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Abstract
This master thesis presents a new technological combination of two environmentally
friendly sources of energy in order to provide DHW, and space heating. Solar energy is
used for space heating, and DHW production using PV modules which supply direct
current directly to electrical heating elements inside a water storage tank. On the other
hand a GSHP system as another source of renewable energy provides heat in the water
storage tank of the system in order to provide DHW and space heating. These two sources
of renewable energy have been combined in this case-study in order to obtain a moreefficient system, which will reduce the amount of electricity consumed by the GSHP
system.
The key aim of this study is to make simulations, and calculations of the amount of
electrical energy that can be expected to be produced by a certain amount of PV modules
that are already assembled on a house in Vantaa, southern Finland. This energy is then
intended to be used as a complement to produce hot water in the heating system of the
house beside the original GSHP system. Thus the amount of electrical energy purchased
from the grid should be reduced and the compressor in the GSHP would need fewer starts
which would reduce the heating cost of the GSHP system for space heating and providing
hot water.
The produced energy by the PV arrays in three different circuits will be charged directly to
three electrical heating elements in the water storage tank of the existing system to satisfy
the demand of the heating elements. The excess energy can be used to heat the water in
the water storage tank to some extent which leads to a reduction of electricity
consumption by the different components of the GSHP system.
To increase the efficiency of the existing hybrid system, optimization of different PV
configurations have been accomplished, and the results are compared. Optimization of the
arrays in southern and western walls shows a DC power increase of 298 kWh/year
compared with the existing PV configurations. Comparing the results from the
optimization of the arrays on the western roof if the intention is to feed AC power to the
components of the GSHP system shows a yearly AC power production of 1,646 kWh.
This is with the consideration of no overproduction by the PV modules during the
summer months. This means the optimized PV systems will be able to cover a larger part
of summer demand compared with the existing system.

Keywords: Ground source heat pump, electrical heating elements, PV water heater.
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Nomenclature
Abbreviation

Signification

PV
DC
SAHP
COP
EHEs
BIPV
GSHP
DHW
STC
MPPT
EHS

Photovoltaic
Direct Current
Solar Assisted Heat Pump
Coefficient of Performance
Electrical Heating Elements
Building Integrated Photovoltaic
Ground Source Heat Pump
Domestic Hot Water
Standard Test Condition
Maximum Power Point Tracker
Earth Heat System

Symbol

S.I. Unit

Ppv
[WP]
R
[Ω]
QH
[kWh]
QC
[kWh]
W
[kWh]
Globin
[kWh/m2]
EArray
[kWh]
TArray
[˚C]
IArray
[Ah]
UArray
[V]
ArrayON
[Hour]
Hor.global [kWh/m2.mth]

Signification
Power of a Photovoltaic panel
Electrical Resistance of heating elements
Supplied heat to the water by a ground source heat pump
Extracted heat from the ground by ground source heat pump
Electricity consumed by ground source heat pump
Global incident on array plane
Effective Energy at the output of array
Temperature of the array
Current of the array
Voltage of the array
Duration of the array production
Horizontal Global Irradiation

Ya
[kWh/kWp.day] Normalized array production per day
ModQual
[kWh]
Module Quality Loss
Misloss
[kWh]
Module Mismatch Loss
m
[kg]
Mass of the water
Cp
[kj/kg˚C]
Specific Heat of Water
ΔT
[˚C]
Temperature Difference
E
[kWh]
Amount of electricity to heat water using a resistor
Jmpp
[A]
Current of a photovoltaic module at maximum power point
Umpp
[V]
Voltage of a photovoltaic panel at maximum power point
Pmpp
[W]
Power of a photovoltaic panel at maximum power point
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1 Introduction
The European Union is most likely to meet its 20 % sustainable energy target by 2020
according to a new publication from the EurObserv'ER Barometer program.
According to this report which measurers the procedure and progress in green energies
expansion in member states of European Union, contribution of renewable energies in the
gross final consumption of energy of E.U has risen from 12.5% in 2010 to 13.4 % in 2011
which shows an increase of 0.9 points. The report depicts a higher gross consumption of
renewable energies and a remarkable reduction in the total gross final energy consumption.
Photovoltaic (PV) systems are one of the sources in generating renewable and clean
energy. Cost reduction of the photovoltaic modules’ production in recent years has made
this source of clean energy more favourable both in residential and large scales to produce
green energy. The maximum efficiency of PV systems depends on the maximum power
production which is a function of different physical characteristics of the PV modules, the
operating temperature, the solar radiation, shading effects and other parameters which
influence the output of the PV modules. PV modules are used to generate electrical power
by converting sunlight directly into electricity. However this energy from the PV modules
can be used to provide heat for space heating or domestic hot water usage. This can be an
alternative to the conventional solar thermal systems in which solar energy is directly
converted to thermal energy in a circulated fluid through a number of collectors.
A photovoltaic domestic water heater system was first patented by Fanney and Dougherty
(1994) at the National Institute of Standards and Technology (NIST) in Gaithersburg,
MD. The system consists of photovoltaic modules which are connected to several resistive
heating elements situated in a water storage tank. In this system photovoltaic modules
produce electrical power when the sun is shining and this power is then dissipated into the
electrical heating elements (EHEs) inside the storage tank to heat the water.
Unlike the majority of PV applications, a photovoltaic water heating system does not
either require a battery to store energy or an inverter in order to convert the DC power to
AC power.
Ground source heat pumps (GSHPs) are another source of renewable energy if the
required electricity for the pumps and compressors comes from renewable sources of
energy. GSHPs use pipes which are buried under the ground to extract constant heat from
the ground. This heat can then be used to heat radiators, under-floor heating, or to provide
domestic hot water (DHW). A GSHP circulates a mixture of water and antifreeze through
the buried pipes under the ground. The stored heat under the ground is absorbed into the
circulating liquid and then passes through a heat exchanger into the heat pump.
A GSHP requires an external source of electricity to power the compressor and the
pumps, and also for the auxiliary electrical heaters when needed.
Since the PV modules are getting cheaper and coupled with the fact that the GSHPs are
more widely available nowadays, the idea of combining PV systems with GSHPs for space
heating and hot water usage has become more widespread, especially in cold climate
countries.
This combined system considered as a green source of energy which reduces the heating
cost of the system. The GSHP in this hybrid system provides hot water in the water
storage tank of the system, and PV modules produce extra heat in the water storage tank
using EHEs when it is needed. This reduces the amount of electricity consumed by the
compressor and the pumps of the GSHP system.
In this case-study there is a GSHP based energy house in southern Finland, and this
GSHP has a water storage tank with built in EHEs. These heating elements will be turned
on when there is not enough heat from the GSHP in the water storage tank. The EHEs
1

was primarily being charged by the electricity from the grid, and now have been connected
to three circuits of PV arrays. This will reduce the electricity consumed by the system to
provide heat in the water storage tank

1.1 Aims
The main objective in this project is to calculate the amount of power that could be
expected to be produced by a certain amount of PV modules which are already assembled
on a house in southern Finland. This energy is then intended to be used as a complement
to a GSHP system to feed EHEs in order to produce hot water in the water tank of the
existing heating system.
The power production of the PV modules as auxiliary heater in this hybrid system will
then:



Reduce the compressor starting mainly during the summer and thus reduction in
consumed electricity by the compressor.
Reduce the overall yearly heating cost of the GSHP system.

Afterwards ,new designs for the arrangement, orientation, tilting angle of the PV modules,
PV modules of various sizes, and possibilities of using different components which are not
included in the existing system will be studied to see whether it would affect and improve
the output of PV modules or not.
In this case-study, the main focus is on simulations of the PV modules in order to feed the
electrical elements into the water tank of the GSHP system. Thus other possibilities to
charge the water tank in the system using solar thermal collectors have not been in the
scope of this project.

1.2 Method
A literature study was first accomplished in order to get detailed knowledge of GSHP
systems and their function, and the possibility to combine GSHPs with solar energy as
hybrid systems, and the possibility of using photovoltaic systems in order to provide heat
for DHW usage and space heating. The relevant papers are summarized in chapter 1.3.
Since this project’s objective is evaluation of a real case that has been already constructed
in southern Finland, all the real parameters, hindrances, weather conditions at the site have
been taken into the account while simulating and calculating the output of the PV
modules.
For the simulation of the power output from the PV modules, PVSYST V6.0.4 is chosen
as simulation software. In the first step a simulation of the existing PV modules will be
accomplished in PVSYST where the heating elements as loads are being fed directly with
the PV modules without any conversion to alternative current(AC).
The calculations will be accomplished for two existing systems in two different directions
(west and south directions) where in the southern direction, near shading analysis will be
considered as close obstacles which would affect the output of the PV modules due to
shading on the panels.
For the improvement of such a system, different designs will be studied by changing the
direction and mounting position of the PV modules and number of them, using PV
modules of various sizes, and also with the consideration of using different components in
the system.
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Finally the results from the simulations will be compared with the rough load consumption
of the electrical heating elements, and the GSHP system. This comparison will show the
best possibilities of PV system configurations where the demand will be satisfied, and
where the production of the PV modules is not much more than the demand of the GSHP
system in the summer time.

