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Abstract
The shift towards renewable energy sources is ongoing, and with scientific advances constantly
being made within the area, solar panels are becoming cheaper and more efficient by the day.
Thus far, solar panels are almost exclusively being installed in areas where little to no shading is
present since the shadows are a detriment to their performance. The northern European climate
also presents a problem in tending to be very cloudy. This study investigates the impacts of
shadows on the overall performance of a photo-voltaic system situated within an area surrounded
by trees and containing a wind power. This is done to investigate the feasibility of converting the
wind power farm to a wind/solar hybrid farm. A time based method for modeling shadows on
a two-dimensional surface is developed and combined with a method for investigating irradiance
data in order to find the irradiance of an area subject to shadowing. A temperature and irradiance
dependent model for calculating the power output of solar panels is studied and implemented in
order to find the energy output potential of each coordinate in the two dimensional area over a
year. A basic economic analysis is performed to give grounds for justifying the implementation of
solar panels in the area. The influence of solar panels shading each other is investigated to find
the optimal spacing between them. The results are then used to find at what coordinates the solar
panels should optimally be placed. Their power output is investigated and matched with electricity
price data and an economic argument is made for installing the solar panels. The area in question
is subject to use by heavy duty vehicles for maintenance of the wind power turbines, therefore a
few solutions for having the solar panels removable are discussed.
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Sammanfattning
Skiftet mot förnyelsebara energikällor är pågående, och ständiga vetenskapliga framsteg inom
solpaneler gör dem billigare och effektivare. Hittills installeras solpaneler nästan enbart i områden
med minimal skuggning då skuggor påverkar solpanelernas prestanda väldigt negativt. Länder i
norra Europa introducerar också väderproblem då klimatet generellt är väldigt molnigt. Denna
studie undersöker skuggors verkan på solpanelsystems övergripande prestanda i ett område inringat
av skog, och som innehåller en vindkraftsturbin. Detta görs för att undersöka möjligheterna för att
konvertera vindkraftsfarmen till en vind/sol hybridfarm. En tidsbaserad metod för att modellera
skuggor på en tvådimensionell yta utvecklas och kombinerad med en metod för undersökande av
solinstrålningsdata för att solinstrålningen på en yta som upplever skuggning. En temperatur-
och instrålningsberoende modell för att beräkna kraftproduktionen hos en solpanel undersöks och
implementeras för att beräkna energiproduktionspotentialen hos varje koordinat på den tvådimen-
sionella ytan över ett års tid. En grundläggande ekonomisk analys utförs för att ge grund till
rättfärdigandet av implementering av solpaneler i området. Påverkan av att solpaneler skuggar
varandra undersöks för att beräkna bästa möjliga avstånd mellan dem. Resultaten används för att
finna på vilka koordinater solceller optimalt borde placeras. Deras kraftproduktion undersöks och
matchas med elprisdata och ett ekonomiskt argument utförs för att installera solcellerna. Området
i fråga kan komma att användas av tunga fordon i samband med underhåll av vindkraftturbinerna,
därför diskuteras några lösningar för att ha flyttbara solpaneler.
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1 Introduction & Background (A)1

With a growing population and an increase in energy demand, there is an ever increasing need
for expanded electric energy generation. However, with increased generation comes increased

carbon emissions. Carbon emissions are the main culprit in global warming, irreversibly changing
the environment and damaging ecosystems. Most people agree steps must be taken in order to
ascertain sustainable development and a bright future for all. One such step is the introduction of
renewable energy generation in order to replace fossil fueled generation technologies. This is a slow
and expensive endeavour, and cannot happen overnight as the demand for energy simply need to
be supplied. Rather the fossil fueled technologies need to be gradually phased out and replaced by
renewable energy sources. Such sources include wind-, and solar-power.

These renewable sources are not without their own problems and complications. Technologies
reliant on weather conditions such as wind speeds and clouds are inherently intermittent, meaning
they are hard to accurately forecast and vary greatly both with season and time. For example, wind
power is generally at its peak production during cold seasons, whereas solar power peaks during
summer times. This presents an opportunity of symbiosis in the different technologies, since they
can cover for each other over seasons, ideally supplementing their respective energy generation to
provide a stable output. These combinations of power plants are called hybrid power plants.

Hybrid power plants is the name for any combination of different power generating technologies,
e.g. wind/hydro, diesel/solar, or wind/solar, the latter of which is investigated in this report.

Nothing comes without a cost, however. While both wind and solar power are renewable
energy sources, wind power turbines produce noise pollution and are often by the public considered
unaesthetic. The energy generation of solar power is directly proportional to the occupied area of
the panels, meaning solar power may compete with other parties for land use.

One way to decrease the impact of solar power land use is to investigate otherwise overlooked
options for areas in which to install solar panels. A wind power farm can be installed in any
number of areas, such as fields, mountains, forests, or off-shore. Usually, solar panels are installed
in open areas where little shading occurs to maximize profits, which begs the question why one
would even consider solar panels in, for example, forested areas. When installing wind power
turbines in forests, an area surrounding the turbine tower is cleared of woods for construction and
maintenance work, preventing farm work or forestry. If this area could be utilized for removable
solar panels there would be no competition or conflict over land use, eliminating the main draw
back of solar panels. Therefore, this report analyzes the feasibility of installing removable solar
panels in a forested area.

Limitations(A)
This report is limited to the area presented in the problem description. The economic study is
limited to study of method, no deeper study of the economic variables was performed. The study
follows modeling conventions for the PV module. The study of solar insolation is assumed isotropic.

Thesis Layout (A)
This report is structured as follows. Section 3 investigates the criteria for feasibility of PV modules,
it also contains a sensitivity analysis. Section 4 investigates the feasibility of individual coordinates
in the tower region. It is split into four main parts: PV module model (4.1), solar insolation
calculations (4.2), insolation maximization through tilt (4.2.5), and an analysis of variable impact
on results (4.3). Section 5 investigates the optimal placement of panels within the feasible area.
Section 6 investigates the benefits and difficulties of a hybrid farm of this kind. Section 7 discusses
some options on having removable panel mounting. Because of the many separate problems that
were solved, each section is fitted with its own discussion chapter as optional reading, so as to
increase legibility.

1Written by A. Isakson.
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2 Problem description & method (T)2

In Karskruv, located in the southern parts of Sweden, a new wind power farm is currently under
procurement. The land on which the wind turbine towers are expected to operate, is widely covered
by forest. In the procurement of this farm, the negotiated maximum allowed space to be deforested
for each individual wind tower is limited to 30 x 70 m2. According to [1], a proposed shape of this
area will be in accordance to what is illustrated in figure 2. This area consists of hardened ground
and a concrete foundation to support the large wind turbine structures and heavy trucks during
the construction, maintenance and operation of the wind towers. The green outlines in this image
represent a hypothetical "tree-wall" of, as of yet, unspecified height.

At this moment in the procurement, a maximum number of 26 turbines have been approved
to be placed on 35 potential sites within the farm [2]. However, the exact number of wind towers
that will be approved until construction is not yet final. A farm layout proposal of 24 turbines, of
2 MW capacity for each tower, is illustrated in figure 1. The geographical location of the farm has
a latitude of 57 05’ 00” and longitude of 15 17’ 00, which will be of importance in later sections of
this report.

In contrast to solar production, wind power is at its peak during cold seasons. This allows for
an interesting investigation of the potential synergy effects of a hybrid system of solar and wind
power for this specific farm. The introduction of photo-voltaic (PV) panels to the otherwise unused
land area in direct proximity to the towers may be desirable to compensate for reduced wind power
generation during the summer. This would also allow for a more efficient use of electrical equipment
such as transformers and cables, as these two intermittent energy sources may complement each
other in a way so as to assure that these electrical components operate under rated conditions to
a larger extent.

Figure 1: Wind farm layout and location [3], [4]

As mentioned above, there might be some interesting synergy effects of a hybrid solar- and
wind system. Therefore, this report primarily aims to investigate the potential feasibility for PV
installation within the presented 30× 70 area, which from here on will be referred to as the tower
region. The exact formation of the tree-line in close proximity to each tower is very hard to
estimate. However, after a brief investigation, using google earth, the tree height in the future
wind farm location was estimated to 10 m. This method, was not deemed accurate enough, and
for this reason the height of the aforementioned tree-wall will be varied to see how this factor affects
the outcome of the study. Emphasis is put on underlining that the assumed tree-wall symbolizes
a worst case scenario. Having this scenario as the base-line of the case study allows for simplified
calculations. All conclusions from the investigation will thus be valid for more forgiving, real life
conditions. Hence, the actual profit of the farm could be expected to be higher than what is
presented in this report. Furthermore, the farm is assumed to consist of the maximum allowed
number of towers, i.e. 26, and all tower regions are said to be identical.

The overall objective of the project is to find a feasible layout of PV panels to be installed
2Written by T. Tunestam.
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Figure 2: A typical forested work space for wind turbine towers.

within the assumed tower region. The authors also aim to evaluate whether the production of
26 identical such PV layouts will require reinforcements in any of the system components such as
cables and substation transformer. Today, all such components are planned to be sized for the
rated capacity of the wind farm only. The synergy effects and economic feasibility of the proposed
hybrid farm will also be evaluated.

2.1 Case study method (T)
The potential for profit is the driving force in any investment decision. Therefore, first and fore-
most, economic criteria were needed to determine the economic feasibility of PV panels within the
Karskruv wind farm. This economical criteria yielded a minimal energy production limit per year,
that all panels must achieve in order to be classified as feasible panels.

With this criteria clearly defined the next step was to create a simulation model of the oper-
ational characteristics of a PV module. This was needed in order to calculate the power output
of the farm as a function of mainly two variables, solar irradiance and temperature. The model
should also be able to predict the PV output power for partial shading conditions.

A study was then made to extract valid solar irradiance data and simulate how turbine towers
and adjacent trees affect the incidence irradiance experienced by the PV-modules placed within the
tower region. Three tilting options for the panels placed in this region were investigated, uniform
tilt for all panels, uniform tilt for all panels within the same row and individual tilt for each panel.
This study predicts all coordinates within this region that are suitable for PV-installation, on a
square meter basis. These coordinates are referred to as feasible coordinates and the area they
occupy as the feasible area.

Once this feasible area was clearly defined for different heights of the surrounding trees, the
economic study could again ascertain where PV-panles might be profitable within these allowed
coordinates, now also accounting for additional shading in-between rows of installed PV-modules.
The economic criteria was used to calculate the optimal spacing between all PV-rows and here the
effects of partial shading was considered to motivate the positioning of each panel.

An electrical layout of the hybrid system was proposed and in a similar fashion to that of
the solar panels, wind data was gathered and simulations carried out to calculate the output
power of the entire wind farm over a year. The power- and duration curves of the two energy
generating technologies were compared and the total output power at all times investigated to
evaluate whether investments are needed for line, cable or transformer reinforcements. To clarify,
the rated capacities of these components are, as of this moment, only accounting for the wind
power farm and the question therefore arises whether or not, the additional power production of a
hypothetical PV-farm would require further reinforcements.

Finally, a solution for having the panels removable was investigated as to not impede any
maintenance work performed in the area, associated with the wind turbine towers.

The above described process is summed up below:

• Define the economic criteria, i.e. the minimum yearly production level of a panel for it to be
deemed economically feasible.

