is marked with a black
rectangle in a). Blue wireframes represent the luminaires and brown wireframes represent the
furniture in a).
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In a second study, two office test rooms (Figure 21, Figure 22) were built
[IV]. These rooms were similar to each other. The dimensions of the test
rooms were: width 3.51 m x length 4.22 m x height 2.80 m. There were three
windows facing west, but these windows were covered with blinds during the
measurements to prevent daylight from entering into the room. The two test
rooms were located side by side and faced an inner court between two 4-story
buildings.
The rooms were furnished with office chairs, tables, wall shelves, posters and
maps. The windows of the rooms were blocked against sunlight during the
experiments. The table surface was considered the working area in both
studies. The area outside the immediate vicinity of the table was considered
the adjacent area.

Figure 21. Test room layouts [IV]. a) Room 1. 4 x fluorescent lamp luminaire installed in the
ceiling b) Room 2. 4 x square LED luminaires and 6 x round LED luminaires installed in the
ceiling. The task area is marked with a black rectangle and the measurement point used during
the user test is marked with a purple dot in the middle of it. Blue wireframes represent the
luminaires and brown wireframes represent the furniture.

Figure 22. Overview pictures of test rooms [IV]. Left: Room 1 (FL), right: Room 2(LED)
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4.1.3

Lighting measurements

The luminaires were installed in the test rooms and the lighting parameters
of the test rooms were measured. Illuminance, luminance distribution, unified
glare index and the uniformity of lighting were measured in the first lighting
study [I]. CCT, illuminance, luminance distribution, unified glare index and
the uniformity of lighting were measured in the second lighting study [IV].
These measurements were performed for the work area and for the
surrounding area of the test rooms.
Illuminances were measured with LMT Pocket Lux 2 illuminance meter. The
accuracy of the LMT Pocket Lux matches standard DIN 5032–7, Class B.
Konica Minolta CL-500A illuminance spectrophotometer was used in the CCT
measurements. The accuracy of the spectral measurement with CL-500A was
+- 0.3nm. Nikon Coolpix 8400 imaging luminance spectrophotometer was
used for the luminance measurements with Photolux software, which was used
to analyse the luminance pictures and calculate the unified glare rating (UGR)
values. The recommended values for the measured parameters in Finland are
defined in SFS-EN 12464-1 Light and lighting. Lighting of work places. Part
1: Indoor work places [102].
The LED lighting was measured at full power, and at 62.5%, 50% and 37.5%
power. The FL lighting was studied only at full power [I].
The LED lighting with Sq_LED luminaires and the FL lighting with Re_T5
luminaires were measured at 1000 lx, 600 lx and 300 lx [IV]. Sq_LED and
Re_T5 lighting were compared to each other at different illuminance levels.
The LED lighting with Ro_LED luminaires was measured at 600 lx at three
different CCTs: 3000 K, 4500 K and 6000 K. The CCT settings were compared
to each other.
4.1.4

User study

The subjective quality of the office lighting was studied through a user study
[IV]. The effect of illuminance level to user preferences was studied by
comparing LED lighting to T5 fluorescent lighting at illuminance levels 300 lx,
600 lx and 1000 lx. The effect of correlated colour temperature to user
preferences was studied by varying the CCT of the LED luminaire between the
CCT’s 3000 K, 4500 K and 6000 K at a constant 600 lx illuminance level.
The user test consisted of two parts. In the first part the lighting conditions
were preset and the subjects had no control over them. A similar questionnaire
(Appendix 2) was presented to the subjects regarding each of the nine preset
lighting conditions. The lighting conditions were evaluated in terms of glare,
reading task easiness, detail distinction from the wall, colour naturalness and
pleasantness, illuminance level sufficiency and pleasantness, general
pleasantness of lighting and naturalness of shadows. Subjects were also asked
how they liked the appearance of the luminaires. Glare was evaluated from two
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different viewpoints; from the corner of the room and at the office desk,
whereas the other parameters were evaluated only at the office desk.
In the second part of the user tests the subjects were asked to set three
different lighting situations according to their preferences: minimum
illuminance level for short-term office work with FL lighting, optimal
illuminance level for long-term office work with FL lighting and optimal
illuminance level and colour temperature with LED lighting. The illuminance
level adjustment range was 0-1142 lx for the Re_T5 FL lighting and 0-738 lx
for the LED lighting. The CCT adjustment range of the Ro_LED LED lighting
was 2621-6321 K.
The test procedure was similar for each subject. Prior to entering the test
room, the subject waited 1 min outside the test room in a corridor. The
illuminance of the corridor was 165 lx on an eye level for a sitting subject and
the CCT was 2900 K. When entering the test room, the subject was instructed
to sit down. After a 1 min adaptation time, the subject was instructed to fill the
questionnaire. When the subject had answered all the questions regarding the
presented lighting setting, the subject was asked to go back to corridor, while
instructor changed the lighting setting. The same procedure was repeated for
each of the lighting settings. A detailed report of the user test procedure is
presented in [IV].
40 subjects attended the preset part of the user tests and 39 of them set their
own lighting preferences. The age and gender distribution of the subjects is
presented in Table 9.

Table 9. The age and gender distribution of the test subjects [IV].
Age
20-29
30-39
40-49
50-59
TOTAL

Number of subjects /
% of all subjects
29 / 72.5%
5 / 12.5%
3/ 7.5%
3/ 7.5%
40 / 100%

Number of males /
% of all subjects
24 / 60.0%
3 / 7.5%
1 / 2.5%
0 / 0%
28 / 70%

Number of females /
% of all subjects
5 / 12.5%
2 / 5.0%
2 / 5.0%
3 / 7.5%
12 / 30%

The results of the user study were statistically analysed using IBM SPSS
software [103]. Kolmogorov-Smirnov tests revealed that the data was not
normally distributed. Therefore, nonparametric test methods were used in the
data analysis. The mean values of different situations were compared using
Kruskal-Wallis and Mann-Whitney tests and the correlations between answers
were analysed with Pearson’s method. The statistical significance level of these
tests was set to 0.05.
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4.2

Results

4.2.1 Comparison of T5 FL luminaires and similar luminaires retrofitted
with LEDs

The LED version of the luminaires were equipped with dimming controllers,
whereas the fluorescent lamp version operated at full power. In [I] the
dimming percentages were presented reversed, showing how much the lights
were dimmed in comparison to full power. In this chapter they have been
converted to a more standard way of representing the dimming per cent,
where 0% means no light and 100% full power. Otherwise the results are
unaltered. The results are presented in Figure 23, Table 10 and Table 11.
At full power the LED luminaires consumed 19% more energy than the FL
luminaires, but they provided a 87% higher illuminance level on the working
area. At the 62.5% dimming level the LEDs used 36% less power than the
fluorescent lamps at full power, while providing a 23% higher illuminance
level on the working area. At 50% dimming level the LEDs consumed 52% less
energy than FL at full power, while providing 5% less light on the working
area. At the lowest dimming level, 37.5%, the LED luminaires consumed 64%
less energy than the FL luminaires at full power, but provided 31% less light.