1.3 Previous work
A series of previous works were studied before getting involved in to the first step of this
project, and the most related articles are presented in this section.
Fanney and Dougherty (1994) investigated the possibilities of using photovoltaic systems
in order to provide domestic hot water, and patented the first photovoltaic water heating
system in 1994. Two system configurations have been studied in this work, where the
major components of the systems are an array of photovoltaic modules, a microprocessor
controller, and two water storage tanks which contain multiple EHEs. The first system
configuration consists of two water storage tanks, where water within the first tank is
preheated by the photovoltaic array. This preheated water will be entered the secondary
water storage tank as an auxiliary backup. Water in the second tank is heated in a normal
manner by EHEs connected to the power grid or by a fossil-fuel burner if a gas or oil
water heater is used. The preheated water from the first water storage tank supplies the
majority of energy required to heat the water under favourable solar conditions. When
poor weather conditions exist, the secondary water storage tank ensures an adequate
supply of hot water. Configuration of the fist system is illustrated in figure 1.1

Fig. 1.1. Configuration 1 of solar photovoltaic water heater system (Fanney & Dougherty, 1994)
In the system configuration, the PV array consists of 40 PV modules, and they are covered
an area of 17 square meters. The PV array configured to have 4 parallel strings of 10 series
connected modules resulting in a power output of 2,120 watts in the STC. This system
configuration consists of a 250-liter tank as the first water storage tank, and a 190-liter tank
as the secondary water storage tank. The first water storage tank contains six EHEs, and
the secondary tank contains two interlocked 4500 watts EHEs. The second system
configuration consists of just one water storage tank. Water within the lower part of the
storage tank is heated by EHEs connected to the photovoltaic array, and water in the
upper part of the storage tank is heated by EHEs connected to the grid power. In both
system configurations a microprocessor-based controller connects the EHEs in a manner
such that the PV array operates near its maximum power point for any given solar
irradiance level. For example an optimum controller in this case study would select a
3

heating element with the resistance of 67 ohm in the first water storage tank, when the
solar irradiance level is 200 W/m2 . When the solar irradiance level is 1000 W/m2
The microprocessor would choose a heating element with the resistance of 13 ohm (figure
1.2). These are EHEs which already exist in the first water storage tank. During the day,
the controller reconfigures the resistive load such that the PV array always operates near its
maximum Power point.

Fig. 1.2. Current-voltage characteristic of selected PV modules versus resistance of two EHEs in the first
water storage tang in configuration 1. (Fanney & Dougherty, 1994).
Finally the first system configuration is able to provide 61% of the electricity required to
heat the water between February, and May in Gaithersburg, MD, whereas the second
system configuration will provide 56% of the electricity required to heat water at the same
location. This is with the respect to the hot water load which is equal to 1,094 kWh during
this period.
Hesaraki and Holmberg (2012) investigated the possibility of combining photovoltaic (PV)
modules with heat pump systems in Sweden. In order to increase the efficiency and
sustainability of the system, the required electricity for an air source heat pump (ASHP)
was supposed to be produced by solar energy via PV modules. For this purpose a building
equipped with an ASHP system was chosen. The ASHP provides heat for domestic hot
water (DHW) consumption, and space heating. The PV array in this hybrid system was
designed in a way to avoid overproduction, since selling the excess produced energy by the
PV array to the grid is not an option yet in Sweden. During the summer the ASHP needs
electricity only to provide DHW, therefore PV array was designed to balance the
production, and consumption of the ASHP during the summer. Electricity demand of the
ASHP in this case study in order to provide DHW during a year is equal to 1,500 kWh and
10,076 kWh/year in order to provide heat for space heating. Two simulation tools were
used in this study: IDA Indoor Climate and Energy (ICE) as a building energy simulation
tool to calculate the energy consumption of the building, and the simulation tool
MINSUN to estimate the power production of the PV array. Simulation showed that PV
array with the area of 7.3 m2, and 15% efficiency, produces 1,875 kWh/year electricity.
This amount of electricity production from the PV array satisfies almost the whole
electricity demand of the ASHP system with a COP of 3.2 in order to provide 50˚C DHW
in the summer time. As a result contribution of solar energy to produce heat through a 7.3
m2 PV array with 23˚ tilt from the horizon is 17 % of the yearly power consumption of the
ASHP system. Production of the PV array in this hybrid system supports 51% of the
whole demand of the ASHP system The monthly amount of electricity produced by the
PV array, and the monthly amount of electricity consumed by the ASHP in order to
provide DHW are shown in figure 1.3.
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Fig.1.3. PV output versus electricity consumed by the ASHP system in order to provide DHW
(Hesaraki & Holmberg ,2012).

Mährenbach (2012) evaluated as a master thesis solar-assisted heat pump systems for single
family houses in Austria. The student evaluated the techno-economic performance of a
GSHP system while working individually and when it is combined with solar system. The
first system which was evaluated in this project was a-10KW ground source heat pump
without PV or solar thermal assistance. The configurations in this project were evaluated
in computer software, Polysun for different system possibilities and integrations. The
second alternative was to combine the 10 kW GSHP with a grid connected PV system,
and the third alternative was to combine a 5 kW GSHP with solar thermal collectors. In
the second alternative PV modules were used to reduce the cost of electricity consumed by
the components of the GSHP system. Four operational mode were designed in the third
alternative were the GSHP system is combined with solar thermal system. In the first
operation mode all the supplied heat by the solar thermal collectors was charged to the
borehole of the GSHP system. In the second operational mode, all the supplied heat by
the thermal collectors was supplied to the water storage tank of the GSHP system. In this
operational mode supplied heat by the solar thermal collectors was charged to the
borehole of the GSHP system from November till March and for the rest of the year to
the water storage tank. In the last operation mode the supplied heat from the solar
collectors was supplied to the water storage tank until the temperature of the lower layer
reached 35˚C and then to the borehole. In case of PV assisted GSHP, cost of electricity
and feed-in tariff and the cost of PV modules were varied during the simulation in this
study to analyze the sensitivity of the cost of energy. The simulation results showed that
the 10 kW GSHP without PV or solar thermal assistance behaved as it was expected. In
the case PV-assisted GSHP system, PV system showed no direct influence on the technical
performance of the heat pump. But a PV array with the size of 3.5 kWp could theoretically
cover the total annual electricity demand. In this case due to the daily and seasonal
mismatch of demand and supply and depending on the size of the PV modules only 59
kWh to 241 kWh of electricity could be saved per year. Finally base on the economic
evaluation, use of solar thermal system as assistance in the second operational mode gave
the lowest cost of the energy of 0.116 €/kWh.
Figure 1.4 shows the system drawing of the GSHP system without solar assistance and
with PV as solar energy source.
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The components of the system as numbered in the figure are: (1) Heat pump , (2)
Auxiliary heat controller, (3) Heat generator pump , (4) Ground source loop,(5) Ground
source loop pump, (6) Ground source loop pump flow rate controller, (7) Heat
distribution system, (8) Internal heat exchanger, (9) Potable storage tank, (10) Internal
auxiliary heater and controller, (11) Cold water supply, (12) DHW mixing valve and
controller, (13) DHW draw off, (14) Building,
(15) Grind-connected photovoltaic modules, (16) 3-way switch valve.

Fig.1.4. System drawing of the GSHP system without solar assistance and PV assisted (Polysun)
Igor Tomis (2011) compared solar thermal water heating system and PV water heating
system using EHEs for two different locations, Athens, Greece and Stockholm, Sweden.
Size of the installed PV array in the case in Athens is 1.84 kWp, and for the case in
Stockholm is 2.4 kWp. Solar collectors that have been used in Athens have a solar fraction
of 81.2 %. The solar fraction of the solar collectors in Stockholm is 53.8 %.
Domestic hot water consumption was designed in this study according to the standard
profile of household consumption. Thus the daily average hot water consumption in the
family house in this study was assumed to be 160 liters. The average monthly DHW
consumption is shown in figure 1.5.
(kWh)

Fig.1.5. Average monthly DHW consumption (Igor Tomis, 2011).
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The energy achieved by the solar thermal collectors for the case in Athens as measured
was 2,514 kWh, and for the case in Stockholm 1,566 kWh. Investment cost of the systems
in both locations estimated to be around 3000 Euros. The energy achieved by the PV
systems as measured was 2,569 kWh for the case in Athens, and 1,586 kWh for the system
in Stockholm. The estimated price of the system in Stockholm was 4,600 Euros and 6,000
Euros for the system in Athens. Figure 1.6 shoes the system drawing, where PV modules
are used in order to provide DHW.

Fig.1.6. Drawing of the system using PV modules in order to provide DHW(Igor Tomis, 2011).
The comparison of the systems in both locations showed from the energy perspective that
the efficiency of solar circuit with solar thermal collectors with respect to surface use is
higher. The advantage of photovoltaic system was the greater efficiency in the winter
months, and also the energy which was not used in the summer months could be used in
the form of electricity rather than in the form of thermal energy. Economically, the PV
system is more expensive than solar thermal system, but with a reduction in the prices of
photovoltaic modules, they can get the same or lower price levels of conventional solar
thermal systems. Energy payback time for solar thermal collector was calculated as 1.3
years in the case in Athens, and 2.1 years for Stockholm. The PV system was expected to
have a payback period of about 3 years for the case in Athens, and 4.8 years for
Stockholm. The study concluded with the advantages of using photovoltaic systems in
order to provide hot water in the both locations. This will need higher investment for the
PV modules which in the future with an expected fall of the price of PV modules can
overcome the economic advantage of conventional solar thermal systems. In terms of ease
of installation, PV system was much easier to install. This required only PV modules,
simple MPPT control, and cables were easier to install than the pipes in the solar thermal
collectors which reduced the power loss of PV system.
Afjei et al. (2010) studied the economic and ecologic aspects of Air/Water heat pumps,
and Brine/Water heat pumps with solar thermal systems or photovoltaic systems as
auxiliary backup in Basel, Switzerland. In this case-study 50% of the energy needed to
supply DHW had to be covered by renewable source of energies, thus only the DHW
production was considered in this study. Solar thermal collectors were designed in a way
to provide 50% of the heat demand in order to provide DHW, and the photovoltaic
system had to supply 50% of the annual electricity needed by the heat pump. The selected
Air/Water heat pump in this study has a COP of 3.4, and the selected Brine/Water heat
pump has a COP of 4.3. The PV array has been selected with the peak power of 1 kWp,
and the demand for DHW is 14 kWh/m2.
7

A 300 Liter water storage tank has been selected where the heat pumps are planned to be
combined with PV system. The hybrid system should heat the water from 10˚C up to
50˚C. The conclusion of this study is that if 50% of the DHW load had been covered by
renewable energies, the differences between combined heat pump system with either solar
thermal collectors or PV modules would be marginal regarding the economic and ecologic
performance. On the other hand larger PV systems are considerably cheaper than smaller
systems in the range of 1 kWp like applied in this case-study. Solar heat systems with
vacuum tubes have a slight advantage compared to flat plate systems because of a smaller
required collector area. Figure 1.7 shows the comparison of the annual cost of different
system combinations.

Fig. 1.7. Annual cost comparison of different system combinations(Afjei et al. , 2010).