3



• Create a PV simulation model that calculates a panel’s output power for different values of
irradiance and temperature.

• Analyze irradiance data and find the solar potential for each location within the tower region,
i.e. define the feasible area.

• Find an optimal PV placement within the feasible area and calculate its yearly production
for 26 identical regions.

• Estimate the yearly energy and power production of the wind turbines.

• Evaluate the synergy effects of the proposed solar/wind hybrid system, and the potential
need for system reinforcements.

• Find a solution to having the PV panels removable to not impede tower maintenance.
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3 Criteria Analysis (A)
In this report the feasibility of PV module installation in a tower region (figure 2) is to be invest-
igated. This implies a criterion for feasibility was needed. Since economics are the driving factor
behind all business ventures each individual module installed needed to turn a profit by the end
of its lifespan for it to be considered feasible. The income generated by PV of course lies in the
generated electric energy sold to the market, and must surmount the total costs of the module
over its life time. This fact was the criterion for feasibility, the module needed to produce enough
energy to pay for itself over its lifetime.

Two options for calculating this criterion was investigated, the Levelized Cost of Energy (LCoE),
and the payback time.

3.1 Levelized Cost of Energy (A)
According to [5] Levelized Cost of Energy (LCoE) is a measurement of cost of a produced unit of
energy, commonly used for economic evaluation of investments in energy producing technologies.
It is a function dependent on discount rate, economic lifespan, capital expenditures, operational
expenditures, and income. In order for a generating farm to be profitable, the electricity price must
be higher than the LCoE. Consequently, if the average electricity price for which the energy is sold
is higher than the LCoE the farm should turn a profit before its lifetime is expired. Therefore, in
order to calculate the criterion the LCoE had to be calculated for different economic circumstances
and annual production levels and compared to the electricity price. LCoE is defined as:

LCoE =
TLC

TLO
[φ/kWh] (1)

Where TLC is Total Lifetime Costs and TLO is Total Lifetime Output, in monetary units φ. TLC
is defined as

TLC =

n∑
t=1

It +Mt + Ft
(1 + r)t

[φ] (2)

Where It is investment and expenditures for the year,Mt is operational and maintenance expendit-
ures for the year, Ft is fuel expenditures which in our case was zero, r is the discount rate, and n
is the expected lifetime of the system.

The investments are assumed to be done the first year, and according to [6], the mean investment
cost for a ground mounted PV system was in 2016 approximately 9, 2 SEK per installed unit of
power (W). In Sweden investors in solar energy sources has a right to apply for governmental
subsidies up to 30 % of the total investment costs, up to a maximum of 1, 2 million SEK per
system, as stated by [7].

TLO is defined as

TLO =

n∑
t=1

Et
(1 + r)t

[kWh] (3)

Where Et is the energy production of year t. Consequently

LCoE =

Itot
1+r +

∑n
t=1

Mt

(1+r)t∑n
t=1

Et

(1+r)t

[φ/kWh] (4)

The average electricity price in SE4 for the year 2016 was, according to [8], P2016 ≈ 280, 5809
SEK/MWh. Technologies that generate renewable energy, e.g. wind and solar power, receive
certificates that can be sold for additional income. This is an economic incentive for investors to
become involved in renewables. The average monthly prices of electrical certificates provided by
[9] was used to calculate the average yearly price of certificates, Pcert = 136, 54 SEK/MWh. This
means that the LCoE has to be lower than the sum of these two price components P for a panel
to be feasible.

P = P2016 + Pcert = 0, 4171209 [SEK/kWh] (5)

The panel investigated in this study was the JAM6(K)(BK), 270W. This panel was chosen
because Tyréns had previous experience in working with the panel. According to [10], the linear
degradation rate of the panel is approximately d ≈ 0, 6 %/year, and the warranty is for 25 years,

5



why the lifespan of the panel was set to n = 25 years. Degratation rate is a quantitative value
to express the ageing of a panel. As the panel gets older its performance will decrease. With the
degradation rate of d % per year, the energy produced during year t is

Et(t) = E(1− d · t) [kWh] (6)

Where E is energy output during the first year of production.
Because the guarantee on the panels cover their entire assumed life time, the annual main-

tenance cost is assumed to be zero. The value which requires the most work to estimate is the
discount rate, r. The discount rate is dependent on many different variables, such as interests on
bank loans, the subjective value of loss of purchasing power as a consequence of investing, and the
subjective value of time. According to [11–13], it is fairly safe to assume it is between 5− 6 % for
installations in Sweden. Having approximated these values, the LCoE was calculated according to
equation 1. The results can be seen in table 3.1. From the table it can be read that under the
worst possible economic circumstances the limit for production would be 500 kWh/year, while 350
kWh/year might be possible if the economic circumstances were better.

Inv. Subs. [%] 0% 15% 30%
r [%] 5 5, 5 6 5 5, 5 6 5 5, 5 6
E = 300 kWh/yr 0,597 0,623 0,650 0,507 0,530 0,552 0,418 0,436 0,455
350 kWh/yr 0,511 0,534 0,557 0,435 0,454 0,473 0,358 0,374 0,390
400 kWh/yr 0,447 0,467 0,487 0,380 0,397 0,414 0,313 0,327 0,341
450 kWh/yr 0,398 0,415 0,433 0,338 0,353 0,368 0,278 0,291 0,303
500 kWh/yr 0,358 0,374 0,390 0,304 0,318 0,331 0,250 0,261 0,273

Table 1: LCoE values in green if they are lower than the average income per produced kWh.

To further increase the accuracy of the criteria, the energy production value was changed, and
for optimal economic circumstances, i.e. Mt = 0, investment subsidies = 30%, and discount rate
r = 5%, the least constricting criterion was actually 301 kWh/year.

3.2 Payback Time (A)
Another method for criterion creation was to find the payback time, tp, of a panel. If the panel
was able to pay itself back within its lifespan of 25 years, it was considered feasible. To find the
time for when the initial investment would be payed back the following equation was constructed

Itot +Mttp − P
tp∑
t=1

Et(t) = 0 [SEK] (7)

The equation sums the capital expenses and subtracts the income over some amount of years t.
When the equation is equal to zero, the payback time is reached. To solve the payback time in
the above equation, the summation of yearly energy production needed to be investigated. In
equation 8, E(t) is expressed as a function of its degradation rate. It is then broken down using
series analysis to form an expression which allows for easy solving of the payback time.

tp∑
t=1

Et(t) =

tp∑
t=1

E(1− d · t) = E · tp − E
tp∑
t=1

d · t = E · tp − Ed
tp∑
t=1

t = E

(
tp − d

tp(tp + 1)

2

)
(8)

Thus
Itot +Mttp − PE

(
tp − d

tp(tp + 1)

2

)
= 0 (9)

Equation 9 was solved for tp

t2p + t
2

d

(
Mt

PE
+
d

2
− 1

)
+

2Itot
PEd

(10)

Then, using the quadratic formula, tp was found as

tp =
1

d

(
1− d

2
− Mt

PE

)
±

√(
1

d

(
Mt

PE
− 1 +

d

2

))2

− 2Itot
PEd

[yrs] (11)
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In the above equation 11, the negative sign yields the correct result. Using the same parameters
as when calculating the LCoE, the payback criterion for feasibility was calculated to be 180 kWh
produced energy during the first year of operation.

3.3 Criteria Sensitivity Analysis (A)
The investigation of economic criteria was largely based on statistics and assumptions. However,
the results were of great import to the rest of the study, since the object was to compare simulated
energy production to the feasibility criteria. Because of this, it was of interest to evaluate the
sensitivity of the results should some of the variables be changed.

The maintenance cost was assumed to be zero, because any value it might take on was equally
hard to justify. With the best possible economic circumstances, i.e. investment subsidies of 30%
and discount rate r = 5%, the annual costMt was varied to see its impact on the LCoE and payback
energy production criteria. The results can be seen in table 2. As can be seen the criterion increases
in value with a linear factor of about 2.6 kWh/year per SEK annual maintenance cost for both
methods of criteria analysis.

Mt [SEK/year] LCoE [kWh/yr] Payback [kWh/yr]
0 301 181
10 327 207
20 352 233
30 378 259
40 404 285
50 429 311

Table 2: LCoE and payback production criteria dependent on Mt.

According to [14] the price of solar panels is expected to decrease by 59 % by 2025. The value
used in the feasibility study was a total system installation cost of 9, 2 SEK per installed watt,
which was a statistical value from 2016. Reducing the installation costs by 59 % provides much
lower criteria for both the LCoE and the payback time. Maintaining a subsidy of 30 % of the
investment cost, and a discount rate of r = 5%, the LCoE and payback critera can be seen in table
3.3. It is observed that the impact of the maintenance cost on both criteria remains the same as
earlier, i.e. the increase in criteria is about 2, 6 kWh/SEK/yr.

Mt [SEK/yr] LCoE [kWh/yr] Payback [kWh/yr]
0 124 75
10 149 101
20 175 127
30 201 153
40 226 179
50 252 205

Table 3: The LCoE and payback criteria for reduced investment costs dependent on the mainten-
ance cost Mt.

The discount rate was set as a value commonly used for PV investments in Sweden. Changing
the discount rate to 6 % and setting the maintenance cost to zero gives an LCoE criterion of about
135 kWh/yr, and increasing the maintenance cost gives the same pattern as above, where the LCoE
criteron increased with a factor of about 2, 6 kWh/SEK/yr. The impact of the discount rate also
seemed to exhibit a linear behaviour, as can be seen in table 3.3, where it can be observed that
increasing the discount rate r increases the LCoE criterion linearly with approximately 11 kWh/%.

Figures 3 and 4 display some LCoE curves for different circumstances. Both figures include the
mean electricity price and the LCoE curve used in the report. As can be observed from the general
behaviour of all curves, as the annual energy production increases above 300-400 MWh/year the
impact per MWh/year on the LCoE values will decrease. Inversely, at low values of annual energy
production, relatively small changes will drastically impact the respective LCoE. It can be seen
in figure 3 that reducing or increasing the initial investment costs had a significant impact on the
LCoE, where both the forecasted 59% reduction curve and a no-subsidy curve is shown. Should
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r [%] LCoE [kWh/yr]
4 113
5 124
6 135
7 146
8 157
9 169

Table 4: LCoE criteria values dependent on discount rate r, with Mt = 0.

the prices of modules be reduced by 59% the impact of a mean price increase over the coming years
would have a small impact on the LCoE criterion, as the criterion is already low. Conversely, should
the investment costs increase, or subsidies decrease, an increase in electricity price would reduce
the LCoE criterion by a relatively substantial amount. To put it in numbers, should the price
increase from 400 to 500, having reduced investment costs would reduce the LCoE criterion by
about 25 kWh/yr, whereas if the investment costs are increased, the aforementioned price increase
would reduce the LCoE criterion by about 100 kWh/yr.

It can also be seen that changing the discount rate to 6%, adding a maintenance cost, or
increasing the lifetime by the system has a relatively small impact on LCoE compared to investment
cost changes. However, as the intersections between the curves and the electricity price were all
at around 300 kWh/yr the impact is not dismissible, as changes in electricity price will affect the
energy production criterion more than if the annual energy production criterion was already low.

Figure 3: LCoE curves with large deviations.