Figure 23. Effect of dimming on the illuminance level of the working area and the surrounding
area using LEDs and fluorescent lamps. [I]
Table 10. Measured power, power density and illuminance levels in the working area. [I]
Lamp
type
LED
LED
LED
LED
FL

Dimming
[%]
37.5
50
62.5
100
100

P [W]
21.8
29
38.7
72.6
60.8

P/A
[W/m]
2.7
3.6
4.8
9.1
7.6

P [W]/
100 lx
7,6
7,4
7,6
9,4
14,7

Em [lx]

Emin [lx]

Emax [lx]

Emin / Em

Emin / Emax

285
391
510
771
413

209
291
368
580
339

366
503
627
997
507

0.73
0.74
0.72
0.75
0.82

0.57
0.58
0.59
0.58
0.67

Table 11. Measured power, power density and illuminance levels in the whole room. [I]
Lamp
type
LED
LED
LED
LED
FL
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Dimming
[%]
37.5
50
62.5
100
100

P [W]

P/A [W/m]

21.8
29
38.7
72.6
60.8

2.7
3.6
4.8
9.1
7.6

P [W]/
100 lx
8,8
8,6
8,7
10,7
16,1

Em [lx]

Emin [lx]

Emax [lx]

247
339
446
677
377

153
220
303
460
305

366
503
627
997
507

Emin / Em Emin / Emax
0.62
0.65
0.68
0.68
0.81

0.42
0.44
0.48
0.46
0.60
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The retrofit LED luminaires were considerably more energy efficient than
the luminaires equipped with the original FL light sources. The uniformity of
the lighting was within the office lighting recommendations [102] with both
lighting types. This means that the illuminance uniformity was ≥ 0.6 in the
work area, and ≥ 0.4 in the surrounding area. The unified glare rating (UGR)
of the lighting should be below 19 in office spaces [102]. The measured lighting
installations did not meet the recommendations for glare. The UGR-values
were 24.1 for the LED lighting and 20.4 for the FL lighting, when the
luminaires were at full power.
4.2.2

Comparison of T5 FL luminaires and LED luminaires

The FL luminaires (Re_T5) and LED luminaires (Sq_LED, Ro_LED) were
measured in the laboratory [IV]. Figure 25 shows the relation between the
luminous efficacy and the DALI dimming level of the luminaires. The
luminous efficacy of the Sq_LED was higher at all tested dimming levels (10100%) than that of the Ro_LED or Re_T5 luminaires. The luminous efficacy of
the LED luminaires decreased less when the luminaires were dimmed in
comparison to the FL luminaire.
Figure 24 shows how the luminous flux and luminous efficacy of the
Ro_LED luminaire as a function of the CCT. The luminous efficacy and the
CIE CRI were highest at the lowest CCT setting (2621 K), and they decreased
when the CCT was raised.
The CCTs 3000 K, 4500 K and 6500 were compared in a user study [IV].
The corresponding CIE CRI’s were 94, 93 and 89 respectively. The CCT of the
Sq_LED and Re_T5 luminaires was 4000 K. The CIE CRI of the Sq_LED was
86 and the CIE CRI of the Re_T5 was 82.
The luminaires were installed in the test rooms and the illuminances,
luminance distributions and glare of the lighting installations were measured
[IV]. The illuminance distributions of the rooms were measured with each
luminaire type at full power (Figure 26, Table 12). The Ro_LED was
measured at each end of the CCT range, at 2621 K and 6321 K respectively.
The average illuminances in the room varied considerably between the
luminaire types, as Ro_LED lighting provided significantly less light.
Therefore, the illuminance adjustment ranges in the user study were different
for the Ro_LED and Re_T5. The Ro_LED consumed more power at the high
end of the available CCT scale than at lower CCTs.

59

Φ [lm]
2500

η [lm/W]
70
60

2000

50
1500
40
1000

30
20

500
10
0
2500

3000

3500

4000

4500
5000
T [K]

5500

6000

6500

00
7000

Figure 24. Luminous flux and luminous efficacy of the Ro_LED luminaire as a function of the
CCT. [IV]
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Figure 25. Luminous efficacy at different dimming levels. The CCT of all luminaires was 4000 K
during the measurements. [IV]

Figure 26. Measured illuminances in the test rooms with luminaires at full power. Re_T5
luminaires were measured in Room 1 and LED luminaires were measured in Room 2. [IV]
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Table 12. Measured mean, minimum and maximum illuminances of the room and the
respective power consumption of the lighting installations. Em = mean horizontal illuminance,
Emin = minimum horizontal illuminance, Emax = maximum horizontal illuminance. [IV]
Whole room, luminaires at full power (DALI = 100%)
Luminaire type

Em [lx]

Emin [lx]

Emax [lx]

Emin/Em

Emin/Emax

P [W]

Sq_LED (4000 K)
Ro_LED (2621K)
Ro_LED (6321K)
Re_T5 (4000 K)

878
655
552
1011

436
421
337
676

1157
827
697
1386

0.50
0.64
0.61
0.67

0.38
0.51
0.48
0.49

184.4
157.8
150.6
216.0

Luminaire type

Em [lx]

Emin [lx]

Emax [lx]

Emin/Em

Emin/Emax

P [W]

Sq_LED (4000 K)
Ro_LED (2621K)
Ro_LED (6321K)
Re_T5 (4000 K)

1066
757
647
1153

905
650
558
914

1157
827
697
1386

0.85
0.86
0.86
0.79

0.78
0.79
0.80
0.66

184.4
157.8
150.6
216.0

P [W]/100
lx
21.0
24.1
27.3
21.4

Working area, luminaires at full power (DALI = 100%)
P [W]/100
lx
17.3
20.8
23.3
18.7

The uniformity of the illuminance was within the recommendations [102]
with all tested lightings. The power consumption of the FL lighting was higher
in comparison to the Sq_LED, although at full power the relation between the
illuminance level and the power consumption was almost the same with both
lighting types. As the luminaires were dimmed, the Sq_LED consumed
considerably less power to provide equal illuminance on task area (Table 13).
Table 13. Relation between power consumption and task area illuminance.
P[W]
Task area
illuminance
300 lx
600 lx
1000 lx

P [W] / 100 lx

Re_T5

Sq_LED

Re_T5

Sq_LED

92
144
200

58
104
176

31
24
20

19
17
18

The luminance measurements were performed for each of the preset lighting
situations of the user study [IV]. The measurement points were chosen to
match the positions in which the subjects sat during the experiments: by the
armchair in the corner of the room and by the desk in the middle of the
working area.
Table 14. Measured average luminances and UGR-values of the test rooms. [IV]

Luminaire type
Sq_LED 1000 lx
Sq_LED 600 lx
Sq_LED 300 lx
Re_T5 1000 lx
Re_T5 600 lx
Re_T5 300 lx
Ro_LED 600 lx, 6000 K
Ro_LED 600 lx, 4500 K
Ro_LED 600 lx, 3000 K

Task area
Average Lv
[cd/m2]
175
140
86
216
125
67
117
134
131

UGR
15.1
16.3
12.6
18.8
16.2
13.8
18.6
18.6
19.2

Corner of the room
Average Lv
UGR
[cd/m2]
214
15.1
190
16.4
115
12.7
202
19.1
121
17.2
61
14.6
69
20
72
20.2
75
20.3
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Sq_LED lighting fulfilled the UGR recommendations [102] at all tested
illuminance levels, whereas Re_T5 fulfilled it at 300 lx and 600 lx. At 1000 lx
the UGR value of Re_T5 FL lighting was above the recommendations, when it
was measured from the corner of the room. Ro_LED lighting did not meet the
UGR recommendations.
4.2.3