2 Boundary conditions
2.1 System description and operation
The major components of the existing system are photovoltaic modules, a water storage
tank which contains three electrical heating elements, heat exchangers, a compressor, heat
pump, ground loop which is a length of tubing placed under the ground to transfer the
heat from the ground to the heat pump, and finally distribution systems for floor heating
and hot water usage (see Figure 2.1).
The EHEs inside the water storage tank had been connected to the grid power which are
now planned to be fed by the PV modules. The circulated fluid in the well/ground which
contains 70 % water and 30 % alcohol holding 6-8 degrees Celsius heat will be pumped to
a heat exchanger and then will be turned to a compressed gas up to 70-90 degrees Celsius.
This gas leaves its heat in another heat exchanger in the heat pump unit of the big water
tank of about 230 litres where the temperature is around 20 degrees, and heats the water
up to 50-60 degrees in the upper part of the tank. The floor heating water is taken as a
convenient mix of hotter water from the upper part of the tank and cooler water from the
mid or lower part of the tank. Thus the floor heating water goes out at some 27-30 degrees
and returns at around 20 degrees.
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Inside the tank there is a double-spiral heat exchanger where the cold water is taken in at
the bottom of the tank from the municipal water supply network through the ground at
about 10 degrees and will be fed into a big spiral heat exchanger in the lower part of the
tank and will be heated at the top from the upper spiral heat exchanger which is the final
heat for hot water supply from the tap, holding around 50 degrees.
Three EHEs in shape of one unique horizontal pipe as auxiliary heaters are placed in the
middle of the water storage tank. Each of these heating elements has a resistance of 60
ohm, and are connected to three separate circuit of PV modules to produce extra heat in
the water storage tank if need. PV modules as auxiliary heaters can heat the water in the
water storage tank up to maximum 55˚C.
The temperature of the produced hot water from the tap can vary between some 30-60
degrees depending on the consumption of hot water in combination with the EHEs or if
the compressor is activated or not and what upper temperature level is set for this hot
water. Figure 2.1 depicts the schematic drawing of this hybrid system.

Fig. 2.1. drawing of the existing hybrid system (The Gentleman Construction Company).

2.2 Location and the property
The house where the system is installed is in Vantaa in southern Finland with the Latitude
of 60.3˚N, Longitude of 25.0˚E, and Altitude of 58m above the sea level. Figure 2.2 shows
a top view of the property.

Fig. 2.2. Top view of the house (Nokia Maps).
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Southern and western walls where the PV modules have been installed are shown in the
figure 2.3 with black squares. The roof in the western direction has the possibility to install
PV modules which will be described in chapter 5.

Fig. 2.3. Schematic drawing of the property.

2.3 Meteorological data
Measured monthly meteo values of location for a year are presented in table 2.1. In this
table horizontal global irradiation per square meter and ambient temperature during each
month of the year are presented.
Table 2.1. Monthly Meteo values of the location (Meteonorm for Vantaa).
Jan. Feb. Mar. Apr. May
Hor.global
8.2 23.5 63.2 105.8 164.4
[kWh/m2.mth]

June July Aug.
175 168.1 128

Ambient Temp. -4.4
[˚C]

14.8

-5.2

-2.3

4.3

9.9

18.1

16.5

Sep. Oct. Nov. Dec. Year
73.4 32 10.1 4.5 956.2
11.3 5.6

1.1

-3.2

5.5

2.4 Power consumption of the system
 The electrical power of compressor in the GSHP system is about 2 kW and the
system produces 6-7 kW heat. The main power consumer in the ground source
heat pump system is compressor, and the lifetime of the compressor is defined by
the amount of starting cycle it makes.
 The circulation pumps have a power demand of 25-26 W each, one in the ground
circuit, and one in floor heating circulation.
10

 The peak electricity consumption by the EHEs is due to exceptionally cold winter
time which is reflected by using more domestic hot water.
Measured electricity consumption of the ground source heat pump (GSHP) and the
electrical heating elements (EHEs) for 2010 and 2011 are presented in table 2.2.
Table 2.2. Monthly electricity usage of the GSHP system and electrical heating elements for 2010-2011.
Month
January
February
March
April
May
June
July
August
September
October
November
December
Year

2010
GSHP EHEs
(kWh) (kWh)
1191
964
991
746
506
303
200
307
542
784
992
1226
8752

216.12
490.9
111.3
46.9
10.6
0
0
0
2.7
4.4
36.4
139.6
1058.92

2011
GSHP EHHs
(kWh) (kWh)
1132
1160
926
665
577
240
203
301
508
759
800
1008
8279

139
407
142
15.3
67.1
0
0
3.7
26.7
4.9
28.4
31.2
865.3

In this case-study there were also considerations of making a system as simple as possible
without any batteries, inverters, grid feeding , measuring instruments, automatic tilting or
turning mechanism, and a panel layout as symmetrical and visually aesthetic as possible.

2.5 PV modules and their integration
Blue Solar Monocrystalline PV modules (see Appendix A for data sheet) are mounted on
two vertical walls, one facing about south (170 degrees compass-direction) and the other
west (260 degrees compass-direction). Configurations and orientations of the PV modules
and their connection to the EHEs are as below:
On the western wall, six modules of 24V, 180 Wp are mounted with no tilt from the wall,
all connected in series (landscape orientation) feeding one heating element.
Electrical drawing of the photovoltaic modules on the western direction is illustrated in
figure 2.4. As it is obvious from the figure, all the six PV modules on the western wall are
connected in series. The mounting configuration of the PV modules in this direction is
shown in figure 2.5
West Wall

Fig. 2.4. Electrical drawing of the modules’ configuration on the western wall.
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.

Fig. 2.5. Mounting configuration on the western wall.
On the southern wall, four modules of 24V, 180 Wp are mounted with no tilt from the
wall, all connected in series (landscape orientation) feeding another heating element.
On the same wall, three modules of 24V, 280 Wp are mounted (landscape orientation), all
connected in sherries, feeding one more heating element, and with the tilt possibility of up
to 33 degrees from vertical. This is a mean value, as the tilting seems to be a bit more in
the middle of the array and slightly less at the ends due to only one tilting wire
construction (see also Figure 2.5).
These groups of arrangements were separated all the time for monitoring by separate
measurement systems in parallel. Since the groups are connected to different heating
elements in the water storage tank so each power from each group is used individually.
Four panels, each with the power of 180 Wp in the south direction are connected in series
in a separate group, and working independent of three other panels each with the power of
280 Wp in the same direction. These three panels are connected in series in a separate
circuit. These two installations are shown in figure 2.6.

Fig. 2.6. Mounting configurations of two the PV modules on the southern wall.
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As it is obvious from the picture the ladder is restricting the tilting choice of the lowest
row (3*280 Wp) as it is done by a rode common to all three PV modules in a row.
The type of the PV modules which have been used in this hybrid system, their nominal
power, current at the maximum power point, voltage at the maximum power point and
their temperature coefficient of power at maximum power point are presented in table 2.3.
Detailed specifications of the selected modules are presented in the appendix A.
Table 2.3. Specifications of the PV modules (Victorn Energy BLUE POWER)
Type

Technology

Nominal
power

Jmpp

Umpp

Temperature coefficient of Pmpp

Module
SPM 180-24
SPM 280-24

Cell
Monocrystalline
Monocrystalline

W
180
280

A
5.0
7.8

V
36
36

%
-0.48/˚C
-0.48/˚C

 The photovoltaic panels are not connected to the grid power by any means, and
the intention is to feed the direct current (DC) directly to the heating elements
without conversion.
Finland has no feed in tariff policy for using gird connected photovoltaic systems so in
terms of financial assessment of such systems it can be calculated as if the production
from the PV panels is just saving on the power, otherwise bought from the grid.

2.6 Shading
Amount of solar radiation that each wall receives and also obstacles which are preventing
solar energy to reach the walls in a specific time of a day that cause shading are as below:
 The southern wall gets solar radiation from compass directions approximately
between 95 and 255 degrees, and the western wall between roughly 180 and 275
degrees but this depends on if the sun rises higher than some 15 degrees above the
horizon.
 The wall in the south direction receives some near shading from a couple of trees
about six meters away from the wall when the sun is about 20-40 degrees above
the horizon and between 150 and 220 degrees compass direction which means
approximately end September – mid November and mid January- mid March.
 During mid-November and mid-January the sun is hardly reaching either wall at
all as the sun is so low that the far shading from trees around 200 meters distance
prevents most of the radiation reaching the walls. On the other hand the snow
during the winter time will reflect some of the light which increases the light
intensity to some extent especially in February and March.

3 Performance of GSHP systems and EHEs
In this chapter first the amount of electricity needed to provide hot water by a GSHP, and
the ratio between the consumed power and produced heat which is a measure of
performance of a GSHP is explained and this ratio is then correlated to the existing GSHP
system in this case study. Afterwards electrical heating elements and the amount of
electricity needed by an EHE to heat 1 litre of water is explained and the relation is
formulated.
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3.1 GSHP systems
The relation between the consumed electricity by different components of a ground source
heat pump (compressors, pumps, fans, etc...) and the produced heat is generally defined as
Coefficient of Performance (COP) of a ground source heat pump and the equation is as
below:
COPheating

QH
W

Equ. 3.1

Where:
QH is the heat which is supplied to the water (kWh)
W is the amount of electricity consumed by the system (kWh)
And accordingly the amount of energy which is extracted from the ground would be equal
to:
QC  QH  W

Equ. 3.2

Where:

QC is extracted energy from the ground (kWh)
This means for example if a GSHP system is operating with a COP equals to 3, it would
provide 3 units of heat for each unit of electricity consumed (i.e. if 1 kWh consumed, it
would provide 3 kWh heat). This means during this process system is using just 1 unit of
electricity to provide 3 units of heat, thus saving of 2 units of electricity compared to
conventional direct electrical water heating systems.
Here in this case study the power of compressor in the ground source heat pump as it is
mentioned in chapter 2 is around 2 kW. The power of pumps is totally around 50 W and
the system is expected to produce around 6-7 kW heat. That means the existing GSHP
system in this case-study has a COP of roughly 3.
The average electricity consumption of the GSHP system for two years (2010 and 2011) as
presented in table 2.2 is equal to 8,515 kWh/year which with the consideration of the
COP of the system(COP=3) the total average production of the GSHP system during
2010 and 2011 would be approximately equal to 25,546 kWh heat per year.