3.4 Discussion on economic analysis (A)
Since the authors have no background or experience in evaluating the economic feasibility of power
systems they had to research the subject. It is one of the most important results used in the study.
The sensitivity analysis in section 4.3 showed the impact of changing some of the weakly justified
variables, i.e. the maintenance cost and discount rate. Estimating the discount rate was deemed
outside the scope of this study, and could be a thesis in its own right. The same can be argued for
the maintenance cost, since the hybrid system would in this case be unique.

Discount rate is complicated to estimate, as it includes the weight of the value of time, the
loss of purchasing power as a consequence of investments, the interest rates of loans, and the value
of the income, to only state a few factors. Three sources were referenced while discussing the
discount rate which all stated similar ranges of discount rates for solar power systems so as to
make the study relevant to the field. The maintenance costs, Mt, in the feasibility criteria analysis
were assumed to be non-existent. This is hard to justify, but it was also equally hard to justify
why it should assume another value. Companies are very restrictive in their release of information
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Figure 4: LCoE curves with small deviations.

regarding maintenance of their systems and products. And other than replacing broken panels,
which are insured by the producer, it is hard to investigate what other recurring costs are caused
by solar panels.

The most important factor of the feasibility criteria was, without a doubt, the investment
costs. The cost chosen was one based on statistics in Sweden for the year 2016, but as solar panel
technology advances the prices continue to drop. The system price per installed watt for a solar
panel is forecasted to be more than halved within the next five years as of writing this report,
making the criteria even more forgiving. If the investment costs are halved, the LCoE feasibility
criteria for the most forgiving circumstances drops to about 152 kWh/m2/yr, which is even lower
than the initial payback criterion. The investment costs assumed in this study was also based on
the cost of the entire system. Meaning that the cost reflected how much an independent system
would cost to install. Having found the power output of the PV system it can be seen that the
PV system has little impact on the peak production of the proposed hybrid farm. Because of this
it can be argued that the investment costs should be set even lower as the results of the study
indicate that any of the optimum PV-layouts could/can be installed without having to reinforce
the grid, or investing in new or larger transformers. This would further increase the feasibility of
the panels.

Much of the data used in the economic analysis is based on statistics, which might be a good
indicator of the external validity of the analysis, but might compromise the internal validity since
the study is performed in an area where unique circumstances occur; e.g. the possibility of reduced
investment costs if the panels could be grid connected through the wind turbine transformer, the
area already being rented/bought.

4 Feasible area analysis (A)
To find the feasibility of a panel, its output was to be compared to its production criteria calculated
above. The power output of a panel is dependent on its temperature and the irradiance connecting
with the surface at any instant in time. To be able to translate the irradiance and temperature, a
PV simulation model had to be created.

The PV model uses irradiance as its input for production of electric energy. Data had to be
acquired and adapted to the location specifics. A problem presents itself as the surrounding woods
and the turbine tower greatly affect the solar irradiance through shadowing and blocking of the
sky. Since different parts of the tower region will be shadowed at different times this problem was
solved by dividing the tower region into coordinates, and each coordinate’s feasibility had to be
calculated. The criteria for feasibility is global however, and applies to all coordinates. Therefore,
each coordinate’s expected annual electric energy potential had to be individually calculated and
compared to the energy production criteria in order to ascertain each coordinate’s feasibility.

This section is, in essence, a profit maximization problem. The profit is directly proportional
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to energy generation, which in turn is proportional to insolation. To maximize insolation the tilt
of solar panels had to be investigated.

4.1 PV module simulation (T)
As mentioned above, the first step in order to calculate the power output of the entire solar farm,
was to create a simulation model of a PV panel. The purpose of this part of the report was not
to evaluate the performance of a specific PV technology or brand. The model was rather chosen
in order to be adoptable for an arbitrarily chosen PV-type. Thus, the model only accounts for
parameter values commonly provided in the manufacturer specifications. As mentioned earlier this
model also had to be complex enough to render predictions of module output power under partial
shading, treated in more detail in later sections of the report.

4.1.1 Model description (T)

It is common practise for researchers to try and mathematically describe the highly non-linear
behaviors of PV-modules in operating conditions. Simulations are usually centered around an
equivalent electrical circuit, similar to the one illustrated in figure 5 [15–21].

Figure 5: Electrical circuit of PV cell.

The combination of circuit components determine the complexity of the model and thus how
well it represents the actual behavior of a module. The goal was to create a model to successfully
simulate the current to voltage (IV) characteristics of the module for various temperature and
irradiance measurements.

With these characteristics well described, the total power produced by the solar farm at any
given time could be calculated. According to [18, 21] one of the most common models used
by electrical engineers, for the purpose of power calculations, is the so called Rp-model, also
known as the five parameter model. This model provides a suitable compromise of accuracy
and simplicity, to give good enough results without causing too complex computations and time
consuming simulations. The model is illustrated in figure 5 and the output current is given by
Kirchhoff’s current law according to equation 12. Here Iph, Id and Ip represent the currents flowing
through the photovoltaic current source, diode and parallel resistance respectively.

I = Iph − Id − Ip [A] (12)

The current source and the diode are the only components of the so called Ideal Case, high-
lighted in the same figure. This is the simplest model of a PV-module, providing a good un-
derstanding of how it operates but due to the low accuracy of the model it is seldom used by
researchers.

The accuracy is improved by adding both an equivalent series and parallel resistance, indicated
by Rs and Rp respectively. The series resistance account for internal losses created by contact
surfaces between silicon and electrodes, the electrodes themselves and current flow resistance.
The parallel resistance is included to account for the leakage current in the p-n junction. These
improvements make the simulations more realistic for larger temperature fluctuations, however the
model does still have quite poor accuracy for lower values of irradiance [15, 18, 20].
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The most difficult step in the process of simulating the IV-characteristics is known as the "PV
cell model parameter estimation problem", i.e. the evaluation of the five unknown parameters
Iph, I0, a, Rs and Rp. Where the only, as of yet, not defined parameters are a, the ideality factor
of the diode and I0, the reverse saturation current of the diode [18].

In [15, 18] different approaches to solve for these parameters are presented. The ones that
have been proven to yield results with minimal error compared to experimental data unfortu-
nately require more data than what is typically provided by manufacturers. The most common
information provided by manufacturers that is useful for evaluating the mentioned parameters are:
Pmp,STC [W], Vmp,STC [V], Imp,STC [A], Isc,STC [A], Voc,STC [V], αIsc [A/K] and βV oc [V/K] [16,
18, 21]. Pmp,STC is the maximum module power, where Vmp,STC and Imp,STC are the correspond-
ing voltage and current values. αIsc and βV oc are the temperature coefficients of short circuit
current (Isc,STC) and open circuit voltage(Voc,STC) respectively. The index "STC" is short for
Standard Testing Conditions and refers to the conditions of which the manufacturer has tested the
PV-module. The tests are performed at a temperature of 25oC, irradiance of 1000 W/m2 and air
mass(AM) of 1,5.

The adopted method for evaluating the five aforementioned parameters is an iterative process
presented in [16, 21]. The method not only ensures a well approximated I-V characteristic but
also focuses on equating the computational values of maximum power at STC, Pmax,STC , to the
experimental data provided by the manufacturer, Pmp,STC .

4.1.2 Parameter evaluation (T)

The photo-voltaic current source generates electricity when photons from incident light hits the
p-n junctions of the PV cells. This phenomenon is known as the "photo-voltaic effect" and the
current, Iph, is defined according to equation 13 [19].

Iph = (Iph,STC + αIsc(T − TSTC))
G

GSTC
[A] (13)

T and G are the actual temperature [K] and irradiance [W/m2] at the p-n junction respectively.
Iph,STC is the value of the photo current at STC. It is common among researchers to analyse the
ideal case at short circuit conditions to evaluate this parameter leading to the approximation:
Iph,STC ≈ Isc,STC [16, 21]. The diode and parallel resistance currents are defined in equations 14
and 15 respectively [15–21].

Id = I0

[
e

V + IRs
Vta − 1

]
[A] (14)

Ip =
V + IRs
Rp

[A] (15)

The earlier mentioned reverse saturation current, I0, is defined according to equation 16. At
STC this current is defined according to equation 17 [16, 21].

I0 = I0,STC

(
TSTC
T

)3

e

qEg
ak

(
1

TSTC
−

1

T

)
[A] (16)

I0,STC =
Isc,ref

eVoc,ref/aVt,ref − 1
[A] (17)

According to [16, 18–21] the ideality factor is a constant of value 1 for an ideal diode at STC.
For a realistic parameter estimation the mentioned sources specifies values in the range 1-5. It
is mentioned in [16] that the parameter is technology dependent and chosen from a table while
the method adopted in [18–21] arbitrarily chooses a value in the range 1-2.5. This value is later
adjusted if the fitting of the IV-characteristics needs further improvement. The thermal voltage Vt
is defined in equation 18 by multiplying the cell temperature with the number of series connected
cells, Ns, and the Boltzmann constant, k, divided by the electron charge, q [21].

Vt =
NskT

q
[V] (18)
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Where,
k = 1.381 · 10−23 [J/K]
q = 1.602 · 10−19 [C]

The band gap energy, Eg, refers to the energy needed for an electron to move from the valence
band to the conduction band in a semiconductor. It is technology dependant and varies with
temperature. For silicon at 25oC the value is 1.12 eV [19].

To ensure that the maximum power of the model at STC equates the maximum power from the
experimental data given by the manufacturer, the below expression is formulated by multiplying the
maximum power voltage,Vmp,STC , with the maximum power current. The latter value is evaluated
from equation 12 when substituting in equations 14 and 15.

Pmax = Vmp,ref

(
Iph − I0

[
e

Vmp,ref + Imp,refRs
Vta − 1

]
− Vmp,ref + Imp,refRs

Rp

)
= Pmp,ref [W]

(19)
The method tries to find the Rs−Rp pair that best satisfies the condition Pmax,STC = Pmp,STC .

This is done by first solving the above equation for Rp as shown bellow. The iterations starts by set-
ting Rs=0, computing the corresponding Rp-value, solving the non-linear equation 12, computing
the maximum power and comparing it to the given data, i.e evaluate if ε > Pmax,STC − Pmp,STC .
Rs is incremented with a small step-size until ε is smaller than a set tolerance value of the allowed
error, εset.

Rp =
Vmp,ref +RsImp,ref

Iph − I0

[
e

Vmp,ref+RsImp,ref
Vta − 1

] − Pmp,ref
Vmp,ref

[Ω] (20)

4.1.3 Model improvement and weather dependency (T)

Suggested in [20, 21] are ways to improve the presented model. Since the value of the photo-voltaic
current at STC was estimated to equate the short circuit current, the parameter evaluation is
improved upon by considering the series and parallel resistances in the following way.

Iph,STC =

(
Rp +Rs
Rp

)
Isc,STC [A] (21)

Presented in [20, 21] are the following definition for the reverse saturation current in order to
further improve the model. According to these sources the positive effects of this version, is due
to the added information provided by βV oc. The effects have been proven by observing obvious
reduction in error measurements when computational values were compared to experimental data.

I0 =
Isc,STC + αIsc(T − TSTC)

e(Voc,STC+βV oc(T−TSTC))/aVt − 1
[A] (22)

It is common to assume that the series resistance is constant as the effects of varying weather
conditions have been proven to be insignificant [15, 19]. However, [18] suggests that Rs has a
termperature and irradiance dependancy according to equation 23. Where Rs,STC is the Rs-value
calculated in the iterative process described in the previous section.