Lighting preferences of the users

The conclusion of the user study [IV] were as follows:
4.2.3.1 Glare perception
Most of the subjects experienced no glare or only small amounts of it in all
tested lighting conditions. No statistically significant difference in terms of
glare was found between FL lighting and LED lighting at equal illuminance
levels. The perceived glare increased along with the illuminance level,
regardless of the used lighting type. The subjects did not perceive significant
differences between the CCTs 3000 K, 4500 K and 6000 K.
4.2.3.2 Reading task and detail distinction from the wall
In general, most subjects considered the reading of text on paper and the
detail distinction from the wall easy in all tested lighting conditions. The
answers to both tasks followed a similar pattern. Reading and detail
distinction were considered significantly harder at 300 lx, than at 600 lx or at
1000 lx. Between the 600 lx and 1000 lx the differences were statistically
insignificant. Similar results were obtained with LED and T5 fluorescent
lighting. There were no statistically significant differences between the CCT
settings.
4.2.3.3 Naturalness and pleasantness of colours
No significant differences were perceived in the colour naturalness at
different illuminance levels, CCTs, or between fluorescent lighting and LED
lighting.
The colour of the lighting was considered significantly less pleasant at 300 lx
than at 600 lx or 1000 lx with FL lighting. With Sq_LED lighting the
differences between illuminance levels were not significant. CCT 6000 K was
considered less pleasant than the CCTs 3000 K and 4500 K, whereas 3000 K
and 4500 K were considered equally pleasant. There was a significant
correlation between colour naturalness and pleasantness.
4.2.3.4 Illuminance level and its sufficiency for office working tasks
There was a statistically significant relation between illuminance level and its
sufficiency for office working tasks, as higher illuminance levels were
considered more sufficient than the lower ones. At 300 lx the user ratings
varied more than at 600 lx or 1000 lx. There was no distinction between FL
lighting and LED lighting at same illuminance levels. The CCT setting did not
affect the results significantly.
600 lx was considered more pleasant than 300 lx or 1000 lx. 300 lx was
considered too low and 1000 lx too high. The results were similar regardless if
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FL lighting or LED lighting was used. There were no significant differences in
the answers between tested CCTs.
4.2.3.5 Naturalness of shadows
The luminance distribution was different in the room with different
luminaires. The subjects were asked how natural the shadows in the room
looked with each lighting. No significant difference was found in the user
ratings regarding shadow naturalness, regardless of the used illuminance level
or CCT. Overall, the shadows were considered somewhat natural.
4.2.3.6 General pleasantness of the lighting and luminaires
The LED lighting and FL lighting were considered equally pleasant at similar
illuminance levels. There was no significant difference in the ratings between
the 600 lx and 1000 lx illuminance levels, whereas 300 lx was considered
significantly less pleasant with both lighting types. CCT 6000 K was
considered significantly less pleasant than 3000 K and 4500 K.
Subjects preferred the appearance of the Ro_LED and Sq_LED luminaires
over the Re_T5 luminaire, which represented more conventional office
luminaire design than the LED luminaires.
4.2.3.7 Age and gender related variations in the subjective ratings
40 participants took part in the user tests, but due to practical constraints
the age groups of attendees were unevenly distributed. The effects of the age
relation on the user ratings were not studied, as the age groups between 30-59
were too small for statistical analysis.
In some cases the mean ratings varied significantly according to gender. The
average age of the female subjects was, however, over 10 years higher than the
average age of the male subjects. Thus, the differences may be age related
rather than gender related.
4.2.3.8 User adjusted illuminance level and CCT preferences
Subjects set three different illuminance levels by themselves, using the
manual push button and slider interfaces.
For short-term office work (up to 1h), on average the subjects set the
minimum acceptable illuminance level to 326 lx with FL lighting. The average
preferred illuminance level for long-term office work was 648 lx with FL
lighting and 517 lx with LED lighting. The preferred illuminances were slightly
higher than in some previous findings [104]–[106] but close to those found in
[107].
The range of the preferred illuminances was large in all tested situations: 74600 lx for the minimum illuminance level with FL lighting, 121-1142 lx for the
optimal illuminance level with FL lighting and 245-738 lx for the optimal
illuminance level with LED lighting. The preferred illuminances were higher
with FL lighting than with the LED lighting. This might be due to larger
adjustment range of the Re_T5 in comparison to the Ro_LED. The influence
of the adjustment range has also been found previously [107]. The initial
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illuminance in the room (300 lx) might also have an effect on the results, as
was found in [107].
In the Ro_LED adjustment task the subjects also set the CCT according to
their preferences. The average preferred CCT was 4151 K. The initial CCT that
the subjects were exposed prior to adjustment varied between 3000 K, 4500 K
and 6000 K. There were indications that the CCT preference leaned towards
the initial setting, as was found also in [108], but the correlation between
initial setting and user preference was just below statistical significance.
4.2.4 Relation between illuminance level preferences and energy
consumption

There were large deviations in the user set CCTs and illuminance levels [IV],
which indicates that the individual preferences of different people can be very
different. This has been confirmed also in the previous research [104]–[107].
Therefore, additional CCT and dimming control can increase user comfort in a
space, by allowing each user to set the lighting according to their own
preferences. As some of the users prefer lower illuminance levels than the
current recommendations, 500 lx in most office work, adding dimming control
may provide energy savings.
The relation between the perceived subjective sufficiency of illuminance level
for office work (the average value of the user answers to question F, Appendix
2) and respective power consumption of the lighting at the given illuminance
level is presented in Table 15. With FL lighting, the subjects considered the
300 lx 32% less sufficient when compared to 600 lx, whereas 1000 lx was
considered 13% more sufficient than 600 lx. Similar behaviour was visible with
LED and FL lighting. This indicates that increasing the illuminance level from
600 lx to 1000 lx has a less significant effect on the perceived sensation of
lighting sufficiency than reducing it from 600 lx to 300 lx.

Table 15. Changes in power consumption, dimming level and subjective lighting sufficiency in
relation to illuminance level in the task area. [IV]

DALI
Task area Dimming
illuminance level [%]
300 lx
27
600 lx
56
1000 lx
92
300 lx
600 lx
1000 lx

27
53
95

P [W]
92
144
200
58
104
176

Re_T5
Is the lighting level sufficient for
office work tasks?
Sufficiency /
P[W] / (Based on user answers, scale 0-1, Sufficiency_600
P / P_600lx 100 lx
0 = insufficient, 1 = sufficient)
lx
64%
31
0.56
68%
100%
24
0.83
100%
139%
20
0.93
113%
Sq_LED
56%
19
0.59
68%
100%
17
0.86
100%
169%
18
0.92
107%

The LED luminaires consumed an almost equal amount of power per 100 lx
regardless of dimming level, whereas the relative consumption of FL
luminaires increased when the luminaires were dimmed. This means that
although the subjective perceived sufficiency of lighting was the same with
both luminaires, relatively more energy was saved through dimming with the
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LED luminaires than with the FL luminaires. At equal dimming levels the
absolute luminous efficacy of LED luminaires was also better than that of FL
luminaires.

4.3

Summary

LED lighting was compared to FL lighting in two different experiments
[I,IV].
In the first experiment [I] a T5 FL luminaire was retrofitted with LEDs. The
energy consumption of the modified luminaire was compared to the original
luminaire equipped with a T5 fluorescent lamp, in an office lighting
installation. The energy consumption of the LED lighting was approximately
50 % lower than that of the FL lighting at equal illuminance levels. However,
the uniformity of the lighting in the room was lower with LED lighting.
In the second experiment LED lighting was compared to FL lighting in terms
of energy efficiency and subjective lighting quality at several illuminance
levels. The LED luminaires consumed less energy than the FL luminaires at
equal illuminance levels and the difference increased when the luminaires
were dimmed. There were no significant differences in the perceived subjective
lighting quality between FL lighting and LED lighting at equal illuminance
levels. Overall, subjects preferred an illuminance level around 500-600 lx.
The CCTs 3000 K, 4500 K and 6000 K were compared in terms of subjective
lighting quality. However, no large differences were found between the CCTs
in the user study [IV], except that CCT 6000 K was considered less pleasant
than CCTs 3000 K and 4500 K. The subjects set the optimal CCT around 4000
K, when they were given opportunity to set the CCT by themselves.
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5 Efficiency of DC systems based on
simulations

5.1

Methods

A Matlab-Simulink [109] model was built to compare 230 VAC, 12 VDC, 24
VDC and 48 VDC power architectures in an office building with an integrated
photovoltaic system [V]. These voltages were chosen, as there are dedicated
devices available for them and they match the typical output voltages of the PV
modules. DC voltages equalling the used AC voltages have been studied
previously [84], so they were excluded from the study. Therefore, it was
decided to concentrate on a less researched topic, and only use ELV DC
voltages in this study. Due to the selected voltages the power distribution
architecture was different than in typical office buildings.
The Matlab-Simulink model consisted of power production profiles of a PV
system with a battery backup, and power consumption profiles of typical office
devices. The studied parameters were energy consumption, electrical losses,
amount of required grid energy and annual energy costs. Heating was
excluded from the simulation, although it often consumes a large amount of
energy, as in Finland it is often implemented with district heating or other
sources than direct electrical heating.
The simulated building was a four-story office building, with each floor
having the dimensions of width 40 m, length 30 m and height 2.6 m. This
resulted in an overall building area of 4800 m2 and total volume of 12480 m3.
The building was located in Espoo, Finland (60.11°N, 24.49°E).
5.1.1