3.2 Electrical heating elements (EHEs)
Electrical water heaters are common type of devices to heat domestic water that convert
electricity directly to heat. The electric water heating system can be sometimes combined
with another source of energy like geothermal energy by using ground source heat pump,
or solar energy to heat water and these resistive heating elements can be used then as
backup. All electrical heating elements operate on either alternating or direct current
according to the ratio between the resistance (ohms), the current (amperes), and the
voltage (volts). This ratio called Ohm's Law.

R

U
I

Equ. 3.3
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And:

P  V .I

Equ. 3.4

Where:
U is the voltage of the electric heating element (V)
I flowing current in the electric heating element (A)
R is resistance of the electric heating element (Ω)
P is power of the electric heating element (W)
Accordingly the amount of electricity required to heat 1 litre of water per 1 degree Celsius
rise in temperature is equal to:

E  m.CP .T

Equ. 3.5

Where:
m is mass of the water (kg)
Cp is specific heat capacity which is equal to 4.2 for water (kJ/kgoC)
ΔT is the temperature difference between the existing temperature and the expected
temperature (oC)

4 Simulation of the existing PV modules
In this chapter, simulations of the existing PV modules in three separate circuits on the
western and southern directions is accomplished, and the results including power
production of the PV modules, shading analysis, associated losses are presented. The
results from the simulation are then compared with the power consumption of the EHEs,
and also with the electricity consumption of the components of the GSHP system.

4.1 Modelling in PVsyst
The existing PV modules on the western and southern walls are functioning independent
of the grid power in reality without any DC/AC convertor. To be able to simulate and
calculate the amount of produces power from the PV modules in PVsyst, the PV modules
in western and southern directions are defined in PVsyst as grid connected systems.
Modelling these systems in PVsyst as stand-alone systems are not possible since during
simulation battery backup and charge controllers are needed to be able to proceed with the
simulation. Without definition of them PVsyst would not allow the user to go to the next
step of the simulation. An inverter in each simulation is included in each PV system
modelling in PVsyst while simulating to be able to calculate the output of the PV modules
in such a system. Without considering an inverter, it would not be possible to design a
system in PVsyst which feeds direct current to the load, since the existing systems should
provide direct DC current to the load. Therefore the final power production of the
existing PV modules in simulation is considered to be DC power production from the PV
modules before entering the inventers, and with the assumption of no power charging
from or to the power grid.
The results from the simulation of the PV modules’ power production in each
configuration are first presented based on the monthly values and are compared with the
monthly power consumption of the electrical heating elements and the monthly electricity
consumption by the GSHP system. Afterwards, measured daily, and hourly power
productions of the existing PV modules in the western and southern directions are
presented which can be compared with the daily, and hourly power production of the PV
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modules in practice. During the simulation shading effect of the near objects as obstacles
have been also considered and are explained in detail in this chapter.

4.2 Modules on the western wall
In this direction as mentioned in chapter 2, six PV modules are connected in series, no tilt
angle from the wall, each with the power of 180Wp. These six modules form an array with
the peak power of 1,080 Wp. The array as shown in figure 4.1 is installed on the west wall
(Azimuth 80 degrees from the south) with the tilt of 90 degrees from the horizontal plane.
Figure 4.2 shows a transposition factor by respect to the optimum orientation and the
available irradiation on the plane as a function of the plane tilt and azimuth angle. The
graph also depicts by a dot on the curves where you are positioned by respect to optimum,
where the optimization of the orientation depends on the planned use for the PV energy.

Fig. 4.1. Orientation of the array in western direction (from PVsyst).

4.2.1. Shading analysis
For the far shading analysis in the simulation, as there are no particular obstacles on the
west side of the house, a straight horizon line at 15 degrees up from the horizontal plane
has been considered. This is due to far shading from trees around 200 meters distance
where the sun is not reaching the western wall below 15 degrees up from horizon.
Figure 4.2 shows the availability of solar radiation on the PV field at any given time of the
year according to the orientation of the panels and 15 degrees far shading up from
horizon, where as it is obvious from the diagram during the months November,
December, and January the sun is behind the horizon and is not reaching the array field.
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Fig. 4.2. Horizon (far shading) line drawing on the PV panels in western direction (from PVsyst).

4.2.2. Simulation results
Some monthly parameters during the year 1990 such as Global incident on array
plane(Globlnc), Effective energy at the output of array(EArray), Array voltage (UArray)
which is dependent on temperature of the module and array current (IArray) are presented
in table 4.1. The last column in this table presents the total duration of PV array’s power
production during each month of a year (ArrayON). The most power production from the
array in this direction will be during July (72 kWh) where global incident on array plane at
its maximum is 113 kWh/ m2 during the same mouth. During this month the array is
functioning totally 474 hours. Total amount of electricity production by the array in this
direction is equal to 420 kWh year around. This amount is a portion of the whole energy
that should feed the electrical heating elements in the water tank where the complementary
power will be charged to the other heating elements at the same time from the southern
direction which will be described in section 4.3.
Table 4.1 Balances and main results of the simulation of the array in western direction.
Globlnc

(kWh/ m2)
January
February
March
April
May
June
July
August
September
October
November
December
Year

7.9
21
59
75
109
109
113
91
57
29
9
4
684

EArray

(kWh)
2.2
9.2
35.4
49.8
71.8
70.2
72.1
57.4
34.1
14.9
2.2
0.9
420.2

Tarray
(˚C)
-1.2
-2.0
4.2
11.6
17.9
22.1
25.9
24.2
17.7
10.1
4.6
0.3
15.8
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Iarray
(Ah)
10.8
40.2
165.1
243.1
358.6
359.8
378.1
298.4
170.9
72.3
11.0
4.5
2114.7

Uarray

ArrayON

28.2
52.0
85.7
105.5
125.5
132.4
121.7
106.5
89.6
59.2
24.7
13.4
78.8

103
166
303
370
467
490
474
414
328
222
89
50
3476

(V)

(hours)

The simulation continued with the daily basis power production of the array (kWh/kWp)
in this direction and the results of the normalized array production per day (Ya) during
each month are presented in table 4.2. As it is obvious from the table the most daily
average production of the array belongs to the month June which is equal to
2.17kWh/kWp.day.
Table 4.2 Normalized array production per day in western direction.

January
February
March
April
May
June
July
August
September
October
November
December
Year

Ya
(kWh/kWp.day)
0.07
0.31
1.06
1.54
2.15
2.17
2.16
1.72
1.06
0.44
0.07
0.03
1.07

The power generated by the PV modules in this direction was simulated in an hourly basis
for a year as well, and the results for a randomly selected day are presented in figure 4.3.
This hourly based power production of the modules were accomplished in PVsyst in order
to be comparable with the practical measured data, since the measured data are all based
on the hourly power production of the modules. However this comparison con not give a
clear idea if the PV modules are producing the same amount of power as expected. This is
due to differnet weather conditions during measuerrment, and simulation(see Appendix B
for the hourly based measured data). This day(May 03) as mentioned is a randomly
selected day to show how the distribution of power production during different hours of a
day is like, and the results are presented as examples. This figure shows the power out put
and voltage of the array in western direction for different hours of the day (May 03) where
the average power production for the whole day is equal to 2.7 kWh, and the average array
voltage is 191 V for the entire day.The average array current production during the same
day is measured as 14 Ah/day.

Fig. 4.3. Power and voltage of the array in western direction durring different hours of the day(3rd of May).
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Connecting PV modules to form an array can cause problems when the voltage and
current of the modules are not matched to each other. This problem called mistmach
which will reduce the power production of the array. This can simply happen when for
example one module in a series-connected array shaded, which will reduce the amount of
power production of the whole array. Mistmatch between PV modules can also happen if
the modules with varying telorance levels are connceted. In this case-study the selected
PV modules have a telorance of +/ - 3 %( see Appendix for data sheet). This means if
two modules on the western wall, each with the power of 180 Wp are connected , the
power output from the first PV module can be 180 Wp, and the second may be 174.6
Wp/185.06 Wp. So there will be a variation in the voltage , and current output of these two
PV modules as well. PV array in this direction has a mismatch loss of 4.27 kWh per year,
which will increase the total loss of the array during a year.
The total amount of power loss in this direction is mainly due to shading obstacles in far
distance (about 200 meters), and losses due to global incident irradiation on the array. This
is because the array is mounted on the wall in this direction where the far shading will
affect the total production of the array. In order to reduce the amount of the loss, one
option is to use inverter with maximum power point tracker (MPPT). This will help the
array to produce the maximum possible amount of power at any time, thus reducing the
loss. The other improvement can be proceeding by removing the surrounding obstacles as
near shading objects. This means cutting some trees in close distance from the array or
mounting the array in a direction to avoid shading due to near objects. However in this
direction there is no obstacle close to the array as near shading objects.
The total loss by the array in this direction for the entire year is calculated and is shown in
figure 4.4.
The loss diagram shows that the efficiency of the array at standard test condition(STC) is
14 %, and the losses due to near shading is 0 since there is no paticular obstacles in the
western direction, but a far shading loss of 32 %. This is a large portion of loss due to far
shading. This amount of power loss due to far shading can be reduced if the array is tilted
properly or if the array is mounted on the roof instead of the wall. This imrovement will
be discussed in chapter 5. Taking all the losses into cosideration the PV array in this
direction will be able to produce around 420 kWh of electricity during a year.

Fig. 4.4 Loss digram of the array in western direction over one year
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4.3 Modules on the southern wall
4.3.1. Array with the peak power of 720 Wp on the southern wall
Four panels each with the power of 180 Wp are mounted on the south wall with the
azimuth angle of -10 degrees from the south and the tilt angle of 90 degrees from
horizontal plane as shown in figure 4.8. This figure also presents transposition factor by
respect to the optimum orientation and the available irradiation on the plane as a function
of the plane tilt and azimuth angle. Figure 4.5 also depicts by a dot on the curves where
you are positioned by respect to optimum, where the optimization of the orientation
depends on the planned use for the PV energy.

Fig. 4.5. Orientation of the array on the southern wall where four modules are connected in series (from
PVsyst).