Rs = Rs,STC
T

TSTC

(
1− 0.217ln

G

GSTC

)
[Ω] (23)

According to [15, 17–19] temperature variations does not affect the parallel resistance. The
changes in irradiance is however considered according to equation 24. According to [18] a tem-
perature dependency of the diode ideality factor has been suggested in accordance with equation
25.

Rp = Rp,STC
GSTC
G

[Ω] (24)

a = aSTC
T

TSTC
(25)
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4.1.4 Results for chosen PV module (T)

In order to adopt the aforementioned method to evaluate the five parameters of the single diode
Rp-model and determine if the simulations are performed successfully, a specific PV-module had to
be chosen. For the results in this section of the report, the JA solar panel, model JAM6(K)(BK)
270W, was chosen as it had previously been used by Tyréns AB in earlier PV-projects. The
manufacturer specifications are given in table 5 [10].

Pmp,STC 270 [W]
Imp,STC 8.80 [A]
Vmp,STC 30.68 [V]
Isc,STC 9.29 [A]
Voc,STC 38.39 [V]
αIsc,STC +0.059 [%/◦C]
βV oc,STC -0.330 [%/◦C]

Ns 60

Table 5: Manufacturer specifications

As mentioned earlier, the five unknown parameters at STC of the single diode Rp-model are:

Diode reverse saturation current I0,STC , [A]
Photo-voltaic current Iph,STC , [A]
Diode ideality factor aSTC
Series resistance Rs,STC , [Ω]
Parallel resistance Rp,STC , [Ω]

The first step was to reduce the number of unknown parameters by setting the diode ideality
factor equal to 1.2. It could have been chosen arbitrarily but [16] suggests this to be a suitable
value for monocrystalline silicon modules.

The reverse saturation current was then computed using equation 18 and 22. Next, the iterative
method of obtaining values for the series and parallel resistances was used, and the photo-voltaic
current was computed using equations 21 and 13. The iterative process is illustrated in figure 6.

The set tolerance value of the iterative process was arbitrarily chosen to 0.1%, resulting in an
Rs-Rp pair presented in table 6 together with the other parameter values.

I0,STC 8.993·10−9 [A]
Iph,STC 9.290 [A]
aSTC 1.2
Rs,STC 0.256 [Ω]
Rp,STC 8379.444 [Ω]

Table 6: Evaluated parameters at STC

Now these parameters could be used to solve the IV-characteristics of the PV-module for varying
values of solar irradiance and temperature. The resulting IV-curves were plotted and compared
with the once provided by the manufacturer. The curves are presented in figures 7 and 8 where
the top ones of each figure are provided by [10] and the bottom ones are simulation results.

Since the simulated IV-curves follow the ones produced by experimental data from the man-
ufacturers, it was concluded that the method results was accurate enough to use as a foundation
for further calculations. As mentioned earlier, the model requires measurements of both ambient
temperature and solar irradiance. The latter of which imply further simulations to accurately
model how much incidence irradiance each model receives for a given time.

4.1.5 Model sensitivity analysis (T)

As mentioned, the simulation model was deemed accurate enough when comparing to manufacturer
measurements of varying temperature and irradiance. However, a more detailed model evaluation
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Figure 6: Iterative process of parameter evaluation

Figure 7: IV-curves for different levels of irradiance

was carried out in order to investigate the model efficiency for a larger range of both temperature
and irradiance variations, to be compared to expected values.

In the manufacturer specifications another temperature coefficient is also typically provided.
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Figure 8: IV-curves for different levels of temperature

This is the temperature coefficient of maximum power, γPmp, which provides the information of
how much the maximum output power of the module can expect to drop or increase with a varying
temperature. For the chosen PV-model, this value equals γPmp = −0.41%, i.e. if the temperature
increases with 1 oC the maximum power output drops with 0.41%, and reversely it increases with
0.41% if the temperature drops with 1 oC.

With this information the theoretical maximum output power of the module was calculated
according to equation 26.

PTheory = 270− sign(25− T )(270γPmp||25− T ||) [W] (26)

These power levels were then compared to the simulated ones using the above presented model.
The results are presented in figure 9. Here it is evident that the simulation model performs very
well for temperatures close to the standard testing condition value, i.e. 25 oC. However, for lower
temperatures, the simulated module seem to have a higher efficiency than what is to be expected
from the JAM-PV-module. The largest error, occurring at a temperature of -20 oC, imply roughly
a 1.9 % deviation from the theoretical value of maximum output power.

These results indicate that the simulation model is a good enough approximation of the chosen
PV-type. However, this slight increase of efficiency will be present in all further power calculations
in the later sections of the report, something that of course must be taken into consideration when
evaluating the final results.
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Figure 9: Simulated and theoretical values of the JAM-PV-module. Irradiance is assumed constant
(G = 1000 W/m2) while the temperature varies from -20 to 30 oC.

As mentioned in the beginning of this section, the module efficiency for the simulation model
was further investigated. The efficiencies were calculated according to equation 27 and the results
are illustrated in figure 10.

In equation 27, PSim represent the simulated module output power, G is the irrandiance and
PVL and PVW are module measurements of length and width respectively.

According to [22–24], the module efficiency of a mono-crystalline PV panel is expected to lay
roughly in the range of 15-22.2 %. As can be seen in figure 10, almost all efficiencies for the varied
conditions are within this range. These results both enforce the validity of the simulation model
as well as illustrate the earlier mentioned reduced accuracy for lower irradiance levels.

η =

(
Pout

PVL · PVW

)
G

· 100 [%] (27)
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Figure 10: Module efficiencies for varying conditions. To the left, the irradiance is assumed constant
(G = 1000 W/m2) while the temperature varies from -20 to 30 oC. To the right, the temperature
is assumed constant (T = 25oC) while varying the irradiance from 0 to 1100 W/m2.

4.2 Solar Insolation Potential (A)
Since the tower region investigated is subject to environmental factors, such as shading, the solar
potential of each coordinate in the area had to be individually evaluated.

The chosen area for this study was typical for wind turbines located in forests, illustrated in
figure 2. This tower region was assumed to be surrounded by woods, and contain one wind power
turbine, all of which were casting shadows. In order to reduce the scope of the calculations, only
this one typical region was investigated and assumed to be identical for all towers within the farm.

Solar irradiance is divided into three main components:

1. Beam irradiance

2. Diffuse irradiance

3. Reflected irradiance

These three components needed to be individually evaluated for each coordinate. To provide a
realistic estimation of the solar potential of the area data had to be acquired and adapted to the
latitude of Karskruv. A numeric method for calculating the magnitude of the three irradiances
was investigated. These irradiances presented three individual problems that needed to be solved.

Beam irradiance is comprised of the direct beams of irradiance coming from the sun. Beam
irradiance can thus be blocked by objects directly in the path between the sun and the observer,
why shadows occur. The tower region is surrounded by trees and contains a tower, all of which cast
shadows. As is illustrated in figures 11 and 12, the shadows are dependent on the sun’s position in
the sky. This means that the solar irradiance, and thus insolation potential, is different dependent
on where in the tower region you are measuring. To solve this problem, the tower region was
divided into separate coordinates representing square meters. The study is therefore henceforth
coordinate based.

Diffuse irradiance is scattered through clouds and the atmosphere, and is thus not subject
to shadows. In this report, diffuse irradiance is assumed isotropic, meaning that a sky dome of
uniform diffuse irradiance intensity is introduced as its source, illustrated in figure 13. The amount
of diffuse irradiance on a surface is dependent on how large a portion of this sky dome is observable
from any coordinate. This introduces, what the authors have named, the box problem. The box
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Figure 11: An illustration of the shadows cast by some trees and the wind power turbine early
during the day, and the tower region being split into a grid of coordinates.

Figure 12: An illustration of the shadows cast by some trees and the wind power turbine during
noon, and the tower region being split into a grid of coordinates.

problem states that the trees surrounding the area are obstructing the vision of the sky from a
coordinate. A method for calculating the visible portion of the sky based on what coordinate is
investigated had to be created in order to estimate the coordinate specific diffuse irradiance.

Reflected irradiance is the irradiance reflected off surfaces and onto a module. The reflected
irradiance is subject to the materials reflecting the irradiance, why this had to be investigated.

In order to maximize the solar insolation potential, the tilt of a module installed on each
coordinate had to be investigated. Some different schemes for setting the tilt was investigated:

1. Uniform tilt of all coordinates
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Figure 13: The sky dome of uniform diffuse irradiance as seen from the Point of Observation (PO).

2. Row specific tilt

3. Coordinate specific tilt

4.2.1 Data Estimation Model (A)

To be able to evaluate the solar potential of the area, solar insolation data was acquired. The data
was based on a horizontal square meter. Satellite images are analysed by [25] to estimate the global
irradiance Ih through detection of colours. This method has a weakness in its ability to discern
snow from clouds which leads to diffuse irradiance being slightly over represented during winter
time. This was deemed to be of little importance since the days at the investigated latitude are
short close to the winter solstice and the shadowing conditions are sub-optimal for beam irradiance.
The global irradiance is then decomposed by [25] into beam- and diffuse irradiance components
using numerical methods, which is the data then made available.

However, the method of beam/diffuse separation applied by [25] was not deemed suitable for
the chosen location. The method used for separating beam and diffuse irradiances is applied for
all locations regardless of geographical location, which presents a problem in that it is adapted
for tropical climates. Furthermore, the exact method as to how beam and diffuse irradiances are
seperated is not clearly presented, which makes it difficult to investigate how these components were
calculated. Therefore, another method was applied on the raw data, since this took the numerical
decomposition model used by the source out of the equation. To revert the data back, from its
separated state (beam- and diffuse irradiance), to its original form (global horizontal irradiance),
the beam and diffuse irradiance provided by [25] were added to find the global horizontal irradiance.

Ih = Ib + Id [W/m2] (28)

There is no reflected irradiance present in the above equation because reflected irradiance originates
from external factors, e.g. objects in the vicinity, the ground, and is dependent on the incline of the
surface absorbing the irradiance. It is usually not measured, but rather calculated as a byproduct
of beam- and diffuse irradiance and their interactions with the surrounding environment.

Three different methods for separating the irradiances were tested, all of which were considered
well suited for central Europe, and the method chosen for separating beam- and diffuse irradiance
was the one presented by Erbs [26], as it was the one yielding the best results. No methods for
irradiance separation adapted for northern climates were found.

Erbs uses an isotropic model of diffuse irradiance, which assumes the sky to be a dome of uniform
diffuse irradiance intensity. The model uses extraterrestrial irradianceG, and the measured satellite
data Ih, to estimate the diffuse and beam fractions. This is called a decomposition model. The
extraterrestrial irradiance is a value varying over the year and states how much irradiance connects
with the atmosphere. According to [27], the extraterrestrial irradiance is calculated as

G = 1367

(
1 + 0.333 cos

(
2πn

365

))
[W/m2] (29)

Using the measured global horizontal irradiance and the extraterrestrial irradiance, the clearness
index Mt was calculated as
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Mt =
Ih
G

(30)

The clearness index is an indicator of local weather effects and is used in several decomposition
models to estimate diffuse and beam irradiance using only G and Ih.

Erbs presents three equations for calculating diffuse irradiance as a function of the clearness
index and measured global irradiance as shown in equation 31.