Matlab-Simulink model

A Matlab-Simulink model was created to analyse the difference between
electricity systems operating at different voltages [V]. The model consisted of
two different parts: the supply side and the consumption side. On the supply
side there was the BIPV system, the utility grid connection interface and the
battery backup system. In the consumption side there was the lighting,
computers and the ventilation system of the building. Cable losses of devices
were also simulated. An overview of the Matlab-Simulink can be seen in
Appendix 1.
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The PV system was considered the primary energy source. If the
consumption exceeded the amount of PV production, additional energy was
bought from the public grid.
5.1.2

Device consumption data and loss calculation

In the simulations the daily electrical consumptions of LED- and fluorescent
lamp lighting, computers equipped with displays and the ventilation units of
the building were estimated.
The electrical consumption of Sq_LED and Re_T5 luminaires was measured
[IV] and used in the simulations [V]. The luminaires were measured at 230
VAC. The electrical consumption at other voltages was estimated by
comparing the efficiencies of the 230 VAC control gear of the measured
luminaires to the control gear that was designed for the simulated voltages.
The measured efficiencies were scaled to other voltage levels using Equation 5.
    






 


Where P1 is the measured power consumption of the luminaire with the
reference control gear, P2 is the power consumption of the luminaire at the
selected voltage level, η1 is the rated efficiency of the reference control gear of
the measured luminaire and η2 is the rated efficiency of the selected control
gear matching the used voltage level. The amount of luminaires was calculated
by creating a model of the building with DIALux software [110] and setting the
target illuminance of the work plane (0.7 m above the ground) to 600 lx. Based
on the calculations, either 896 LED luminaires or 960 FL luminaires were
required to fulfil the requirement, assuming that the luminaires were at full
power.
The power consumption and the efficiency data of computers, displays and
ventilation units was obtained from manufacturer datasheets and online
sources [111]–[118]. Wire losses were calculated by using Equation 6 [119].
They were calculated for the consumption devices only. The power supply
cables between the PV system and the electricity distribution cabinets of the
building were assumed to have large cross sections. Similar assumption was
made for the power supply cables between the PV system and the utility grid
interface. Therefore, the power losses occurring in these power supply cables
were assumed negligible.
 

 
  



 

Where Ploss is the power loss occurring in the cable,  is the specific
resistance of the conductor material,  is the distance between the source and
the load, P is the power consumption of the load, V0 is the voltage of the
source, S is the cross-section of the conductor and cos ϕ is the power factor of
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the load. With DC voltage cos ϕ is 1, which means it can be excluded from the
equation. In the case of 230 VAC, the power factors of luminaires were
measured and obtained from the data sheets for the other devices.
In the wire loss calculations the maximum allowed voltage drop was 5%,
which is defined in the Finnish standard [120] that is based on the European
standard IEC 60364-7-715. When the voltage drop in the wires rose above the
allowed level, thicker wires were used. The wire options were common MMJ
wires with the diameters 1.5 mm2, 2.5 mm2, 4 mm2, 6 mm2, 10 mm2 and 16
mm2.
Each luminaire and computer unit was connected to the grid with a 20 m
long wire. In reality, in the existing 230 VAC systems the devices are often
chained, meaning that the power cord goes for example to one luminaire and
from that to next one and so on. Therefore, the wire lengths vary. In extra-low
voltage DC systems, however, the current in the wires would rise much higher
than with higher system voltages in this kind of power connection topology.
This would result in the overloading of the wires and excessive wire losses. As
a result, each device was connected separately to the electricity distribution
cabinets in the DC systems, and for comparison purposes, a similar wire
topology was used also with 230 VAC.
In the case of 230 VAC, an inverter was required between the power grid of
the building and the PV system, whereas the building grid was directly
connected to the public utility grid. In the case of 12 VDC, 24 VDC and 48
VDC, inverter/rectifier unit was required between the utility grid and the
power grid of the building, whereas the PV system was directly connected to
the building grid.
5.1.3

PV data

The PV production data that was used in the simulations [V] was gathered in
2010 [I, II, III]. The behaviour of the system was studied in April, July and
December to demonstrate the effect of seasonal insolation differences on the
energy balance of the building. The simulations were performed for the rest of
the months of 2010 also, but this data was used only to calculate the yearly
energy consumption with each of the studied scenarios.
Month specific average daily PV production was calculated from the PV data,
and these compiled reference days were used in the simulations. The daily
average values were assumed to represent a typical day of the given month.
The simulation time was one day. In the yearly energy consumption
calculations the month specific reference days were multiplied with the
number of the days in the month to give a total monthly PV production and
the months were summed up as total yearly PV production.
5.1.4

Battery backup system

The main purpose of a battery backup system is to provide uninterruptible
power to a building in case of public power grid failures and to provide
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additional power if the local power consumption exceeds the local production
momentarily. The battery serves also as a buffer between the building and
public energy grid, reducing the energy flows between the local system and the
public grid.
The simulations were performed for a similar building with and without a
local battery backup system. The battery was sized to provide 4 hours of power
at the peak value of energy consumption, assuming that the PV system did not
provide additional power during this time. The battery system consisted of
lead-acid batteries and the charge and discharge efficiency of the battery was
assumed to be 0.85. The initial state-of-charge (SOC) value of the battery was
set to match the end value of a similar day. This value was iterated, by running
the daily simulation multiple times with different initial SOCs, until the first
value and last daily value of SOC matched.
5.1.5

Energy consumption and energy price calculations

In the simulations each of the consumption device groups was given a
schedule when they were operational, and during the rest of the time they were
in a standby-mode. The computers were assumed to operate on average at
50% workload during the working hours. Computers were on between 8 a.m.
and 4 p.m. As the working hours of personnel may vary, it was chosen that the
lighting and ventilation was on between 6 a.m. and 6 p.m. to compensate for
flexitime.
The energy consumption and losses of devices was calculated, and in the case
of luminaires, they were analysed at three different dimming levels (100%,
50%, 20%). Based on the simulations, the yearly energy consumption and the
net price of the bought grid energy were calculated. The price of the electricity
was assumed to be 0.12 €/kWh, regardless of whether the energy was bought
from the grid or sold to the grid. This means that in practise there was net
metering effective, or a net taxing with equal prices for sold and bought grid
energy. This assumption was done to keep the results of this study somewhat
generally applicable, although the assumption is seldom valid in reality.