4.3.2. Shading analysis
In this direction (South) because of the existence of some trees around, near shading
analysis are also considered to calculate and see how the shading factor will affect the
behaviour and output power of the array.
A far shading of a straight line 15 degrees up from horizontal plane are also considered
due to shading from trees around 200 meters distance, where the sun is not reaching the
southern wall below 15degrees up from horizon.
The diagram (Figure 4.6) shows the availability of solar radiation on the array field at any
given time of the year according to the orientation of the PV modules and 15 degrees far
shading up from horizon, where as it is obvious from the diagram during the months
November, December, and January the sun is behind the horizon and is not reaching the
array field.
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Fig. 4.6. Horizon (far shading) line drawing on the array in southern direction (4 panels in series).
(from PVsyst)
Figure 4.7 shows different loss percentages of the array due to near shading for any given
time of the year. In the simulation as mentioned some trees are considered as the near
shading objects and their effect on the power loss is shown in this figure. The near shading
factor calculated based on linear calculation which means the percentage of power loss due
to shading is proportional to percentage of shaded area of the modules ( e.g. if 20% of the
array is shaded the power loss would be equal to 20% due to shading). The shading losses
of different percentages are presented in this diagram with different drawing lines.

Fig. 4.7. Near shading factor diagram when four modules are connected in series on the southern wall
(from PVsyst)
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Figure 4.8 shows a perspective of the array arrengment(four panels in series)on the
southern wall of the house and surronding shading obstacles which wa sketched in PVsyst
during simulation for the near shading analysis.

Fig. 4.8. Perspective of the Array-field(southern wall) and surrending shading scene, when four modules are
connected in series (from PVsyst).

4.3.3. Simulation results
The amount of power that is produced by the existing array (four modules in series) is
presented in table 4.3 for different months of the year (1990). This table also presents
some other monthly parameters such as Array voltage (UArray), Array temperature
(Tarray), and Array current (IArray).Total duration of the array production during each
month (ArrayON) are presented in the last column of this table. The maximum amount of
power production from the array(4 panels in series) in this direction during the whole year
belongs to the month May which is equal to 53 kWh and the total amount of power
production during the entire year in this direction from the array is equal to 353 kWh. The
array in this configuration is functioning at most 452 hours during July.
Table 4.3 Balances and main results of the simulation of the array in southern direction (Four panels in
series).
EArray

(kWh)
January
February
March
April
May
June
July
August
September
October
November
December
Year

2.7
11.3
38.3
48.6
52.9
44.3
44.7
50.4
38.3
17.3
2.8
1.5
353.7

Tarray
(˚C)
-1.0
-0.6
6.9
14.2
18.9
22.2
25.8
26.3
20.6
12.2
4.9
1.0
17.0

Iarray
(Ah)
19.3
76.5
267.1
351.9
390.1
333.7
343.3
386.8
285.9
125.7
20.4
11.1
2611.8

Uarray

ArrayON

(V)

(hours)

20.7
34.6
56.0
67.3
78.3
81.3
75.7
67.4
57.8
38.4
17.8
11.5
50.6

110
160
294
354
438
452
444
391
315
213
92
62
3325

The simulation of array in this configuration continued to calculate the daily power
production of the array (kWh/kWp) in this direction and the results of the normalized
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array production per day (Ya) during each month are presented in table 4.4. During May
the array will have the most daily average production which is equal to 2.37 kWh/kWp.day.
Table 4.4 Normalized array production per day in southern direction (four modules in series)
Ya
(kWh/kWp.day)
0.12
0.56
1.72
2.25
2.37
2.05
2.00
2.26
1.78
0.78
0.13
0.07
1.35

January
February
March
April
May
June
July
August
September
October
November
December
Year

The power generated by the array in this direction was also simulated in an hourly basis for
a year, and the results for a randomly selected day are presented in figure 4.9. Simulations
of the hourly based power production of the modules were accomplished in PVsyst in
order to be comparable with the practical measured data, since the measured data are all
based on the hourly power production of the modules. However this comparison con not
give a clear idea if the PV modules are producing the same amount of power as expected.
This is due to differnet weather conditions during the measuerrment, and simulation(see
Appendix for hourly based measured data). This day(May 3) as mentioned is a randomly
selected day to show how the distribution of power production during different hours of a
day is like, and the results are presented as examples. Figure 4.9 shows the effective energy
at the output of the array during this day (May 03) in this direction which is equal to1.4
kWh/day where the average array voltage is equal to 127 V. The array average current
during the same day is measured as 11 Ah/day.

Fig. 4.9. Power and voltage of array in southern direction(four modules in series) durring different hours of
the day(3rd of May).
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This houlay based production of the modules in this configuration was accomplished in
PVsyst in order to be comparable with the practical measured data, since the measured
data are all based on the hourly power production of the modules.
This day(May 03) as mentioned is a randomly selected day to show how the distribution of
power production during different hours of a day is like, and the results are presented as
examples.
The total amount of power loss in this direction (four PV modules in series) is mainly due
to far and near shading obstacles, and losses due to global incident irradiation on the array.
This is because the array is mounted on the wall in this direction where the near objects
will shade the array during the different hours. In order to reduce the amount of the loss,
one option is to use inverter with maximum power point tracker (MPPT). This will help
the array to produce the maximum possible amount of power at any time, thus reducing
the loss. The other improvement can be proceeding by removing the surrounding
obstacles as near shading objects. This means cutting some trees in close distance from the
array or mounting the array in a direction to avoid shading due to near objects.
The total loss by the array in this direction for the entire year is calculated and is shown in
figure 4.10.
The loss diagram shows that the efficiency of the array at standard test condition(STC) is
14 % , and the losses due to near shading is 11% , and due to far shading is 28 %. This is
a large portion of loss due to near and far shading. This amount of power loss due to near
far shading can be reduced if the array is tilted properly or if the array is mounted on the
roof instead of the wall. This imrovement will be discussed in chapter 5. Taking all the
losses into cosideration the PV array in this direction will be able to produce around 353
kWh of electricity during a year.

Fig. 4.10. Loss digram of the array in southern direction (four modules in series) during a year.
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4.3.4. Array with the peak power of 840 Wp on the southern wall
The simulation continued for three PV modules on the southern wall in a separate circuit
and the results are presented in table 4.6 based on monthly power production of the array
during the entire year, where the array is tilted 33 degrees up from vertical surface. The
results are compared in terms of power production when the array is shaded by the near
obstacles and when there is no obstacles around.
The existing array (3 panels in series) in this direction is able to produce the maximum
possible amount of power during May which is equal to 96 kWh. The array arrangement in
this direction will produce 576 kWh power over the year. The comparison shows an
improvement of about 10 % in the annual power production of the array when there are
no obstacles as near shading objects.
Table 4.6 Array power production in southern direction(three PV modules in series each with the power of
280Wp) with and without shading

January
February
March
April
May
June
July
August
September
October
November
December
Year

EArray
kWh
3.81
14.32
49.19
76.18
96.48
87.52
86.20
83.18
52.27
21.30
3.95
2.06
576.45

EArray(No shading)
kWh
4.3
21.5
61.9
81.2
100.1
91.1
89.6
86.9
61.0
29.8
4.5
2.4
634.3

4.4 Comparison of the results
The monthly power production of the existing arrays in west and south directions from
the simulations are compared with the average value of electricity consumption (2010, and
2011) of the EHEs, and the GSHP system and the results are presented in table 4.7.
Table 4.7 Comparison of monthly results for PV production and electrical consumption
Month

January
February
March
April
May
June
July
August
September
October
November
December
Year

Monthly
total PV
production
(kWh)

Monthly
power
consumption
of the EHEs
(kWh)

Monthly
power
consumption
of the GSHP
(kWh)

8.8
34.9
123.0
174.7
221.2
202.0
203.1
191.0
124.8
53.5
9.0
4.5
1350.9

177.5
448.9
126.6
31.1
38.8
0
0
1.8
14.7
4.6
32.4
85.0
962.1

1161.5
1062
958.5
705.5
541.5
271.5
201.5
304
525
771.5
896
1117
8515.5
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The power production of the arrays (kWh) from both directions between April and
October as they are highlighted in the table 4.7 will be more than the power consumption
of the EHEs (kWh) during the same period. It means the arrays are able to satisfy to whole
demand of the EHEs during this period, and surplus produced electricity from the arrays
can still be used to heat the water in the water storage tank which will reduce the amount
of electricity consumed by the GSHP. This is the critical part to understand how much
electrical energy will be enough to provide the required hot water, and to understand if the
arrays are not producing more than the demand of the whole system. However a rough
estimation can be made according to the COP of the GSHP, power production of the PV
arrays, and electricity consumption of the GSHP.
During June and July there is no need of power from the EHEs since all the heat is
provided by the GSHP. The PVarrays are able to produce 203 kWh electricity during July,
and electricity consumption of the GSHP during July is equal to 201 kWh. Thus the
amount of electricity produced by the PV arrays in this month will directly affect the
electricity consumption of the GSHP system. This amount of electricity production from
the PV arrays (203 kWh) during July will be able to compensate about 68 kWh electricity
consumed by the GSHP system. This is with respect to the COP of the GSHP system
which is roughly equal to 3, and with the assumption that the same amount of electricity
produced by the PV arrays (kWh) will be turned to heat (kWh). During July the PV arrays
will be able to satisfy about 34% of the electricity consumption of the GSHP system.
Consequently the total electricity production of the PV arrays over a year is equal to 1,350
kWh where this energy can satisfy the whole demand of the EHEs during a year (962
kWh). The excess produced electricity from the PV arrays which is equal to 388 kWh/year
can then reduce the amount of electricity consumed by the GSHP system (8,515 kWh)
over a year. 388 kWh/year will be able to satisfy 130 kWh/year of electricity consumed by
the GSHP during a year. This means that the PV arrays not only satisfy the annual demand
of the EHEs, but also will be able to satisfy 1.6 % of the total electricity consumption of
the GSHP system over a year.