Id =


0 < Mt ≤ 0, 22 Ih (1− 0, 09Mt)

0, 22 < Mt ≤ 0, 8 Ih(0, 9511− 0, 1604Mt + 4, 388M2
t − 16, 638M3

t + 12, 336M4
t )

0, 8 < Mt ≤ 1 Ih (0, 165)

[W/m2]

(31)
For each hour, the diffuse irradiance was calculated, and consequently the beam irradiance

could be found as

Ib = Ih − Id [W/m2] (32)

Thus the magnitude of the beam and diffuse irradiances was calculated for each hour of the
year when the sun was shining.

According to figure 14, presented by [28], the annual insolation in the area should be approxim-
ately 950− 1000 kWh/m2/yr. To validate the calculations performed all calculated hourly values
were added and divided by the statistical value Is.

ε =

∑
Id(t) + Ib(t)

Is
=

{
1060 kWh/m2/yr
950 kWh/m2/yr
1060 kWh/m2/yr
1000 kWh/m2/yr

(33)

This gives the calculated values an error of 6 − 11 %, which can be expected since the numerical
methods used were the best available, but still not adapted to northern climates. Another source for
errors are the satellite images, as previously stated they have difficulties in discerning clouds from
snow, and they use color based methods for esitimating the irradiance. The year from which data
was collected could also have been unusually sunny. The only way to obtain accurate irradiance
values and validate the data would be field measurements over a long period of time.

4.2.2 Beam Irradiance (A)

Beam irradiance is blocked by objects, why shadows are formed. With this logic, calculating what
coordinates are shadowed or not is a method of telling whether or not a coordinate should or should
not receive beam irradiance. Shadows are dependent on the trigonometry between an object and
the position of the sun. Therefore, a method for calculating the suns position in the sky based on
time was needed. The method suggested below identifies what x- and y-coordinates are hit by a
shadow cast by a thin object (a shadow line). To calculate the shadows cast by a wide object, it was
assumed to be casting several small, parallel lines of shadows. All of these lines has direction and
lengths, similar to a vector. To calculate the lengths and directions of shadows, the trigonometry
part was introduced. The sun’s position in the sky is expressed by the azimuth angle γs and the
zenith angle θz. The azimuth angle is the angle on the horizontal plane between the sun’s position
and true south from the point of observation. The zenith angle is the angle the tangent of the
same horizontal plane to the sun’s altitude in the sky, illustrated in figure 15.
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Figure 14: Statistical annual solar insolation dependent on location in Sweden, taken from [28].
The black spot indicates the farm location.

Figure 15: The position of the sun expressed in angles.
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According to [29] θz and γs can be calculated by the use of equation 34 and 35.

θz = cos−1(cos(Ψ) cos(δ) cos(ω) + sin(Ψ) sin(δ)) [rad] (34)

γs = sign(ω)
∣∣∣ cos−1

(cos(θz) sin(Ψ)− sin(δ)

sin(θz) cos(Ψ)

)
[rad] (35)

Ψ is the latitude of the chosen location (Φ is the longitude). The equations for finding the
azimuth and zenith angles introduces two new variables, the hour angle ω and declination angle
δ. The declination angle is the angle of the sun relative to the equator and depends on the day
of the year as illustrated in figure 16. Since earth is tilted on its rotational axis and as the earth
orbits the sun, the sun will in essence rise further south or north dependent on what day it is, the
maximum angles are called solar equinox. According to [29] δ can be calculated as:

δ = sin−1

(
0.39795 cos

(
2π
n− 173

365

))
[rad] (36)

Figure 16: Declination angle δ at solar equinoxes.

The hour angle ω is the angular representation of time. At solar noon the angle is zero, in the
forenoon it is negative, and inversely it is positive in the afternoon. As presented by [29] the hour
angle was calculated as:

ω =
π

12
(ts − 12) [rad] (37)

The hour angle introduces a new variable, solar time, ts. Solar time is location specific and set
by the sun whereas clock time, tclk, is local and is for convenience agreed upon within a time zone.
According to [29] the solar time can be calculated as:

ts = tclk +
−15◦ − Φ

15◦
+

EoT

60
+ tDST (38)

To convert clock time to solar time the first step is to adjust for the exact longitude of the
location. Then, to adjust for earth’s slightly elliptical orbit around the sun, the equation of time
(EoT) is introduced. According to [29], the equation of time can be calculated as shown in equation
39. The values found in table 7 are empirical values, determined by centuries of studying time and
the sun’s position in the sky.

EoT = A cos
(

2π
n− 1

365

)
+B sin

(
2π
n− 1

365

)
+ C cos

(
4π
n− 1

365

)
+D sin

(
4π
n− 1

365

)
(39)

A 0,258
B -7,416
C -3,648
D -9,228

Table 7: EoT constants
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The second introduced variable, tDST is an adjustment for daylight savings time (only used in
countries where this is practiced). tDST was calculated in accordance with [29] as:

tDST =


0 1 ≤ n < 90

−1 90 ≤ n < 304

0 304 ≤ n < 365

(40)

Where n is the number of the day of the year, e.g. 1st of January is n = 1, and the 15th of July
is n = 196. All of the above introduced equations were used to determine the sun’s position in the
sky (θz,γs) for each step in time, in order to perform the shadow calculations.

Since the zenith angle could be calculated at any given time during the day, the length of the
shadow cast by an object of height h could be found by trigonometric logic, illustrated in figure
17.

l = |h tan(θz)| [m] (41)

Figure 17: The length l of a shadow cast by an object of height h dependent on solar zenith angle.

Figure 18: The angular dependence of shadow direction dependent on azimuth angle.

The direction of the shadow was calculated as distances in the x- and y- direction of the
coordinate system using γs, as shown in eqations 42 and 43. The angular dependence of the
shadow cast by an object can be seen in figure 18.

∆x = cos
(π

2
− γs

)
(42)
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∆y = sin
(π

2
− γs

)
(43)

Having calculated a length and direction of a shadow, it was intuitive to express it as a vector, v.

v = l ·
[
∆x
∆y

]
[m] (44)

The shadowed coordinates could be found using this vector v. A shadow was treated as a line,
which had a starting point (x1, y1) and a tip (xtip, ytip):

ytip = y1 + l∆y (45)

xtip = x1 + l∆x (46)

To find what coordinates were shadowed, all coordinates between the starting point and the tip
of the shadow needed to be identified. A step with size s was taken from the starting point. The
step size was defined as a function of which direction was dominant and a predetermined number
of steps, N , chosen to achieve sufficient resolution while not increasing simulation times beyond
what was deemed reasonable.

s =

{∣∣∣ l·∆yN ∣∣∣ ∆x > ∆y∣∣ l·∆x
N

∣∣ ∆x < ∆y
(47)

Arrays were constructed containing the respective x- and y-values of coordinates crossed by the
shadow line.

y =


y1

y1 + s
y1 + 2s
. . .

y1 + l ·∆y

 (48)

x =


x1

x1 + |l∆x|
yn

x1 + 2 |l∆x|yn

. . .
x1 + l ·∆x

 (49)

Where yn is the number of elements in y. The process was inversed if ∆y > ∆x. This was done
to assure x and y had the same number of elements, and also have enough resolution to identify
all coordinates between the starting point and the tip. All the values in y and x were rounded to
whole integers in order to match coordinates. The arrays contain x-coordinates corresponding to
y-coordinates that were crossed by a shadow.

The method above calculates the shadows cast from a thin object between a starting point and
a calculated tip of the shadow. I.e. this method does not take the width of an object into account.
Objects such as the turbine tower is wide, and thus cast a wide shadow. In order to calculate
the whole shadow cast from the tower, an iterative method was used. A wide object such as the
tower is assumed to be casting many thin lines of shadows in parallel to form a wide shadow. The
direction and length of each shadow line remain the same for an object and point in time, but
to find all parallel shadows, each shadow has an individual starting point and tip. Assuming the
center of the tower is in the origin (0, 0) of a coordinate system, and the tower being perfectly
circular the starting point (x1, y1) of the x and y vectors was, respectively:

x1 =
1

2
d cos(−π − γs) (50)

y1 =
1

2
d sin(−π − γs) (51)

Where d is the diameter of the tower. This point is the outmost edge of the tower as seen from the
position of the sun. The starting point was changed by decrementing the distance from the center
of the tower by small steps, p, through the center and out to the opposite edge. p was chosen as a
small enough value to provide enough parallel shadow to cover all coordinates over the diameter
of the tower, but not large enough to excessively increase simulation times.

dn = dn−1 − p [m] (52)
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With this new diameter dn the process of finding shadow vectors was repeated until the final value
of the starting points (x1 and y1) were −x1 and −y1. This shifted the starting point from the
original coordinates, through the origin (0, 0), and over to the opposite side. For each starting
point along the way, shadow lines were calculated and the coordinates they crossed identified. All
of these shadowed coordinates were compiled in a matrix H, where the identified coordinates were
given the value 1, and all others were given the value 0. A crude example is illustrated in figure
19.

Figure 19: An illustration of the shadowed coordinates from a cylindrical object with arbitrary
solar position.

Finally, the time was allowed to change a small step from sunrise to sunset and the process of
calculating shadows was repeated with new values for θz and γs. For each iteration in time a new
H was added to the previous one, allowing values to exceed 1 on coordinates that were covered
by shadow more than once during a day. The total values were then divided by the number of
iterations of time that had been completed, thus making the values "percentage of shadowed solar
time during a day". These values were plotted with x-y-coordinates and the percentage values as
the z-values as can be seen in figures 20 and 21.

This procedure was repeated, however with slightly reduced resolution for lower simulation
times, for each day over a year. The results can be seen in figures 22 and 23.

With a method for modeling shadows, it was possible to predict whether or not a coordinate
should receive beam irradiance. The natural following subject of interest was to calculate the
amount of received beam irradiance. The beam irradiance connecting with a panel is dependent
on the incidence angle, θ. The incidence angle is the angle between the normal to the plane spanned
by a tilted panel at the location and the sun’s position in the sky, as shown in figure 24. The factor
of beam irradiance connecting with the panel at any given time can be described by equation 53,
as stated by [29].

cos(θ) = cos(θz) cos(γs) sin(βc) + sin(θz) cos(βc) (53)

Where βc is the tilt angle of the panel, i.e. the angle between the horizontal ground and the
tilted solar panel. Consequently, the incidence beam irradiance on a panel can be described as:

Ibβ = Ib cos(θ) [W/m2] (54)
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Figure 20: Shadows cast from a tower during a
day.

Figure 21: Shadows cast from a tower during a
day, top-down view.

Figure 22: Shadows cast from a tower during a
year.

Figure 23: Shadows cast from a tower during a
year, top-down view.

Figure 24: The incidence angle from the normal of the tilted PV plane and the sun.

Thus, a time based method for calculating whether a coordinate should or should not receive
beam irradiance was found, and a time- and tilt-based method for calculating the incidence beam
irradiance was found.
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4.2.3 Diffuse Irradiance (A)

The second component of insolation to be calculated is the diffuse part. An isotropic analysis
method was used, which assumes the diffuse irradiance is uniformly distributed across the previ-
ously mentioned sky dome. The diffuse irradiance is therefore dependent on "how much of the sky
dome is visible" from the panel’s point of view, according to [30], illustrated in figure 25. As can
be seen, tilting the panel βc degrees reduces the amount of diffuse irradiance connecting with the
panel, expressed as:

Idβ = Id

(
1 + cos(βc)

2

)
[W/m2] (55)

Figure 25: Id as seen from a panel tilted βc degrees.