5.2

Results

5.2.1 Energy consumption and losses of system components at different
voltages

The energy consumption and related losses depended mostly on the power
converter that was used to connect the device to the power grid. As the
simulation was based on commercially available components, the choice of
components affected the results. The available options were surveyed, and it
became obvious that the majority of the available components had been
designed for 230 VAC and 120 VAC. The selection of DC components was
considerably smaller, especially regarding computer power supply units
(PSU). Finding suitable T5 fluorescent lamp ballasts designed for DC systems
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was also problematic, as most units were designed for lamps with lower power
rating or did not offer the dimming possibility. DC specified LED products
seemed to be more abundantly available on the market.
Therefore, the results of the simulation study do not represent what is
theoretically possible with each system voltage and product type combination,
but rather what are the results with the chosen commercial components.
However, the intent was to select as efficient components as possible.
The wire diameters were chosen as small as possible, assuming that the
power losses remained below 5%. At 12 VDC the power loss requirement
resulted in considerably thicker wires than at other voltages.
In the case of LED lighting, the energy consumption at 48 VDC was lower
than at other tested voltages. The same LED driver could be used between
input voltages 7-60 VDC, and at 48 VDC the wire losses were relatively lower
than at 12 VDC or 24 VDC. The wire losses were even smaller with 230 VAC,
but the lower efficiency of 230 VAC LED driver increased the system’s energy
consumption. The daily energy consumption difference between the most
consuming (230 VAC) and least consuming (48 VDC) LED lighting options
was 3%.
With fluorescent lighting, there were considerably more energy efficient
ballasts available for 24 VDC than for other voltages. Therefore, the energy
consumption of 24 VDC FL lighting was the lowest of the options, although the
wire losses were relatively higher than at other voltages. The daily energy
consumption difference between the most consuming FL lighting option (12
VDC) and the least consuming option (24 VDC) was 5%.
There was large variation in the efficiencies of ATX PSU’s designed for
different voltages. This resulted in considerable differences in the energy
consumption and losses between 230 VAC and lower DC voltages. Especially
with 12 VDC the losses became problematic. Even with the widest available
wire diameter (16 mm2) the wire losses were beyond an acceptable level and
almost 43% of all energy was wasted due to the low efficiency PSU and high
wire losses. At 24 VDC and 48 VDC the wire losses were considerably lower,
but overall the power consumption was much higher than with 230 VAC, due
to the efficiency difference of the ATX PSU’s. The total daily energy
consumption of the most consuming computer configuration (12 VDC) was
62% higher than with the lowest consuming configuration (230 VAC).
5.2.2

Effect of dimming on electrical consumption of the lighting system

The electrical consumption of the lighting was studied at three different
dimming levels: 20%, 50% and full power 100%. As can be seen from Figure
27, the luminous efficacy of the luminaires decreased as the luminaires were
dimmed. At the same time, however, the power consumption of the luminaires
decreased and this resulted in relatively smaller wire losses than at full power,
as can be seen in Table 16 and Table 17.
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Figure 27. Power consumption and luminous efficacy of the LED and FL luminaires at different
dimming levels at 230 VAC. [V]
Table 16. Energy consumption and losses of the simulated LED lighting at different dimming
levels. [V]
E [kWh/day]
Dimming
level
12 VDC
24 VDC
48 VDC
230 VDC
230 VAC

20%
127.2
127.2
126.5
131.2
131.2

50%
272.4
272.3
268.7
278.5
278.6

Total loss [kWh/day]
100%
502.9
502.6
490.1
506.6
506.6

20%
15.2
15.2
14.5
19.2
19.2

50%
23.4
23.3
19.7
29.6
29.6

100%
41.9
41.4
29.2
45.6
45.7

Wire loss [%]
20%
0.8%
0.8%
0.2%
0.0%
0.0%

50%
1.8%
1.8%
0.5%
0.0%
0.0%

100%
3.4%
3.3%
0.8%
0.0%
0.0%

Table 17. Energy consumption and losses of the simulated FL lighting at different dimming
levels. [V]
E [kWh/day]
Dimming
level
12 VDC
24 VDC
48 VDC
230 VDC
230 VAC

20%
247.4
255.1
258.1
258.1

50%
419.3
422.0
433.0
433.0

Total loss [kWh/day]
100%
723.4
686.5
694.1
698.1
698.1

20%
19.26
26.97
29.98
29.99

50%
34.51
44.21
48.24
48.25

100%
101.3
64.4
72.0
76.0
76.0

Wire loss [%]
20%
1.5%
0.4%
0.0%
0.0%

50%
2.6%
0.6%
0.0%
0.0%

100%
4.0%
4.1%
1.0%
0.0%
0.0%

With LED lighting the energy consumption decreased more than with FL
lighting when the lighting was dimmed. Therefore, LED lighting can be
considered more suitable for applications where dimming is needed or it
provides additional value.
5.2.3

Energy balance of the building in different months

As the seasonal variations in insolation amounts are large in Finland, the
energy balance of the simulated building was studied in three different
months. In July the daily production of the PV system was the highest in the
measured year (2010), whereas in December the production was the lowest. In
April the production was intermediate between these two extremes.
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The PV system was sized to provide the daily energy consumption of the
building in the sunniest month of the year (July). As can be seen from Table
18, the balance between local energy production and bought grid energy
fluctuated considerably, depending on the month. In summer the building was
completely self-sustained on a daily level in terms of energy production and
consumption, whereas in winter only a few per cents of the energy
requirement was produced locally. In spring a major part of the consumed
energy was produced with the BIPV. With DC systems an inverter was
required between the public grid and the building grid. This introduced some
conversion losses to the energy chain, and therefore, a few per cent more
energy was bought from the grid than was fed to it. In the case of 230 VAC, an
inverter was placed between the panels and the power grid of the building.
This increased the amount of the required PV panels as some of the energy
was lost in the inverter, but the interface between public grid and the AC grid
of the building was assumed lossless, as both operated with AC. Therefore, the
balance between bought and sold grid energy was zero in the optimal case in
July with 230 VAC.

Table 18. Relation between the system voltage and the energy balance of the simulated
building. [V]

AC from grid [kWh/day]
Total daily PV panel
System Lighting
consumption area
voltage
type
[kWh]
[m2]
April
July
December

12 VDC LED
FL
24 VDC LED
FL
48 VDC LED
230
VAC

PV to grid [kWh/day]

Grid energy requirement
[%]

April

July December

April

July

1492

3260

399

365

1455

101

354

0

20%

1%

December

98%

1712

3742

463

427

1670

117

401

0

20%

1%

98%

1316

2877

357

328

1284

91

309

0

20%

1%

98%

1500

3279

413

380

1464

110

358

0

20%

2%

98%

1348

2947

363

334

1315

91

314

0

20%

1%

98%

FL

1552

3393

425

391

1514

111

368

0

20%

1%

98%

LED

1212

2730

326

299

1147

93

299

0

19%

0%

95%

FL

1403

3162

385

353

1328

116

353

0

19%

0%

95%

In total the 230 VAC system with LED lighting consumed the least energy of
the simulated options on a daily level, and as a result it required the least PV
panel area. On the other end, the 12 VDC system with fluorescent lighting
required the most energy on a daily level. The energy requirement of the least
consuming system was approximately 71% of the most consuming system.
With all voltages, an otherwise similar system equipped with LED lighting
required less energy than with FL lighting.
5.2.4 Effect of battery backup power on the energy balance of the
building

A comparison was carried out between otherwise similar systems with and
without a battery backup. The results are listed in Table 19, Table 20, Table
21 and Table 22.
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Table 19. Grid balance of the simulated building at 230 VAC with and without a battery backup
system. [V]
April
230 VAC
AC from grid (no
battery)
AC from grid (battery)
PV to grid (no battery)
PV to grid (battery)
Energy balance (PV to
grid - AC from grid)
No battery
Battery

July
LED /
LED
T5 FL [kWh/day]

December

LED
[kWh/day]

T5 FL
[kWh/day]

T5 FL
LED /
LED
T5 FL LED / T5
[kWh/day] T5 FL [kWh/day] [kWh/day]
FL

326
283
93
0

385
235
116
0

85%
120%
81%
-

299
82
299
0

353
90
353
0

85%
91%
85%
-

1147
1147
0
0

1328
1328
0
0

86%
86%
-

-233
-283

-269
-235

86%
120%

0
-82

0
-90

1550
%
91%

-1147
-1147

-1328
-1328

86%
86%

Table 20. Grid balance of the simulated building at 48 VDC with and without a battery backup
system. [V]
April
48 VDC
AC from grid (no
battery)
AC from grid (battery)
PV to grid (no battery)
PV to grid (battery)
Energy balance (PV to
grid - AC from grid)
No battery
Battery

July
LED /
LED
T5 FL [kWh/day]

T5 FL
[kWh/day]

December

LED
[kWh/day]

T5 FL
[kWh/day]

LED /
LED
T5 FL LED / T5
T5 FL [kWh/day] [kWh/day]
FL

363
290
91
0

425
339
111
0

85%
85%
82%
-

334
76
314
0

391
101
368
0

85%
75%
85%
-

1315
1315
0
0

1514
1514
0
0

87%
87%
-

-272
-290

-314
-339

87%
85%

-20
-76

-23
-101

86%
75%

-1315
-1315

-1514
-1514

87%
87%

Table 21. Grid balance of the simulated building at 24 VDC with and without a battery backup
system. [V]
April
LED