5 Optimization of the arrays
In this chapter the intention of the optimization is to increase the arrays’ power
production (kWh) per installed kWp in order to reduce the cost of energy produced as
much as possible. But having in mind that this energy should match the summer demand
of the GSHP system, where there is no overproduction from the PV modules. The
intention is satisfaction of the EHEs’ demand and the surplus produced energy can be
used to heat the water even more than the demand of the EHEs, where the power
consumption of the GSHP from the grid will be decreased. Matching the demand of the
GSHP by the PV modules is the critical part of the optimization since the power
consumed by the GSHP to generate hot water is not directly used in the water storage tank
of the system. Therefore optimization can be accomplished according to the monthly
demand of the EHEs and reduction of consumed electricity by the GSHP system to some
extent. So accordingly the optimization in this chapter is first based on the match of the
power production from the arrays to the demand of the EHEs. The over- production of
the arrays can be then charged to the water storage tank of the system to provide even
more hot water. This is the critical part to understand how much electrical energy will be
enough to provide the required hot water, and to understand if the arrays are not
producing more than the demand of the whole system.
Optimization has been accomplished in this chapter first by varying the tilt angles, and
number of the PV modules on the southern wall. Then possibility of using mechanical sun
trackers in this direction has been studied. Optimization continued for the existing array
on the western wall by varying size of the PV modules, number of the PV modules, and
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their tilt angles. Possibility of using mechanical sun trackers in this direction has been also
studied. Optimization continued to find a new proper location in order to mount the PV
modules. In this step, number of the PV modules, size of the PV modules, using different
inverters in the system, and tilt angles of the PV modules have been varied in order to find
the optimum solution.

5.1 Modelling in PVsyst
In the first step, western and southern faced PV arrays have been assumed to be standalone systems with the same PV technology as the chapter 4. The arrays have been
assumed to have no battery backups and charge controllers or inverters, and feeding direct
DC current to the EHEs. Thus the changes have been applied to the number of the
modules, and the tilt angles of them on the southern and western walls, and the results are
compared together. Modelling a stand-alone system with no battery backups and charge
controllers is impossible in PVsyst, and thus in the first step the system has been modelled
in PVsyst as a grid connect system using inverters. This is with the assumption of power
consumption directly at the output of the arrays before entering the inverters, and the
assumption of no power charging from or to the grid.
In the second step, the two most efficient systems in both directions from step one are
selected. Then possibility of using mechanical sun trackers in these systems have been
examined, and the results are explained and presented in this chapter.
In the third step the system is simulated as all the PV modules are mounted on the roof in
western direction. In this step the system has been considered to be grid connected,
producing AC power, and with the intention of load satisfaction of the whole GSHP
system (compressor, and pumps). This is with the consideration of no overproduction
from the array. In this step no power from the arrays will be charged to EHEs, and the
EHEs will be fed directly by the electricity from the grid.

5.2 Optimization of arrays in southern direction
The only possible area to place the arrays in southern direction on this property is on the
wall above the windows (figure 2.5). Therefore optimization of the array’s power
production in this direction is firstly based on the increasing of the number of the PV
modules, using different PV technologies, and changing the tilt of the modules.
Three PV modules with the power of 280 Wp have been replaced with four PV modules
with the power of 180 Wp. Totally eight PV modules of the with the power of 180 Wp, all
connected in series, and with the assumption of no ladder on the wall. This is the
maximum amount of modules (180 Wp) that could be mounted in this direction with
respect to the size of the wall.
More than 15 alternatives were studied in PVsyst by varying the tilt angle of the modules,
using different PV technologies, and varying number of the modules in this direction in
order to improve the array’s power production, and the most optimum alternatives are
presented in table 5.1. Comparison of different PV technologies with the same size (180
Wp) showed a better efficiency when the same PV technology as existing PV systems is
used. So the presented alternatives in table 5.1 have the same PV technology as chapter 4
(Blue Solar Monocrystalline). The power production of the arrays from these three
alternatives is compared in this table with electricity consumed by the EHEs, and
electricity consumed by GSHP system. During the simulation of each alternative, shading
effect of the modules on their own surfaces was considered while the building was
sketched in PVsyst for near shading analysis.
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None of the presented alternatives in table 5.1 will have overproduction in general in
comparison with the whole demand of the GSHP system and EHEs in the optimization.
Even if the arrays can satisfy the electricity consumption of the EHEs, the surplus
produced energy can still be used to heat the water. Thus the compressor in the GSHP will
run fewer, meaning less electricity consumption from the grid. In the last alternative
(alternative 3) in table 5.1, seven PV modules are connected vertically with 50˚ tilt from the
horizon, and one PV modules is mounted above them horizontally with the same tilt angle
(Figure 5.1).This is a fixed tilted angle for all the modules for the entire year. This
alternative shows the best arrangement possibility to increase the power output. It should
be also considered that this is the optimized arrangement in the south direction and the
optimized arrangement in the west direction will be added to this amount which will
increase the percentage of the energy compensated by the PV arrays in general.
Table 5.1 power production of three different PV array configurations on southern wall and the
comparison with electricity consumption of the GSHP and EHEs

Month

January
February
March
April
May
June
July
August
September
October
November
December
Year

Electricity
consumpti
on
of the
GSHP
(kWh)

Electricity
consumption
of the EHEs

1161.5
1062
958.5
705.5
541.5
271.5
201.5
304
525
771.5
896
1117
8515.5

177.5
448.9
126.6
31.1
38.8
0
0
1.8
14.7
4.6
32.4
85.4
962.1

(kWh)

Alternative 1
Energy
yield(DC)
South wall
8 modules, tilt
50˚
(kWh)
5.8
25.6
89.8
128.6
158.3
142
140.6
139.3
93.5
39.4
6.0
3.1
972.1

Alternative 2
Energy
yield(DC)
South wall
8 modules, tilt
40˚
(kWh)
5.3
23.7
85.7
128.1
161.3
146.3
144.4
139.8
90.5
37.0
5.5
2.7
970.2

Alternative 3
Energy yield(DC)
South wall

7 modules
vertically and 1
horizontally, tilt 50˚
(kWh)
7.0
25.6
85.2
130.9
170.9
158.3
155.4
144.5
90.5
37.5
7.2
3.7
1016.8

Configuration of the array on the southern wall, while they are tilted up to 50˚ for the
horizon (Alternative 1) is shown in figure 5.1. Tilt angle of the array in this alternative is
fixed for the entire year. In this configuration 8 modules with the power of 180 Wp each
are mounted horizontally and all are connected in series. In this configuration array is
mounted in three rows, where there are four modules in the lower row, three modules in
the middle row and one module in the top row. This configuration has a yearly DC power
production of 972 kWh.
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Fig. 5.1. Perspective of the array on the southern wall (Alternative 1).
Figure 5.2 shows the configuration of the array in southern direction while 8 moduels with
the power of 180 Wp each, all connected in series are mounted on the wall horizontally
with a fixed tilt angle of 40˚ from horizon(Alternative 2). The modules are mounted in
three rows, where four modules are placed in the lower row, three modues in the middle
row, and just one module in the top row.Array in this configuration will have a yearly DC
power production of 970 kWh.

Fig. 5.2. Perspective of the array on the southern wall (Alternative 2).
Figure 5.3 shows the last alternative (alternative 3) where seven PV modules are connected
vertically with 50˚ tilt from the horizon, and one PV modules is mounted above them
horizontally with the same tilt angle. This is a fixed tilt angle during a year.
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Fig. 5.3. Perspective of the array on the southern wall (Alternative 3).

5.2.1. Using a mechanical sun tracker in southern direction
Alternative 3 from chapter 5.2 was re-simulated in PVsyst with the consideration of a
mechanical one-axis sun tracker in order to minimize the angle of incidence between the
incoming sunlight and PV modules. The selected tracking mode in simulation is a
horizontal axis sun tracker, where the modules rotate in south-north direction. The sun
tracker could have also been selected as a vertical axis or dual-axis tracker, but because of
the size of the south wall, and the closeness of the modules, the modules will have shading
problem from their own surfaces at maximum possible. The adjusted axis and limitation
angles of the sun tracker in this direction are presented in table 5.2.
The axis orientation of the sun tracker where the modules rotate on this axis is -10˚ from
the south which is the same azimuth angle of the south wall. The minimum and maximum
amount of movement of the modules around this horizontal axis was set between 50˚ and
˚90˚ from the horizon. These minimum and maximum amounts were selected according to
the simulation in chapter 5.2 where the most efficient system configurations were between
50 and 90 degrees.
Table 5.2 adjusted axis and angles of sun tracker in PVsyst
Axis Orientation
-10˚

Array minimum tilt
50˚

Array maximum tilt
90˚

Shading effect of the modules’ surfaces was simultaneously studied in near shading
definition in PVsyst. The obtained results as presented in table 5.3 show a reduction of
total generated power compared to the same system configuration without a mechanical
sun tracker. This reduction of the power production is mainly due to shading effect of the
PV modules on their own surfaces while tracking the sun in the north-south direction
during the summer time. This means the top PV module (horizontal), and the middle
modules will cause shading on the lower row during the months where the sun is at higher
position from the horizon. Therefore since the array arrangement will not benefit of such
an improvement, and since these mechanical structures require more investment, using a
mechanical sun tracker in this configuration of the modules on the southern wall was taken
of the equation in this step.
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Table 5.3 Array power production on the southern wall using MPP tracker.

Month

Energy yield(DC)
(kWh)
7 modules vertically and
1 horizontally using sun
tracker

January
February
March
April
May
June
July
August
September
October
November
December
Year

5.5
24.1
81.6
115.3
149.7
141.1
136.1
124.6
84.6
36.1
5.8
3.0
907.7

The total amount of power production from the array in this configuration using sun
trackers over a year is equal to 907 kWh which in comparison with the same system
configuration without sun trackers shows an annual power reduction of 109 kWh.