This equation is valid for an open space, where there is no visible obstacle preventing the panel
from absorbing diffuse irradiance from the sky, and only the panel being tilted βc degrees prevents
vision of a fraction of the sky dome. The tower region is however surrounded by trees, as can be
seen in figure 2. This introduces what the authors call "the box problem". By the same logic that
visibility of the sky dome is blocked by the tilt, the nearby forestry also blocks vision of the sky
dome. A fraction of the sky was blocked due to each edge of the tower region consisting of a wall
of trees with height h. Therefore, each side of the region reduces the vision of the sky by a factor

ηi =
1 + cos(νi)

2
(56)

This is henceforth refered to as the partial blocking factor. Where νi denotes the angle from
the coordinate to one of the four sides, i, of the rectangular tower region. Since the panels will be
facing due south, if the tilt angle βc is larger than the angle between the panel’s point on horizontal
ground and the trees of height h in the north wall, the tilt angle will be used as the "north facing"
partial blocking factor, instead of the ν-angle. The angles can be seen in figure 26. Consequently,
the amount of diffuse irradiance will be dependent on the x- and y-coordinate of the panel.

Id = Id,h

4∏
i=1

1 + cos(νi)

2
= Id,h

4∏
i=4

ηi [W/m2] (57)

Where ν3 is the larger of the one between the tree and the coordinate, or the tilt angle βc.
Multiplying together all the partial blocking factors ηi provides the blocking factor η. The angles
were found

ν1 = tan−1

(
h

x

)
[rad] (58)

ν2 = tan−1

(
h

l − x

)
[rad] (59)

ν3 = max

{
tan−1

(
h

k − y

)
, βc

}
[rad] (60)

ν4 = tan−1

(
h

y

)
[rad] (61)
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Figure 26: The blocking angles from an arbitrary point (red) in the x-y-plane

Where l was the length of the region along the x-axis and k was the length of the region along
the y-axis. All of these values are dependent on the coordinates of the panel on the x-y plane,
and thus a matrix η(x, y) was constructed containing all values of the blocking factors for each
coordinate (x, y).

As is shown in the above equations diffuse irradiation is, as beam irradiance, dependent on
the tilt of the solar panel according to [30]. Using the blocking factor η(x, y) and tilt angle βc
the coordinate specific diffuse irradiance could be calculated for any tilt and point in time. As
the panel is tilted, another type of irradiance is introduced; reflected irradiance Ir, i.e. irradiance
reflected off the ground.

4.2.4 Reflected Irradiance (A)

The reflected irradiance, Ir, is the beam and diffuse irradiance that has been reflected off the
ground and onto a tilted surface as shown in figure 27. Consequently, Ir is also dependent on the
tilt angle. According to [31] it can be expressed as

Irβ = Ihρ

(
1− cos(βc)

2

)
[W/m2] (62)

Figure 27: An illustration of the reflected irradiance on a tilted surface.

Where ρ is the ground albedo, a constant dependent on the type of ground reflecting the
irradiance. Albedo is a dimensionless ratio corresponding to radiosity and irradiance, i.e. how
much irradiance a surface gives off over how much it recieves. An ideal black body has an albedo
of zero since it absorbs all incoming radiation, while a reflective surface, such as an ideal white
body, would have an albedo of close to one. According to [32], the albedo of soil is 0.17, and the
albedo of green grass is 0.25 which corresponds nicely to the value presented by [31] who suggests
the albedo of the ground is often approximated to be 0, 2, which was the value used in these
calculations.
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The reflected irradiance was a problematic part of the irradiance to estimate. The above
equations assume an infinitely open field from which irradiance is reflected, whereas the tower
region is surrounded by trees. The trees would in reality also reflect a share of the irradiance onto
the panels, as would the turbine tower. However, the reflected irradiance is always much smaller
than the other two components, why these issues were not considered further.

4.2.5 Tilt Angles (A)

All of the above irradiances are dependent on the tilt angle, βc, of the panel, as showed in equations
54, 57, and 62. This is further illustrated in figure 28. To maximize the profits of the system is to

Figure 28: All irradiances dependent on the tilt angle of the PV module

maximize the insolation. Because all coordinates will experience different levels of all irradiance
components, the tilt to maximize the coordinate insolation is specific to each coordinate, a problem
which does not arise under normal circumstances where panels are placed in open fields. Three
alternatives were investigated, as stated previously:

1. Uniform tilt of all coordinates

2. Row specific tilt

3. Coordinate specific tilt

Having coordinate specific tilt would, in reality, be cumbersome as modules most often are installed
in arrays on fixed structures, and equipment might be hard to come by. Coordinate specific tilt
would therefore only be justifiable if significant insolation increase is observed over the two other
options.

Using the methods established above, it was possible to determine the three parts of irradiance
on each coordinate dependent on shadows, position in the region, time, and the tilt of a module.
The total insolation I(x, y, t, βc) for each coordinate and was expressed as the sum of the three
parts:

I(x, y, t, βc) = Ibβ(x, y, t, βc) + Idβ(x, y, t, βc) + Irβ(t, βc) [W/m2] (63)

Given the model circumstances it is nigh impossible to estimate the individual coordinate specific
reflected irradiances, why it was applied globally to all coordinates. To determine the most reas-
onable tilting scheme for the modules, the three different schemes were investigated. The optimal
tilt of the coordinates were, for all schemes, calculated using brute force, as can be seen in figure
29. The optimal coordinate specific tilt angles can be seen in figure 30. Using these tilts the annual
solar potential of each coordinate was calculated, and can be seen in figure 31, and the monthly
insolation of the entire tower region can be seen in figure 32. The optimal row specific tilts was
calculated as was presented in the flow chart. The resulting angles can be seen in figure 33. The
total monthly insolation in the tower region can be seen in figure 34. The optimal universal tilt
was calculated to be βc = 34◦. Figure 35 presents the monthly insolation values representative for
universal tilt. In table 8 the total annual insolation for the different schemes is presented.
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Figure 29: Flowchart of the process of finding the tilt angles.

Figure 30: Coordinate specific angles.

The bars corresponding to the different tilt schemes are very similar, why they were put together
for easier comparison. This is illustrated in figure 36. To find the feasible coordinates, the PV model
presented in section 4.1 was used in conjunction with the irradiance calculations of sections 4.2.1
through 4.2.4 to find the annual electric energy potential of each coordinate for the different tilt
schemes. To find the feasible coordinates, and consequentially the feasible area, the annual electric
energy potential of each coordinate was compared to the energy production criteria presented in
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Figure 31: Annual solar insolation in the tower region with individual module tilt.

Figure 32: Monthly insolation over a year in the tower region with individual tilt.

Tilt scheme Insolation on tower region
Uniform 1145.4 MWh

Row specific 1154.0 MWh
Individual 1156.0 MWh

Table 8: Annual insolation potential for a year in the tower region based on different tilt schemes.

section 3. An example is illustrated in figure 37. Coordinates with production greater than the
criteria were considered feasible.
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Figure 33: The row specific tilt angles dependent on row number y

Figure 34: Monthly insolation over a year with row specific tilt angles.

A very important distinction to make is that a panel does not have a surface area of one square
meter. Examining figure 31 and 37, it can be observed that the maximum solar insolation is about
600 kWh/m2/yr, and the maximum energy potential is about 200 kWh/yr. Intuitively this means
that the solar panels must have an efficiency of about 33%, which is unreasonable. This is because
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Figure 35: Monthly insolation over a year with uniform tilt angles.

Figure 36: The monthly insolation values for the different tilt schemes.

the fact that the PV model uses W/m2 as its input, but its surface area is 1, 635 m2. This means
that a module would in reality experience 600 · 1, 635 = 981 kWh/yr, which puts their efficiency
at a much more reasonable 20 % or below (dependent on temperature). Figure 37 displays the
forecasted energy production of a module placed on a coordinate, effectively displaying the output
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as kWh/module/yr, whereas figure 31 displays insolation as kWh/m2/yr.

Figure 37: The annual electric energy potential based on individual tilt scheme compared to the
payback criterion.

It was obvious that the LCoE criterion was not met by any coordinate, why the payback
time criterion was chosen. Removing all coordinates with a production potential lower than the
criterion, the feasible coordinates, and consequently the feasible area, was found for the three tilt
schemes. These areas can be seen in figure 38. The total solar potential of the feasible area for the

Figure 38: The feasible areas for the tilt schemes circled

different tilting schemes are presented in table 9.

Tilt scheme Insolation on feasible area
Uniform 451 MWh

Row specific 482 MWh
Individual 476 MWh

Table 9: Annual insolation potential for a year in the feasible area based on different tilt schemes.

Table 9 shows an interesting phenomenon, the row tilt scheme produces better results than the
individual tilt scheme for their feasible areas. This is because the feasible area for the row specific
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tilt scheme is slightly larger than the one generated by the individual tilt scheme. Because the
coordinates close to the edge of the feasible area are also on the very edge of feasibility, this can
be explained by the fact that the tilts were optimized for insolation, and not energy production.
The ratio between beam and diffuse irradiance changes over seasons, as does temperature, which
explains why the row specific tilt scheme, against intuition, yields better results than the indi-
vidual tilt scheme. As seasons get colder the efficiency increases, the weather changes and diffuse
irradiance becomes more prevalent, this may be what causes some coordinates for the row specific
tilt scheme to produce more than their individually tilted counterparts.

Also, the individual tils scheme comes with a few draw backs. If panels were to be placed
next to each other with different tilt angles they would be casting substantial shadows on each
other, as well as blocking diffuse irradiance. This, and also taking into account the fact that
having equipment to support individual module tilts for entire rows is not readily available, it is
expected that the costs of such equipment would be more expensive and cumbersome to use than
standardized equipment. Because of the results and the draw backs of individual tilt, the row
specific tilt scheme was deemed to be the preferable choice.

4.3 Feasible area sensitivity analysis (A)
The results acquired were based on a number of assumed circumstances, such as the investment
costs being fixed and assumed a value corresponding to statistical system prices. Changing these
circumstances might yield better or worse results, and were considered worth investigating to be
able to discuss the found results. The height of the trees was assumed to be uniform and of a set
height of 10 meters, which of course impacts the results. It was therefore of interest to investigate
how variables such as this impact the results of the studies performed, e.g. the expected income,
the loss of annual insolation, the feasible area. Another important variable was the orientation of
the tower region. It was assumed that all tower regions in the proposed wind farm are identical,
where they are oriented with the longer sides toward north and south, and the tower located in
the south-east corner. It was therefore of interest to investigate what the impact of rotating the
entire area would be.

4.3.1 Angular area shift (A)

Previously the x-axis was assumed to be parallel to a line between east and west, and the y-axis
orthogonal to this line. A new layout was investigated in which the area has been rotated 90◦

counter-clock wise. This rotation was chosen so as to minimize the shadows cast by the tower. As
the tower is now located in the north-east corner, the shadows cast will during most times be cast
north, out of the tower region. This can be seen in figure 39
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Figure 39: The rotated tower region, where shadows cas from some trees and the wind turbine
tower during noon are illustrated.