24 VDC
[kWh/day]
AC from grid (no
battery)
357
AC from grid (battery)
286
PV to grid (no battery)
91
PV to grid (battery)
0
Energy balance (PV to
grid - AC from grid)
No battery
-266
Battery
-286

T5 FL
[kWh/day]

July
LED /
LED
T5 FL [kWh/day]

T5 FL
[kWh/day]

December
LED /
LED
T5 FL [kWh/day]

T5 FL
[kWh/day]

LED /
T5 FL

413
312
110
0

86%
92%
83%
-

328
80
309
0

380
103
358
0

86%
78%
86%
-

1284
1284
0
0

1464
1464
0
0

88%
88%
-

-304
-312

88%
92%

-20
-80

-23
-103

86%
78%

-1284
-1284

-1464
-1464

88%
88%
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Table 22. Grid balance of the simulated building at 12 VDC with and without a battery backup
system. [V]
April
12 VDC
AC from grid (no
battery)
AC from grid (battery)
PV to grid (no battery)
PV to grid (battery)
Energy balance (PV to
grid - AC from grid)
No battery
Battery

July
LED /
LED
T5 FL [kWh/day]

T5 FL
[kWh/day]

December

LED
[kWh/day]

T5 FL
[kWh/day]

LED /
LED
T5 FL [kWh/day]

T5 FL
LED / T5
[kWh/day]
FL

399
291
101
0

463
371
117
0

86%
79%
86%
-

365
76
354
0

427
106
401
0

86%
72%
88%
-

1455
1455
0
0

1670
1670
0
0

87%
87%
-

-298
-291

-346
-371

86%
79%

-11
-76

-25
-106

44%
72%

-1455
-1455

-1670
-1670

87%
87%

Table 23. Relative amount of energy bought from the grid: with battery / without battery.
April
Voltage
12 VDC
24 VDC
48 VDC
230 VAC

LED
73%
80%
80%
87%

July
T5 FL
80%
75%
80%
61%

LED
21%
24%
23%
27%

December
T5 FL
25%
27%
26%
26%

LED
100%
100%
100%
100%

T5 FL
100%
100%
100%
100%

In all the studied cases the grid energy requirement was smaller in systems
equipped with backup battery than in systems without it. Table 23 presents
the relative amount of bought grid energy, when a system with a backup
battery is compared to a similar system without it. In April the difference is
between 13-39%, in July between 73-79% and in December the backup battery
did not make a difference, as the PV system did not produce surplus energy for
storage.
5.2.5

Electricity costs in different scenarios

The electricity costs were directly related to the grid energy balance. To study
the annual price differences between the simulated systems, the yearly energy
consumption of each system was calculated. The annual consumptions are
presented in Figure 28. The annual price balances matching these results are
presented in Figure 29, with the assumption that the price of electricity was
the same (0.12 €/kWh) for both bought and sold grid energy.
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Efficiency of DC systems based on simulations
MWh/year
600
512
500

442

400
300

239
213

271
244

283
252

311
282

274
246

AC from grid (no battery)
AC from grid (battery)
PV to grid (no battery)
PV to grid (battery)

37
0
Reference case
FL: 230 VAC, no
PV, no battery

34
0

Reference case
LED: 230 VAC, no
PV, no battery

35
0

FL 12 VDC

LED 12 VDC

34
0

FL 24 VDC

33
0

29
0
LED 24 VDC

29
0
LED 48 VDC

LED 230 VAC

28
0

FL 48 VDC

100
0

249
222

FL 230 VAC

200

214
195

245
220

Figure 28. Cumulative annual grid electricity flows of the simulated power systems.
€/year
70000
61462
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53078
No Battery
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30000

23447
22367

29467
30297
29295
26604 29777
26370
25607
28795
28544
25891
25860
25261

33784
32852

Battery

Reference case: 230
VAC, no PV, no battery

20000

FL 12 VDC

FL 24 VDC

FL 48 VDC

FL 230 VAC

LED 12 VDC

LED 24 VDC

LED 48 VDC

0

LED 230 VAC

10000

Figure 29. Cumulative annual grid electricity costs of the simulated power systems. [V] The
costs are calculated using 0.12 €/kWh as the price of electricity.

A reference case without BIPV required 58% more grid energy annually than
a similar building with BIPV at 230 VAC. The situation was similar, regardless
whether LED or FL lighting was used. On an annual level this resulted to
energy cost savings of over 30000 € in the calculated case. Depending on the
system voltage, 12-14% less grid electricity was required annually with
otherwise similar systems, if LED lighting was used instead of FL lighting. The
annual electricity bill with highest consuming option (12 VDC with FL
lighting) was 47% higher when compared to the lowest consuming option (230
VAC with LED lighting).
A battery reduced the amount of bought grid energy and also the amount of
energy that is sold to grid. The initial assumption was that the price of the sold
and bought grid energy was the same, although this assumption is seldom
realistic. In the studied case the storing of the energy to the battery was not
economically profitable in terms of energy costs, as the efficiency of the battery
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was lower than the DC/AC conversion efficiency between the building’s DC
grid and the public grid. The price difference between similar systems, with
and without battery backup, was 1-5% in favour of the system without battery
backup in terms of direct electricity costs.

5.3

Summary

The electricity consumption of an office building was compared with system
voltages 230 VAC, 12 VDC, 24 VDC and 48 VDC through Matlab-Simulink
simulations. The specifications of the simulated electrical devices were based
on commercially available models. This affected the results, as the selection of
DC specified devices was considerably lower than the selection of 230 VAC
devices.
In the simulations, the 230 VAC system consumed the least energy in total.
When only lighting was used as a load, the 48 VDC system consumed the least
energy with LED lighting and 24 VDC system consumed least energy with FL
lighting. In all studied cases, an otherwise similar system equipped with LED
lighting consumed less energy than a system equipped with FL lighting. In the
implementation of ELV DC systems the selection of wires is more crucial than
with higher voltages, as voltage losses rise above allowed levels more easily
with lower voltages. In the simulations, especially 12 VDC proved to be
problematic.
The simulated building was equipped with BIPV, which was sized to make
the building self-sustainable in terms of energy in the sunniest month of the
year. During other months a variable amount of energy was bought from the
grid. In the simulated location (Espoo, Finland, 60.11°N, 24.49°E) the building
with BIPV consumed 58% grid energy compared to a similar building without
a PV system (230 VAC, no battery backup system). By equipping the building
with a backup battery system, the grid energy requirement can be reduced
further. In the simulated case the amount of bought grid energy was reduced
about 9% if the building was equipped with a battery backup system in
addition to a PV system.
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6 Discussion and analysis