5.3 Optimization of array in western direction
The maximum numbers of PV modules each with the power of 180 Wp that can be
installed in this direction are limited to six modules if the intention is to have the PV
modules installed on the wall. Therefore the first optimization in this direction has been
performed by changing the tilt angles of the existing modules in landscape orientation.
Replacing the existing PV modules with 4 modules each with the power of 280 Wp then
has been examined in PVsyst and the power production in this configuration has been
compared with the previous configurations. As the size of the west wall is limited in this
direction, using PV modules each with the power of 280 Wp will be also limited to
maximum number of four modules. Therefore simulation in this step continued by varying
the tilt angles of the existing PV modules in order to find which tilt angle of the whole
array will have the most power production. Then the array as mentioned replaced with
four modules each with the power of 280 Wp and variation in tilt angles of this new
configuration were also examined in order to find which tilt angle will have more power
production. Afterwards possibility of using different PV modules of different sizes was
also studied.
The building with the corresponding modules during each simulation was sketched in
PVsyst in order to have the near shading effect of each module on their own surfaces.
Variation of the tilt angles, and using different PV modules of different sizes were studied
during the optimization, and five most efficient configurations are presented in table 5.4.
All configurations during optimization were defined in PVsyst as grid connected systems,
using inverters, but with the assumption of using DC power supply of the array before
entering the inverter and with the assumption of no power charging from or to the power
grid.
In alternative 1, 2 and 3 in table 5.4, modules with the power of 180 are mounted
horizontally in two rows. Four modules are mounted on the lower row, and two modules
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are mounted above them horizontally, where all are connected in series. And optimization
of the modules each with the power of 280 Wp was accomplished (alternative 4 and 5),
where three modules are mounted horizontally in the lower part, and just one module is
mounted above them horizontally, where all are connected in series.
Using four PV modules, each with the power of 280 Wp in this direction on the wall will
have the maximum yearly amount of DC power production when they are tilted about 40˚
up from horizon which is equal to 602 kWh per year. Decreasing the tilt angle of the array
from the horizon with the same size of the PV modules will reduce the yearly DC power
production due to shading effect of the modules on their own surfaces. Comparing the
results in this table shows the best array arrangement when the PV modules each with the
power of 180 Wp are mounted horizontally, and tilted up to 30 degrees from horizon in
which it will produce 632 kWh electricity during a year (alternative 3).
Table 5.4 DC Power production of different PV array configurations on western wall

Month

January
February
March
April
May
June
July
August
September
October
November
December
Yearly

Alternative
1

Alternative
2

Alternative
3

Alternative
4

Alternative
5

West wall
6panels
(DC)
(180Wp)
tilt 50°

West wall
6panels
(DC)
(180Wp)
tilt 40°

West wall
6panels
(DC)
(180Wp)
tilt 30°

West wall
4 panels
(DC)
(280Wp)
tilt 50°

West wall
4 panels
(DC)
(280Wp)
tilt 40°

(kWh)

(kWh)

(kWh)

(kWh)

(kWh

3.6
13.9
48.1
71.3
103.8
102.6
104.1
81.5
48.6
21.2
3.7
1.7
604.1

3.7
14.5
49.0
37.7
107.7
107.4
108
84
50.1
21.9
3.9
1.8
625.6

3.7
14.6
48.5
74.5
109.2
109.4
109.5
84.8
50.3
22.0
3.9
1.8
632.4

0.0
4.7
31.4
64.7
108.1
108.8
101.9
77.2
40.9
11.3
0.0
0.0
549.5

0.0
5.7
36.3
71.9
117.8
118.5
111.2
84.9
44.4
11.9
0.0
0.0
602.8

Possibility of using a mechanical sun tracker in this direction while the modules are
mounted on the wall was also studied and the results were far below the expected ones
comparing to the arrangements without sun tracker in this direction.

5.4 Using the roof in western direction
The roof which is oriented to the west is the proper location to mount the modules (see
figures 2.2, and 2.3) if the intention is to have larger systems using only the roof, with no
concerns about the initial investment cost of the whole system. In this step it should be
also considered that during winter the array on the roof will be covered by the snow if it is
not tilted properly. The system in this step is assumed to be grid connected, using
inverter(s) to supply AC power directly to the components of the GSHP which are the
pumps and mainly the compressor. Therefore no power in the system will be charged to
the EHEs.
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5.4.1. Simulation in PVsyst
The roof in this direction is tilted 27 degrees from the horizon, thus the simulation of the
modules started with the same tilt angle of the roof in PVsyst. 24 modules with the power
of 180 Wp were selected according to the size of the roof. Possibility of using different PV
technologies, and different inverters technologies was studied during the optimization, and
the most optimum combination in each alternative are presented in this chapter.
The building was sketched in PVsyst for shading analysis of the triangular part of the roof,
and also shading effect of the modules on their own surfaces. In this configuration
(Alternative 1), six modules are connected in series in 4 parallel strings. In this
configuration, about 31% of the annual electricity consumption of the GSHP can be
satisfied by the PV modules. At the same time it should also be considered that the array
does not have overproduction during the summer. This configuration will have
overproduction during June, July, and August. Therefore optimization of the array on the
western roof was continued in order to reduce the overproduction of the array during
these months. The components of the system in this configuration are shown in table 5.5.
The system has 4 inverters, and inverters have two maximum power point trackers.
Table 5.5 System specification on the roof (Alternative 1)
Component
Power
Manufacturer
24 Modules (Si-mono)
180Wp
Jumao Photonic
4 Inverters with 2 MPPT:s
0.75 kW
Sunrise Micro
Simulation continued with 18 modules, where three modules are connected in series in 6
parallel strings. This is when the array is tilted up to 40 degrees from the horizon. In this
configuration (Alternative 2) each module of the array has a power of 280 Wp. Alternative
2 will have even more overproduction during June, July, and August compared to the first
Alternative. Components of the system in the second Alternative are presented in table
5.6.
Table 5.6 System specification on the roof (Alternative 2)
Component
Power
Manufacturer
18 Modules (Si-mono)
280Wp
Xiaman Forure-Wide
3 Inverters
1.2 kW
Sun Power
Therefore accordingly the optimization continued in order to reduce the overproduction
of the system during the summer time, even though it will reduce the total yearly power
production of the array. The selected system as the third alternative includes 20 modules
each with the power of 145 Wp, where they are mounted on the roof with the tilt angle of
40˚ from the horizon and where five modules are connected in series in 4 parallel strings.
Components of this optimized system are presented in table 5.7. In this configuration the
system will be able to produce a total amount of 1780 kWh AC power during a year which
is less production over a year compared to the previous alternatives, but with the
improvement of no overproduction during August. Nevertheless the system will still have
overproduction during June, and July.
Table 5.7 System specification on the roof (Alternative 3)
Component
Power
Manufacturer
20 Modules (Si-mono)
145Wp
Shell Solar
2 Inverters
0.8 kW
Sunrise Mini
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The third alternative is selected again but by varying the tilt angle of the array up to 50˚
from the horizon. This alternative (Alternative 4) then show a maximum amount of AC
power production over a year equal to 1,646 kWh. In this alternative there will be no
overproduction from the array during the summer time, and the system is able to satisfy
around 20 % of the demand of the GSHP system. AC power production of the mentioned
alternatives is presented in table 5.8 where they are compared with the electricity
consumption of the GSHP system.
Table 5.8 Arrays production using western roof and comparison with the power consumption of GSHP
Month

January
February
March
April
May
June
July
August
September
October
November
December
Year

Consumption
(AC) of the
GSHP
(kWh)

Alternative 1
24 *180Wp
Tilt 27˚ (AC)
(kWh)

Alternative 2
18 *280Wp
Tilt 40˚ (AC)
(kWh)

Alternative 3
20 *145Wp
Tilt 40˚ (AC)
(kWh)

Alternative 4
20*145Wp
Tilt 50˚ (AC)
(kWh)

1161.5
1062
958.5
705.5
541.5
271.5
201.5
304
525
771.5
896
1117
8515.5

10.9
56.4
184.6
314.7
485.3
488.5
461.4
357.8
207.0
81.8
13.1
4.7
2666.2

10.4
59.4
197.6
346.3
540.9
546.7
517.3
402.2
230.8
8.9
12.5
4.3
2957.7

5.5
35.1
119.7
209.6
326.8
328.1
311.1
242.4
139.6
53.3
6.8
2.2
2327.9

4.9
31.8
109.6
194.8
303.2
267.1
198.2
173.5
129.9
49.2
5.9
2.0
1646.8

5.5 Comparison of the results
The optimization on the both walls was accomplished by varying the size of the modules,
PV technologies, their tilt angles, and number of the modules that can be mounted on the
walls. Comparing the results from the optimization of the array on the southern wall
shows the best array configuration where seven modules are mounted on the wall vertically
and one more module is mounted above them horizontally as it is shown in figure 5.3.
This is when all the modules each with the power of 180Wp are connected in series, and
are tilted 50˚ from the horizon. In this configuration the system is considered to be a
stand-alone system where the array is feeding direct DC current to one EHE. The total
yearly DC power production of the array in this configuration is equal to 1016 kWh.
On the other hand the most optimized system on the western wall according to the
optimization is where six modules each with the power of 180 Wp are connected
horizontally on the wall. In this configuration, all the modules are connected in series, and
they are tilted up to 30˚ from horizon. The total yearly DC power production of the array
in this configuration is equal to 632 kWh. And this power is considered to be fed directly
to another heating element in the water storage tank of the system.
These two optimized systems on the western and southern directions as mentioned are
considered to feed two EHEs inside the water storage tank of the heating system. The
optimization shows an increase of 298 kWh/year DC power of the arrays in both
directions compared to the existing PV configurations.
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The optimization continued in order to have a larger system on the roof in western
direction, but with the intention to charge different components of the GSHP system.
This means the modules should produce AC power using inverters.
The most optimized configuration on the roof in order to feed AC power to the
components of the GSHP system which is mainly compressor is where 20 modules each
with the power of 145 Wp are mounted on the roof. The modules are tilted about 50˚ up
from horizon, and two inverters are included in the system in order to convert the power
to AC power. In this configuration the array is able to produce a total yearly AC
production equal to 1,646 kWh. This is of course more efficient in terms of power saving
since the array configuration is intended to feed power to the components of the GSHP
system. This means that 1,646 kWh of the power needed by the GSHP will be produced
by the PV modules. This amount of consumed electricity can produce 3 times more heat
in the water storage tank of the heating system according the COP of the GSHP system.
But accordingly this system will need more investment since it is a larger system using
inverters in a gird connected system. The system in this configuration can also have
problem with the snow in the winter time which should be considered during the design.
Tilting the system up to 50˚ from the horizon in this configuration can help the modules in
regards to this matter.

35

6 Discussion
During the design of the existing PV system certain aspects were considered as limiting
factors in the appropriateness of different design solutions, and the systems were
accordingly constructed as simple as possible. These limitations included:




Mounting the PV modules on the roof makes the modules collect snow in the
winter, and dust in the summer. This would reduce or prevent production of the
modules, and would make it difficult to walk on the roof and shovel down the
snow if necessary.
Mounting the PV modules on the walls only is easy but not ideal regarding the
irradiation angles.