In essence, the practical difference this will make is the angle γs. Since the solar movements
were changed in relation to the area, new optimal tilt angles were calculated for this scenario. The
η-values also had to be slightly revised, since the angles competing for dominance over the northern
diffuse blockage were no longer the tilt and ν3, but tilt and ν2, according to figure 26. These new
circumstances provided only 56 square meters of feasible coordinates, shown in figure 40.

Figure 40: The feasible area for the rotated tower region.
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4.3.2 Tree Heights (A)

It has been shown that the conditions in the area were too poor for the LCoE criteria while the
tree height was set to 10 meters. It was of interest to investigate the impact of varying the trees
and compare the results. There are two ways to vary the trees, moving them farther away, and
reducing their height. These options are equivalent, as illustrated in figure 41. Therefore the tree
heights were changed in order to find the impact of this variable. This serves dual purposes, since
what dictates the η value is the angle ν between the top of the trees and the point on the ground,
and the length of the shadow in the tower region is determined by the height of the tree as observed
from the edge of the tower region.

Figure 41: The equivalence of changing tree heights and moving trees for the purposes of reducing
diffuse blockage and shadow length. c is an arbitrary value.

The tree heights investigated was five and 15 meters, in contrast to the previous value of 10
meters. First the tree height was set to 15 meters, and the lengths of the shadows on which
the coordinate specific and time dependent beam irradiance relies were calculated. Next, the
box problem was solved for these new tree heights, reducing the amount of diffuse irradiance
connecting with the coordinates. New optimal row specific tilt values were calculated and used to
find the coordinate specific irradiances. These irradiances were translated to power production,
and the annual energy production potential for each coordinate was found. No coordinate produced
sufficient energy to reach even the payback criterion of 180 kWh/yr. Therefore no coordinates
were deemed feasible, thus ending the investigation of this particular tree height.

The other tree height, five meters, was investigated in an identical fashion. Some values based
on row specific tilts and the different tree heights can be seen in table 10, and the monthly insolation
potential can be seen in figure 42. Observing these results show a non-linear correlation between

htree [m] 5 10 15
Af [m2] 1333 645 0

I [MWh/yr] 1367 1096 878
P [MWh/yr] 337.06 301.75 141.69

Pmax [kWh/module/yr] 226.68 209.20 101.26

Table 10: Results based on differing tree heights. Af = feasible area, I = annual insolation
potential of tower region, P = annual production potential for the entire tower region, Pmax =
annual production potential for best module.

tree heights and insolation. Increasing the tree heights from five to 10 meters reduces the total
annual insolation by 264 MWh/yr, whereas increasing tree heights from 10 to 15 meters reduces the
annual insolation by 218 MWh/yr. However, finding the percentual difference between monthly
values presents an interesting phenomena. Let Eh,m be the annual insolation potential of the
tower region for the tree height h and month m. Calculating the percentage increase in insolation
between the tree height five and 10 meters, and 10 and 15 meters, is then P5−10,m and P10−15,m,
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Figure 42: The monthly insolation potential of the tower region dependent on the varying tree
heights.

respectively.

P5−10,m =
E5,m

E10,m
[%] (64)

P10−15,m =
E10,m

E15,m
[%] (65)

The mean values of P5−10,m and P10−15,m were calculated over the year m ∈ (1 ∪ 12). The
percentage curves and their mean values can be seen in figure 43. The interesting fact is that the
mean percentage difference over the year can be observed to be nearly identical for the two curves
(about 25%). This result could be extrapolated to find the annual insolation potential based on
previous calculations. An approximation can be made here to be able to approximate the annual
insolation potential for any tree height in the area dependent on a previously calculated insolation
potential and tree height. Let Ex be known as the insolation potential for a year with a tree height
x, then the annual insolation potential, Ey, for a tree height y could be approximated as:

Ey = 1.2475
x−y
5 Ex [kWh/yr] (66)

This equation was tested and compared to the simulated insolation values. They corresponded
well, as shown in figure 44. The error between the simulated and calculated values is less than
one percent. Equation 66 was not further tested, as this would require extensive simulations to be
made. It may thus not hold up for tree heights far outside the tested range.

In figure 45 two interesting phenomena can be observed. As the tree heights were reduced
to five meters, the feasible area extended far into the concrete foundation of the turbine tower.
The other interesting phenomenon was the impact of the turbine tower on coordinate specific
feasibility, which can be observed as the red region extending from the turbine tower. This leads
to the conclusion that the trees surrounding the area has a much larger impact on the feasibility
of coordinates than the tower.

Figure 46 presents the row specific tilt angles for different tree heights. Increasing the tree
height affects two main components in the solar insolation, the beam irradiance through increase
of shadow length, and the diffuse irradiance through the impact of the box problem. It can be
observed that the overall tilt angles increase as tree height increases. As can be observed in figure
47 the percentage of diffuse irradiance remains almost unchanged for the different tests, however
the reflected irradiance compensates for the beam irradiance. This is the case because of the
assumptions made regarding the reflected irradiance, which is unaffected by the trees surrounding
the area.

Table 11 displays the incidence and horizontal irradiance component values for the different
tree heights. What can be gathered from table 11 and figure 47 is that the beam irradiance is most
affected by the increased tree heights through shadowing, whereas the diffuse irradiance is affected
less by the box problem. The simulations try to compensate for this by increasing the tilt so as
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Figure 43: The percent difference curves and their mean values.

Figure 44: A comparison of simulated and calculated values. The calculations were based on
equation 66 with Ey = E5.

to increase the reflected irradiance. The box problem also makes the impact of tilt less significant
than it would normally be in an open field situation.

4.4 Discussion on feasible area analysis
This section discusses the authors’ thoughts on the PV model and the solar potential calculations.
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Figure 45: The feasible area of the tower region using tree heights of 5 meters. The red transparent
area is the visible influence of the tower shading.

Figure 46: The row specific tilt angles for different tree heights.

htree [m] 5 10 15
Ibβ [MWh] 586 448 319
Idβ [MWh] 474 608 501
Irβ [MWh] 27 40 59
Ib,h [MWh] 479 364 268
Id,h [MWh] 747 608 501

Table 11: Incidence and horizontal insolation components for the tower region for the different tree
heights.

4.4.1 PV simulation (T)

The PV simulation model could in theory have been simplified to a constant efficiency value of
the power conversion from solar irradiance to PV output power. Having this as a basis for all the
power calculations would indeed make all the simulations less complex and not so time consuming.
However, the level of detail and the compromise between accuracy and simplicity of the chosen
model was perfectly suitable for the purposes of this investigation, and allowed for estimations of
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Figure 47: The insolation ratios of total annual insolation potential for the tower region dependent
on different tree heights.

production during partial shading conditions which was crucial for this specific case study.
As presented in section 4.1, the simulation model appeared to have slightly higher efficiency

for lower values of temperature than what should be expected by the chosen module type. As
the temperatures, generally in Sweden, are below 25 degrees celsius, where the model seemed to
operate with highest accuracy, it is safe to say that the power calculations throughout the project
have yielded somewhat too high production values. However, since the model efficiency for low
irradiance levels was relatively low, this might mitigate this impact slightly. It is hard to say how
much since the true module efficiency for lower values of irradiance is not known. On the other
hand, what definitely mitigates the effects of having too high production levels is what was pointed
out earlier in this section, i.e. the fact that the majority of the assumptions were made to account
for a worst case scenario.

4.4.2 Solar Potential (A)

Estimating solar irradiance based on satellite data is a science in and of its own, with a multitude
of different approaches and methods being appropriate for different parts of the world. Many of
the methods easily available are adapted for parts of the world sunnier than Sweden. The method
applied in this report (Erbs) was deemed suitable because it had been validated in central Europe.
However, the satellite processed data has a hard time distinguishing snow/dust and other weather
factors from sunshine, compromising the reliability of the data. The data was validated through
statistics presented by SMHI and the deviation from historical values was deemed small. The only
way to accurately validate the calculated data is by field measurements, which require expensive
equipment (pyranometers, pyrheliometers, etc) being used over a long period of time.

The assumptions made when estimating the impact of the tower region circumstances, such as
tree heights, were intentionally made more restricting than a real life scenario. This was done to
increase the validity of the study, meaning that if the study indicated feasibility, there would be a
very low chance of a real scenario not performing better than the simulated one. All objects were
modeled to be casting solid shadows, completely blocking out beam irradiance, whereas in reality
the foliage in trees would allow some beam irradiance through. The tree wall also present another
restricting factor, in that the shadows cast were assumed to be coming from a wall, whereas the tips
of the trees in reality would form a triangular pattern of shadows, meaning that beam irradiance
would be allowed to pass between trees. To accurately be able to describe the shadows in real
life, a field study should be conducted and the height of trees measured, as well as their locations
relative to the tower region.

There are also a few advanced factors excluded from the solar insolation study. One is refraction
of irradiance through the atmosphere. Much like how the surface of water refracts light, changing
the percieved position of something beneath the surface as seen from above, the atmosphere refracts
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light, changing the perceived position of the sun as seen from the surface of the earth. This is
of importance while making accurate measurements, but was deemed excessive for this study.
Another factor is horizon brightening, a phenomenon taken into account in anisotropic studies of
diffuse irradiance. This is a factor of diffuse irradiance assumed to be coming from the line of the
horizon. There are two reasons for the authors not taking this into account; one being that the
chosen model for estimating irradiance was isotropic, and the other being that because of trees the
horizon is not visible from the location at any point in time, making horizon brightening redundant.

While solving the box problem in section 4.2.3 the tower was assumed to not be present. Taking
the tower into account as a factor blocking the diffuse irradiance while also calculating the blocking
factors for each tree wall would have been very complicated and was deemed excessive. The tower
will only block large portions of the diffuse irradiance if a panel is placed in close proximity to it.
Looking at the results where panels are placed in the area it can be observed that no panel is very
close to the tower for a tree height of 10 meters, why it should not have a great impact on diffuse
irradiance. The impact from this assumption is further minimized by the fact that the tower is in
reality white, and reflects light well, and will thus provide a small fraction of reflected irradiance
onto the panels.

The analysis of reflected irradiance was very simple and substatial assumptions were made.
Reflected irradiance is a relatively small part of the global irradiance of a surface, why it is not
important enough to be a main focus. Reflected irradiance would be dependent on seasons, since
snow provides a high albedo, while soil and grass provide lower values. Accurately approximating
a time dependent albedo value would require weather data, and there was not enough time to
perform such an analysis. Reflected irradiance would also be lower for panels placed behind other
panels, since these panels would block the ground, which slightly compensated for by the fact that
a low ground albedo was chosen.

The entire solar insolation potential study was performed on a coordinate basis of one square
meter. The resolution of the coordinate grid in the tower region was set for convenience, both to
have reasonable simulation times, and to make the study comprehensible. If a higher resolution was
chosen, e.g. square decimeter, it would be possible to more accurately predict the power output
of a module on a set of coordinates over time, as it would be possible to determine what levels of
irradiance would connect with the individual cells on a module.

There are many good established methods for calculating the optimum tilt angles of PV panels.
They vary greatly in their usage, where some provide more power during summer or winter, or a
healthy mix in between. However, the established ones investigated by the authors were, according
to the sources, not appropriate for northern countries such as Sweden. Since the focus of this
report was not to research a new method and the decimal accuracy of the tilt angles was deemed
excessive, simple brute force was deemed acceptable. With simulation times of under ten hours it
was also quite pain free.