FL lighting has been the most commonly used lighting type in office lighting
applications during the past decades, whereas LED lighting has only recently
been entering the market. At the moment LEDs already promise improved
luminous efficacy over conventional light sources and LEDs are still
developing rapidly [29]. Therefore, it is beneficial to investigate whether LEDs
provide additional value over FL lighting in office applications.
In this thesis LED lighting was compared to fluorescent lighting in two case
studies [I, IV]. The luminous flux, power consumption, CIE CRI, CCT and
luminous efficacy of the luminaires were measured in the laboratory [I, IV].
The luminaires were installed in test rooms, and the lighting installations were
compared in terms of measured energy consumption, glare and uniformity of
lighting [I, IV] and through a user study [IV].
LED lighting was found to be more energy efficient than FL lighting [I, IV].
The difference was more pronounced when the luminaires were dimmed. This
means that LED luminaires are more suitable than FL luminaires for
applications where dimming is utilized. No significant differences were found
in the measurements between FL and LED lighting in terms of glare, colour
rendition or uniformity of lighting.
The subjective quality of lighting was evaluated with a user study [IV], as the
main purpose of office lighting is to provide the optimal visual conditions for
the users of the space. 40 subjects took part in the experiment. They evaluated
the lighting installations in terms of glare, reading task performance,
identification of detail, colour naturalness and pleasantness, illuminance level
sufficiency and pleasantness, pleasantness of lighting in general and
naturalness of shadows. The subjects also set their own preferred illuminance
levels and CCTs.
The user study revealed no significant quality differences between LED and
FL lighting at equal illuminance levels [IV]. On average, an illuminance level
around 600 lx was preferred. 300 lx was considered significantly less pleasant
than 600 lx. 1000 lx consumed more energy than 600 lx, but did not produce
improvements in the perceived lighting quality.
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The preferences of the subjects varied significantly, regarding the optimal
illuminance level for office work [IV]. Similar results have been found
previously [104], [107], [121]. By allowing the users to dim the lighting
according to their preferences, energy savings may be achieved, as some of the
users may prefer lower illuminances. This has also been found previously
[121]. On the other hand, some users prefer higher illuminances and this
might improve their work performance [122]. The previous studies have
shown also that user controllable lighting may increase productivity in some
cases [123], but in others the effect may be less visible [121].
The differences regarding subjective CCT preferences were smaller than
those regarding illuminance level preferences. CCT 6000 K was considered
less pleasant than 4500 K and 3000 K, but in other evaluated terms the results
revealed no visible differences between CCTs. When the subjects were given
control over CCT, the preferred CCT was on average around 4150 K. In a
previous study [108] it was found that the initial CCT in a room affects the
preferred CCT of the subjects. This was also found in the user tests [IV].
Based on the experiments, LED lighting can at the moment provide
improved energy efficiency over FL lighting. In terms of perceived lighting
quality, the illuminance level was found to be the most important factor. The
preference differences between light sources and CCTs were generally not
significant.
PV technology is proliferating at the moment [7] as the prices of the
technology have fallen rapidly and as the energy efficiency regulations [8] are
favouring renewable technologies. In Finland only small amount of BIPV
systems have been installed and, thus, it is beneficial to research how a BIPV
system affects the energy balance of a building.
In this thesis the energy production of a PV system was studied through
onsite measurements between 2010-2013. The PV system was installed on top
of an office building in Aalto University, Espoo, Finland (60.11°N, 24.49°E).
The energy production of the PV system was measured from each of the
principal compass points; north, south, east and west; simultaneously with PV
modules installed at 90° tilt angle. An additional module was installed in an
annual optimum tilt angle (48°) towards south. The energy production of the
panels was compared and the results were used in the calculations of this
study [I, II, III, V].
The PV measurements revealed significant variations in the production
amounts throughout the measured period. The average daily PV energy yield
of the winter months was only a couple of per cents of the daily yields of the
summer months. This makes the sizing of the PV system problematic, if energy
self-sufficiency is the goal. It is virtually impossible to size the PV system to
cover the entire power need of a building throughout the year in Finland, as
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the size of the system would have to be greatly oversized to cover the winter
months. Snow coverage poses additional challenges for tilted panels in the
wintertime.
The south facing module installed at 48° tilt angle produced 12-31% more
energy annually than a module installed in the same direction at 90° tilt angle.
The south facing module at 90° tilt angle produced more energy than the
modules installed in other directions: west provided 28-41% less annually, east
provided 35-38% less annually and the north facing module produced over
70% less energy annually than the south facing module. Therefore, the PV
modules should be preferably aimed towards the south. In some cases, it
might be beneficial to install additional modules towards the east and west to
increase energy production, if the price of modules is not an obstacle.
The measured PV production values approximately match the results of an
online PV system performance calculator [101]. The measured production of
the south facing module in 48° tilt angle was 114-129 kWh/m2 (years 2010,
2011, 2013), whereas the online calculator gave an annual production of 134
kWh/m2 for a module in similar tilt angle. This corresponds to a 4-15%
difference.
The measured production of south facing panels at 90° tilt angle was 92-101
kWh/m2. The online calculator gave an annual production of 100 kWh/m2 for
a panel in a similar tilt angle, which corresponds to a 0-8% difference. The
measured production ratio between 48°/90° tilted panels was 12-31% in
favour of the 48° tilted panel, whereas it was 22% according to the calculator.
The online calculations were based on the assumptions that the PV system is
located in the same location (Espoo, Finland) and the system uses crystalline
PV modules operating at 15% efficiency.
The measured annual solar irradiation amount was 4% lower for a 48° tilted
surface (kWh/m2/year) than the statistical value of the database used by the
online PV calculator. Another comparison was performed against the solar
irradiation data available at [26]. This was the most detailed solar irradiation
database found in the initial research, but the high-resolution data covered
only one complete year (2005). On an annual level the reference source [26]
provided a 23% higher irradiation amount on a 48° tilted surface. The
difference between the two reference sources can be explained by their nature:
the first one used by the online calculator [101] was based on values averaged
over many years, whereas the second one [26] was based on only one year.
Both of the reference sources were based on satellite measurements.
Overall, the measured irradiation and PV production values were considered
to be close enough to the reference values to be considered reasonable, and
thus, could be used in the other stages of this work. Although the PV
measurements themselves provided little novelty value to the research field,
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and the available databases may be sufficient for general designing of PV
systems, the development and monitoring of the PV system provided a great
amount of useful information for the other parts of this thesis. The onsite
measurements also demonstrated effectively the challenges of installing a PV
system in high latitudes with substantial seasonal changes in insolation
amounts and snow coverage. The most considerable limitation of the PV
measurements was the measurement gaps in the data, which were mostly
caused by the crashing of the computer that recorded the measurements.
The energy efficiency of the electrical devices can have a significant effect on
the energy bill. If the electricity is produced locally with BIPV, the size of the
system is directly proportional to the consumption, which in turn is almost
directly commensurate to the initial system costs. Therefore, it is beneficial to
survey what the actual needs are and try to minimize the energy consumption.
Comparisons were made regarding the energy consumption of typical
electrical devices used in offices and large differences were found between
devices of the same category [II, III]. Therefore, considerable energy savings
may be achieved through studying the available device choices and selecting
the energy efficient options. However, the other specifications of the devices
may vary and must be taken into account. Although the performed device
consumption calculations serve only as examples, they demonstrate the
importance of the issue.
The electricity consumption of an office building equipped with a BIPV was
simulated [V]. The PV system was sized to produce an equal amount of energy
than the building consumed during one day in the sunniest month (July) of
the reference year 2010. It was assumed that the insolation amount matched
the average monthly insolation during each day of the month, and that the
daily electricity consumption of the building remained similar throughout the
year. Additionally, the prices of the bought and sold grid energy were assumed
to be equal. The electricity bill of the simulated building with BIPV was 58%
smaller annually than that of a similar building without BIPV. If the building
was equipped with BIPV and a battery backup system, the amount of energy
bought from the grid was reduced by 9% compared to a similar building
without battery. In retrospect, it can be considered that the size of the battery
was too large for the application, as it was never full and therefore there was
no surplus energy available to be sold to the grid.
Although the mentioned assumptions simplify the real world situation, the
study demonstrated that a BIPV system has the potential to considerably
reduce the energy bill of an office building in Finnish conditions.
Today buildings contain large amounts of electronic devices that operate
internally on DC voltage [20][82], whereas the power grids supply AC voltage.
A varying amount of power conversions is required between the electronic
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devices and the AC grid, and each conversion induces power losses. DC power
distribution has been previously found more beneficial in buildings with
distributed generation [19], [21] [84]. These things have re-introduced the
idea of utilizing DC grids within buildings.
In this thesis the possibility of using ELV DC grids within office buildings
was studied through simulations [V]. The power consumption of an office
building was compared at the system voltages 230 VAC, 12 VDC, 24 VDC and
48 VDC. The electrical loads of the building consisted of computers, displays,
ventilation units and either LED or FL lighting. The electrical consumption of
lighting was measured [IV], whereas the consumptions of the other devices
were obtained from manufacturers datasheets and online sources [111]–[118].
The building contained a BIPV system that was used as primary source of
energy and additional energy was bought from public grid. PV production data
was obtained through onsite measurements at Espoo, Finland (60.11°N,
24.49°E).
Based on the simulations, the 230 VAC system consumed least energy in
total [V]. If only the energy consumption of the lighting was considered, the 24
VDC was the most efficient option with the T5 FL lighting and the 48 VDC
with the LED lighting. However, the efficiency difference in the simulated
cases was only 2% between 24 VDC and 230 VAC lighting and 3% between 48
VDC and 230 VAC LED lighting. In all studied voltages, the electrical
consumption of the building was lower with LED lighting than with FL
lighting.
In the ELV systems, the selection of wires was more crucial, as the wire
losses increase if the voltage is reduced. Especially in the case of 12 VDC the
wire losses rose above the allowed levels, even when the thickest wire choice
(16 mm2) was used to provide power to computers. Based on the simulations,
24 VDC and 48 VDC were more suitable options for system voltage than 12
VDC, as they were less prone to wire losses.
Based on these findings, ELV DC cannot be recommended as a general
supply voltage in office buildings. The benefits of ELV system are related to
improved electrical safety, but its power transferring capability is considerably
lower than that of the existing 230 VAC system. Higher DC voltages might be a
more feasible option as the general supply voltage of the buildings, as was
found previously [84]. At the moment, DC is a bit problematic choice for the
general supply voltage of buildings, due to the limited availability of
compatible products and lack of standardization. DC is currently better suited
for fixed installations than for applications where users connect additional
devices on the electricity grid. If only the lighting systems are considered, DC
system is a more feasible option today, and maybe even ELV DC. Lighting is
often fixed in many buildings, especially in commercial ones, and the users of
the building do not change the components themselves. This means that after
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the initial installation, the product compatibility of lighting system does not
have to concern the users of the space as the maintenance is outsourced to
service personnel, who are familiar with the building’s systems. Therefore, if a
DC lighting system provides better efficiency than an AC system, it can be a
worthy option. One option would be to use DC for the lighting system and the
existing AC grid for other appliances. This would be less problematic to
implement at the moment than a completely DC based power infrastructure
within a building.
In retrospect, it would have been beneficial to study also higher DC voltage
options, for example 120 VDC, 230 VDC and 325 VDC. The first two match the
RMS values of the existing 120 VAC and 230 VAC systems and 325 VDC
matches the peak voltage of existing 230 VAC systems. However, these options
have been studied previously [84] and fundamentally they resemble the
existing system, as similar wires and in many cases devices can be used.
Therefore, it was decided to concentrate on ELV DC voltages in this context to
provide additional information, rather than repeat a previous study.
The research was largely based on case studies. In an optimal situation all of
the studied systems would have been built and measured onsite. However, due
to limited resources, only the lighting parameters and the production of the PV
system were measured, as they were the key aspects of this thesis. The rest of
the used data was based statistics and the announced specifications of devices.
The accuracy of the measurements and the statistical data had, therefore, an
effect on the results.
Another limitation of this work was the PV production data used in the
calculations. The production of a PV system depends on various parameters
and the used data represents only one possible scenario. However, as the data
was gathered through four years, it was considered accurate and conclusive
enough for the purposes of this study.
An additional limitation was the amount and age distribution of the subjects
in the user study [IV]. Although 40 subjects can be considered adequate
enough for statistical comparison, the age distribution of the subjects was too
uneven to produce additional information about age related differences.
Due to the limited resources, it was not possible to build real world office
environments that operated on different system voltages. Therefore, a
simulation was used to compare 12 VDC, 24 VDC, 48 VDC and 230 VAC power
systems. The selection of simplifications influenced the results of the
simulations, as has been previously pointed out [21]. As the efficiencies of the
DC ballasts, LED drivers and all ATX computer power supplies and ventilation
systems were taken directly from datasheets, rather than measured, the results
are based on the assumption that the specifications of the devices match the
data sheets. Finding 12 VDC, 24 VDC and 48 VDC compatible counterparts for
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the 230 VAC rated devices proved to be difficult. Due to limited market
potential, the product selection is much smaller. This might have an effect on
the performance of the ELV DC products, as the motivation for research and
development of components for limited markets may not be a priority from the
manufacturers’ perspective.
LED and PV technologies are still developing rapidly. Thus, in the analysis of
the results of this thesis, the time frame of the study (2010-2014) and the
corresponding state of technology should be taken into account.
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7 Conclusion