Wall/roof mounting of the PV modules with constant tilt angle is possible but
requires more complex fastening systems.



Any mounting with adjustable tilting requires more or less complex mounting
systems, and makes the system more expensive.



Power delivery directly into the heating system is easy and simple if power is not
exceeding the demand.



Using inverters in a grid connected system makes it complicated due to factors
such as separate energy metering, the price of the electricity produced not being
economical, and the cost of the additional safety circuit breakers etc.



If excess power is stored in a battery, there are issues that must be dealt with such
as the capacity, any difficulties with space for the battery, battery life, initial
investment cost, the continuous service needed if lead-acid batteries are used.



Architectural and aesthetic aspects such as shadow on the windows and the look of
the facade outlook or mounting restrictions due to structural limitations of the
walls or the roof such as support and fixing bars, electrical wiring.

Some of these aspects do of course not apply in other countries, and thus these limitations
are only considered regarding buildings and systems in Finland.
This master thesis presented a new technological combination of two environmentally
friendly sources of energy in order to provide heat for DHW, and space heating. Most of
the related literatures that were studied during this master thesis used PV systems as
assistance to the GSHP systems, where the PV systems were supplying direct power to the
compressor of the GSHP. In this master thesis the intention of combining PV system with
GSHP is to charge DC power to the EHEs in the water storage tank of GSHP. The
supplied power to the heating elements will then reduce the amount of electricity
consumed by the GSHP from the grid. However the supplied power of the PV system was
also tried to be charged to the compressor of the GSHP in this master thesis as a new
system configuration.
In the first step of this study, the existing PV arrays were simulated taking into
consideration all the mentioned limitations and the results are summarized in chapter 7. In
the second step simulation continued excluding all the mentioned limitations to find an
optimum solution to increase the efficiency of the hybrid system.
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In a previous study by Hesaraki and Holmberg (2012) as presented in chapter 1.4 the
system was able to satisfy the whole demand to provide DHW. This was clear since the
demand to produce DHW was separately measured. The studied system was able to satisfy
17% of the demand of the GSHP in order to provide heat for space heating. PV modules
in this study were producing power to the components of the GSHP which is the same
function of the last part of the optimization in this master thesis.
In the last optimization part, the roof in western direction is used in order to mount the
PV modules. In this part the PV modules feeding AC power to the components of the
GSHP. The array arrangement on the western roof as will be explained in chapter 7 will
produce 1,646 kWh electricity per year. This means the array will be able to satisfy about
20% electricity consumed by the GSHP in order to provide DHW, and space heating.
However it is not clear that how much of the electricity consumed by the GSHP is used to
provide DHW.

37

7 Conclusion
The simulation of the existing PV modules on the western wall, where six modules each
with the power of 180Wp are connected in series shows a yearly DC power production of
420 kWh where this power should be charged to one heating element into the water
storage tank. Array configuration on the southern wall where four modules each with the
power of 180 Wp are connected in series will have a yearly DC production of 353 kWh and
this power is to be charged to another heating element in the water storage tank. In the
same direction, three modules each with the power of 280 Wp with the tilt angle of roughly
33 degrees from the wall, all connected in series in a separate circuit will have a yearly DC
production of 576 kWh where this energy should charge another heating element in the
water storage tank. The arrays total yearly DC power production is equal to 1,350 kWh and
this amount of yearly energy shows that the existing arrays in both directions not only
cover the annual demand of the electrical heating elements but also will have
overproduction during the summer where the excess energy can be used to heat the water
in the water storage tank which will reduce the electricity consumption by the components
of the GSHP system. The annual excess energy from the PV arrays (388 kWh) can satisfy
about 130 kWh annual electricity consumption of the GSHP. This is with respect to the
COP of the GSHP, and with the assumption that the same amount of electricity produced
by the PV arrays (kWh) will be turned to heat (kWh). This is of course a yearly
comparison, meaning during some months the arrays are not able to cover the demand of
the EHEs in the water storage tank, thus should be compensated with the power from the
grid.
The average yearly electricity consumption of the EHEs in the water storage tank is equal
to 962 kWh and the average power consumption of the GSHP is equal to 8,515 kWh. The
electricity consumed by the GSHP is not directly used in the water storage tank to heat the
water since the consumed power is contributed into the components of the GSHP
(compressor, pumps, fans, etc.). The monthly electricity production by the PV arrays and
the monthly amount of electricity by the GSHP and EHEs are depicted in figure 7.1.

Fig. 7.1. Monthly electricity production of the existing arrays (both directions), and electricity consumption
of the GSHP and EHEs.
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Comparing the results from the optimization part, it can be summarized that the most
optimal configurations if the intention is to use the walls are as below:
Modules

180Wp Victron Enregie SPM 180-24



South wall : eight modules (180 Wp), where modules are mounted vertically in the
lower row, and just one module is mounted above them horizontally, all with the
tilt angle of 50˚ above horizon, and all connected in series.
This array arrangement can then feed only one heating element in the water tank of
the heating system.



West wall: six modules (180 Wp) all mounted horizontally, where 4 of them are
mounted in the lower row, and two are mounted above them, all with the tilt angle
of 30 degrees above horizon, and all connected in series. This array arrangement
can then feed one more heating element in the boiler of the heating system.

This is where the systems in both directions are planned to be stand-alone systems without
any battery backups and charge controllers and feeding direct DC current to the electrical
heating elements. These arrays configurations and the comparison of their power
production with the AC power consumption of the GSHP and DC power consumption of
the electrical heating elements are presented in table 7.1.
Table 7.1 Arrays production in the best configuration (using walls) and its comparison with the load
consumption
Month

Electricity
consumption
of the
GSHP
(AC)
(kWh)

Electricity
consumption
of the heating
elements (DC
(kWh)

West wall-6
panels, tilt
30°
(DC)
(kWh)

South wall-8
panels tilt
50°
(DC)
(kWh)

Total arrays
production
(DC)
(kWh)

January
February
March
April
May
June
July
August
September
October
November
December
Yearly

1161.5
1062
958.5
705.5
541.5
271.5
201.5
304
525
771.5
896
1117
8515.5

177.56
448.95
126.65
31.1
38.85
0
0
1.85
14.7
4.65
32.4
85.4
962.11

3.7
14.6
48.5
74.5
109.2
109.4
109.5
84.8
50.3
22.0
3.9
1.8
632.4

7.0
25.6
85.2
130.9
170.9
158.3
155.4
144.5
90.5
37.5
7.2
3.7
1016.8

10.7
40.2
133.7
205.4
280.1
267.7
264.9
229.3
140.8
59.5
11.1
5.5
1648.9

This optimization is in terms of yearly power production of the arrays and if compared
with the existing arrays the total yearly production in this configuration would be higher.
Western roof of this property had the only possibility to mount the modules if the
intention was to have a larger system with no concerns about the cost of the system. So
accordingly optimization continued for a larger system on the western roof, but with the
intention of supplying electricity to different components of the GSHP system where the
main consumer is the compressor.
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This means the modules should produce AC power using inverters. Optimization in this
step showed using 20 PV modules (Shell Solar) each with the power of 145 Wp with the tilt
angles of about 50˚ up from horizon, and two inverters in a grid connected system will
have the most efficient effect to satisfy the demand of the components of the GSHP. In
this configuration the array was able to produce a total yearly AC production equal to
1,646 kWh. This configuration is of course more efficient compared to the PV arrays on
the walls in terms of power saving since the array configuration is intended to feed power
to the components of the GSHP system. This means that 1,646 kWh of the power needed
by the GSHP will be produced by the PV modules. This amount of consumed electricity
can produce 3 times more heat in the water tank of the heating system according the COP
of the GSHP system. The optimization of the array on the roof repeated in order to
reduce the amount of overproduction of the array as much as possible compared to the
demand of the GSHP in the summer time. Accordingly this system will need more
investment since it is a larger system using inverters in a gird connected system. Mounting
PV arrays on the roof of this property will also have problem with the snow during the
winter time if not tilted properly which will lead to a reduction or prevention of
production and also making it difficult to be able to walk on the roof and shovel off the
snow if necessary.
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9 Appendices
9.1 Appendix A

Fig. 9.1. Detailed specifications of the selected PV modules in the existing systems.

43

9.2 Appendix B
Table 9.1 Hourly based measured data (03.05.2013) of the PV arrays on the southern and western wall
South Wall (3 * 280W)
Time
08:00
09:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
16:35
17:00
17:35
18:35
19:00
19:35

Voltage
(V)
88
117.4
115.1
113.7
117.2
116.2
117.1
117
62.1
64.9
30.3
23.1
27
22.4
19.4

Current
(A)
1.6
2.1
2.0
2.0
2.1
2.1
2.1
2.1
1.1
1.1
0.5
0.4
0.4
0.4
0.35

Power
(W)
140.8
250.0
240.5
234.2
248.4
245.1
248.2
248.0
69.5
75.9
16.3
9.4
12.9
8.9
6.7

South Wall (4 * 180W)
Voltage
(V)
39.1
73.2
118.5
119.9
134.1
124.4
113.5
72.1
48.5
19.9
17.7
16.1
14.6
12.2
10.1

Current
(A)
0.7
1.3
2.1
2.1
2.4
2.2
2.0
1.3
0.8
0.3
0.3
0.2
0.2
0.2
0.1

Power
(W)
27.7
97.3
255.9
261.3
327.2
281.1
234.9
94.4
42.6
7.1
5.6
4.6
3.8
2.6
1.8

West Wall (6 * 180W)
Voltage
(V)
13.7
17.5
20.5
22.8
24.6
28.3
115.7
164.7
176.3
187.9
182.5
205.2
84.3
96.1
56.6

Current
(A)
0.2
0.3
0.3
0.4
0.4
0.5
2.1
2.9
3.2
3.4
3.3
3.7
1.5
1.7
1.0

Fig. 8.2. Measured produced power of the PV arrays on the western and southern walls
(03.05.2013).
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Power
(W)
3.4
5.4
7.5
9.3
10.8
14.4
242.9
492.4
564.1
640.7
604.0
763.3
128.9
168.1
56.6

Total
power
(W)
171.9
352.8
504.1
504.9
586.4
540.7
726.1
834.9
676.3
723.8
626.1
777.4
145.7
179.8
65.2