The goal of this thesis was to study how BIPV, selected system voltage and
the choice of lighting technology affect the energy efficiency of an office
building. LED lighting and FL lighting were compared, as they represent the
most common choices for today’s office lighting. The comparison was made in
terms of energy efficiency and the quality of lighting.
LED lighting was found to be more energy efficient than FL lighting [I, IV].
The difference was more pronounced when the luminaires were dimmed. No
clear difference was found between LED- and FL lighting installations in terms
of glare, or uniformity of lighting. In terms of subjective quality of lighting, no
significant differences were found at equal illuminance levels between LED
and FL lighting [IV]. An Illuminance level around 600 lx and a CCT around
4000 K were found to be closest to the average preferred values. 6000 K was
preferred less by the subjects than 4500 K or 3000 K.
Based on the findings, LED lighting can be recommended for office lighting
installations over FL lighting. LED lighting provided lighting quality equal to
FL lighting, but it was found more energy efficient.
Onsite PV measurements were conducted between 2010-2013 in Espoo,
Finland (60.11°N, 24.49°E). The production of the PV system was measured
from each of the principal compass points; north, south, east and west;
simultaneously with PV modules installed at a 90° tilt angle. An additional
module was installed in an annual optimum angle (48°) towards south.
The seasonal variations in the production of the PV system were large. In the
winter the production was only few per cents of the summer time production.
The optimal tilt angles were lower in the summer than in the winter. The
module installed to an annual optimum tilt angle (48°) produced more energy
annually than the module at 90° tilt angle, but the panel at the lower tilt angle
was more prone to soiling. Therefore, the cleaning of panels at lower tilt angles
is more crucial.
The south facing modules produced more energy than the modules installed
in other directions. If only a limited amount of modules is available, they
should be preferably installed towards the south. By installing additional
panels towards the west and east the total energy production can be increased.
Installing modules towards the north cannot be recommended, as the energy
production was considerably lower when facing north than in other directions.
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Conclusion
Several examples of the PV system sizing were calculated, based on the
consumption of devices typically used in offices [II, III] and on the total
electricity consumption of an office building [V]. By selecting energy efficient
devices, the PV system can be sized considerably smaller, which can result in
cost savings [II, III].
The electricity consumption of an office building with a BIPV was simulated.
The building was located in Espoo, Finland (60.11°N, 24.49°E). In Finnish
conditions the building cannot be designed to be totally self-sufficient in terms
of energy by using a PV system only. A local PV system can, however, increase
the energy self-sufficiency of a building considerably, and provide cost savings
in terms of a reduced energy bill.
The electricity consumption and electrical losses of a building were
compared at system voltages 230 VAC, 12 VDC, 24 VDC and 48 VDC through
simulations [V]. The purpose was to find out, whether ELV DC voltages can be
used as supply voltages in office buildings.
The results showed that the wire losses may become excessive in ELV
systems. Especially 12 VDC was found too low as a general system voltage.
Overall, the electrical consumption of the 230 VAC system was lower than that
of the other studied options. If only lighting loads were considered, 24 VDC
was the most energy efficient option with FL lighting and 48 VDC with LED
lighting.
Based on the findings, ELV DC systems cannot directly replace existing 230
VAC systems in buildings. ELV systems also require different wiring topology,
to avoid excessive wire losses. In some applications ELV DC systems may
provide improved electrical efficiency, assuming that the system is properly
designed and the electrical loads are considerably small.
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94

Power supply side of the Matlab-Simulink model. [V]
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