5 Feasible PV placement (T)
The previous section treated the problem of finding a feasible area to potentially install PV mod-
ules. This was done for all coordinates within the tower region on a square meter basis. As
mentioned earlier this model only accounts for shadows cast by wind towers and the surrounding
trees. In this section of the report the authors included the effects of additional shadowing caused
by the PV modules themselves, due to the fact that they are tilted and placed in front of each
other. As motivated in the previous section, the tilt scenario that was deemed suitable for further
investigation was row-specific tilt. This scenario was only investigated for tree heights of either 5
or 10 meters, as having a 15 meter high "tree-wall" resulted in a non-existing feasible area.

The electrical interconnections between PV-panels was discussed, as well as the choice of in-
verter in charge of both maximum power point tracking (MPPT) and converting the generated
DC power to AC before connecting to the grid. The effects of the inter-row shadowing on the
electrical interconnection and the PV-orientation was investigated for a simplified test system.
With known PV-orientation and assumed interconnection the PV simulation model for a partially
shaded module was presented.

For the variations of tree-heights, a way to optimally place PV-rows within the feasible area
was presented and all potential coordinates was again evaluated to determine if they could still
be classified as economically feasible, when accounting for inter-row shadowing and the effects of
partial shading. This implies that a method for determining a suitable spacing distance between
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PV-rows needed to be investigated. For this purpose, some assumptions were done to simplify cal-
culations. As earlier, the worst case scenario approach was adopted when making the assumptions
and simplifications. This was done in order for the authors to be able to justify the conclusion
drawn from the results.

The final options of PV placements were compared and motivated using different factors, e.g.
yearly production and income. The monthly energy production corresponding to the optimal
layouts were then presented, to be compared to similar production levels of the wind turbine
towers.

5.1 Network connection components (A)
Before evaluating each of the coordinates in the feasible area it is important to understand how
other electrical devices and components in a typical PV-system interact and behave. For this
purpose the authors have chosen to include a theoretical section introducing these components and
explaining what their roles are within the system.

As with all generating technologies, PV panels need to be controlled, monitored, and to have
their outputs converted to the proper units and levels. This is done through converters, inverters,
and transformers.

Converters are electrical devices that convert voltages from alternating current (AC) to direct
current (DC). Converters can also change voltage levels though switching devices and control of
the duty ratio. Inversely, inverters convert voltages from DC to AC. Transformers changes AC
voltage levels dependent on winding ratios.

There are two main limiting parameters of any one of these three technologies; voltage and
power. They all have a maximum input voltage level and a maximum rated power which should
not be exceeded. When working with solar panels it is easy to control the voltage level in the array
to be lower than the maximum voltage. According to [30], the desired voltage level is achieved
through connecting panels in "strings", i.e. series. The output voltage is the sum of the voltage of
all individual cells, shown for reference in figure 48 where Vo is the output voltage of the string.

Figure 48: A string of PV panels.

Vo = V1 + V2 + ...+ Vn [V] (67)

It is sufficient to limit the string length (number of panels connected in series) so as to not
exceed the maximum input voltage of the electronic device next handling the voltage and power.
The maximum voltage of each panel does not exceed its given value, and rarely even achieves the
maximum power output. Therefore not much control of voltage is required on the generating side.
The power must not be exceeded either, and the configuration of strings should be such as to have
the same amount of series connected panels in each string in parallel. This is to make sure the
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voltages are not exceedingly different over different strings. Small voltage discrepancies are to be
expected, but this problem is easily solved by introducing blocking diodes, as stated by [30]. If the
string length differs greatly, the breakdown voltage of the blocking diodes could be exceeded and
cause major damage to the cells. Therefore, the number of parallel strings is limited by the power
output of all of them combined, this is further explained in section 5.1.1. Should a string contain
six modules in series, and six strings in parallel, the total number of modules would be 6 · 6 = 36,
and the total rated power output be 36 ·Prated = Po. This output power value Po must not exceed
the rated power of the electrical devices handling the power.

5.1.1 Blocking diodes (A)

According to [30], a blocking diode is a series connected diode, preventing currents from flowing
from the collection grid back into the PV array. Since voltages may differ between cells, the voltages
may differ between strings. This poses a problem as this would mean current is flowing from a
high voltage string down into a low voltage string. The cause of this phenomena may be any from
a number of causes, e.g. shading on an individual cell or technical malfunction. To prevent such
currents blocking diodes are introduced.

Figure 49: Blocking diodes in series with strings.

Should V1 + V2 > V3 + V4 in figure 49, current will flow from the left string into the right one,
damaging the cells. As long as the voltage difference is so great as to exceed the breakdown voltage
of diode D2, the current will instead flow into the grid.

5.1.2 Bypass diodes (A)

Consider figure 5. Connecting two cells in series increases the output voltage, but comes with a
shading problem. If a cell is entirely shaded with 0 % shadow-transmittance, its current source will
allow zero throughput, effectively opening the circuit. Because of this, according to [30],bypass
diodes are introduced as presented in figure 50. In this case the upper cell (marked by red dashed
lines) is fully covered, assuming zero irradiance, thus not allowing current to pass through the
source which is now open. If the bypass diode DB had not been connected, the current from the
lower cell would have passed through the parallel resistance of the upper cell, causing heat losses.
This is prevented by installing bypass diodes parallel to cells, or series of cells. Bypass diodes also
increases performance due to less voltage drops and heat losses according to [30].

Since the area of the tower region is subject to shading and seasonal temperature changes,
the optimal configuration of a solar panel array should be a "balance" between string length and
parallel connected strings to maximize power output according to [33].
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Figure 50: Bypass diode in parallel with cell.

5.1.3 Micro-, string-, and central Inverters (A)

According to [30], maximum power point tracking is a service provided by the system’s inverters.
The maximum power point tracking is done by finding the maximum product of current and voltage
controlling the voltage to achieve the combination of current/voltage to produce the maximum
amount of power. However, several maximum power points might occur under shading conditions,
where the goal is to operate at the global maximum.

There are in general three kinds of inverters in PV systems; micro-, string-, and central invert-
ers. The micro inverters are placed on each individual panel, allowing for individual power point
tracking.

Having micro inverters is a more expensive solution, and requires more maintenance since there
are more components present.

String inverters are connected to a string of panels, thus not providing power point tracking of
individual panels which can result in larger losses in cases of shading.

Central inverters are connected to whole arrays of panels. Usually, larger inverters have several
connection points providing several MPPT’s. This is the cheapest option as cost per installed watt
is concerned, but shading can cause very large resistive losses in the panels and possibly damage
equipment.

5.2 PV Power Output (T)
In order to optimize the power output of a PV-module, all series connected cells should be equipped
with an individual bypass diode as explained in section 5.1. However, from a manufacturers point
of view this solution is not economically feasible according to [34]. It is therefore common practise
to connect one bypass diode in parallel with up to 20 cells, usually dividing a PV-module into
3 sub-strings of series connected cells, each string with its own bypass diode. According to [34],
this set-up ensures a high enough reliability to avoid so called hot-spots, and maintain operation
throughout the lifetime of the module.

The PV model chosen for power calculations in section 4.1, JA Solar JAM6(K)(BK) 275W,
has the same set-up of bypass-diodes as just described. As mentioned earlier, placing rows of
PV-panels in the feasible area will cause additional shadowing, and at times modules will become
partially shaded. In order to evaluate how modules operate under these conditions, depending on
electrical interconnection and choice of inverter, a test system of a 10 series connected modules
with a string inverter was investigated and compared to the performance of a single module with
a micro inverter. The purpose of this investigation was to produce results that could be used to
justify the choice of inverter and PV-interconnection within the feasible area. Different types of
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shadows were also investigated in order to motivated having the modules placed with horizontal
or vertical orientation on the ground.

Once the PV-orientation and inverter type was chosen, all feasible coordinates were re-evaluated
by again calculating the energy production of a module placed at a certain coordinate, this time
accounting for a "PV-wall" placed on a distance "D" in front of it. A more detailed analysis of the
iterative process adopted to find optimum layouts of the PV-placements within the feasible area,
is described in section 5.2.3

5.2.1 PV-string test system (T)

As mentioned earlier, a typical electrical set-up of a PV system includes an inverter in charge
of adjusting the operating conditions to allow for the maximum power output of all connected
modules, strings or arrays.

Since the tower region is subject to changing shadow conditions to a larger extent compared
to typical areas deemed suitable for PV-installations, the effects of partial shading on a PV-string
was investigated and compared to the performance of a single module.

The test system set-up was very imilar to that presented in [34]. At STC the rated power of
the test system would be 10 x 270 = 2700 W with a corresponding voltage of 10 x Vmp = 306.8
V (below specified maximum allowed system voltage of 1000V) [10].

Since all cells in this specific set-up are series connected, the same current will flow through
them at all times. As explained earlier in section 4.1, the photoelectric current produced by each
cell is a function of the incidence irradiance and temperature. If these variables are uniform for
all cells in a sub-string, they will in theory produce an identically large current. However, due to
small manufacturing differences each cell is unique, resulting in slight variations in output current.
Because of the series connection, the “weakest” cell will therefore determine the current flow through
the entire system. If this difference in output current is larger than the small variations caused by
anomalies in the manufacturing process, for example due to shading, the affected cells might start
consuming power instead of producing [34].

These power losses result in the shadowed cells heating up, eventually causing the aforemen-
tioned hot spots, irreversibly damaging the cells. As explained earlier the equivalent current source
of the cell will in this case become open circuit, the photo-diode will become reversed biased and
the voltage over the cell become negative.

The bypass diodes help to avoid the hot-spot phenomenon. As a cell starts consuming power,
the voltage of the entire sub-string becomes negative, leaving the bypass-diode to become forward
biased and start conducting.

According to [34] a cell will become a load roughly when the difference in irradiance between
any two cells in a sub-string is more than 20%. However, as mentioned before, the lower producing
cells will decide the level of current that can flow through the system in case of corresponding
bypass-diodes remaining inactive, it is therefore assumed that the connected inverter will chose an
operating condition that maximizes the total system out-put power.

The test system is illustrated in figure 51. Here different shading scenarios are represented by
different colors. For all these scenarios all cells that are not subject to shading are assumed to
operate under STC conditions. Blue indicates one cell in the first sub-string of the first PV-module
receiving 700 W/m2. Green indicates a vertical shadow covering 50% of the cell area of all cells in
the first column of the second PV-module. In a very simplified manner [34] treats this scenario as
though the shadow covered cells receive 500 W/m2, an assumption only valid if the total irradiance
is largely consisting of beam irradiance. Orange indicate a horizontal shadow covering 20% of the
cell area of the bottom row of cells in the tenth PV-module. In a similar way this is treated as
though these cells receive an irradiance level of 800 W/m2.

The corresponding IV and PV characteristic curves for these scenarios are presented in figures
52-54. In these figures the global maximum popwer point (GMPP) and the local maximum power
point (LMMP) are highlighted. Specifically for these three scenarios, the LMPP corresponds to an
operating condition where the current has decreased for the entire system and no bypass diodes
are activated. Similarly the GMPP for these scenarios correspond to voltage slightly dropping as
1 or 3 bypass diodes within the shaded module are activated, keeping the current high.

With this set up it can clearly be observed that a vertical shadow has a larger effect on the out-
put power of the entire string. In the green scenario the system produces at roughly 2431/2700 ≈
90%. Compared to roughly 2611/2700 ≈ 96.7% for both the blue and orange scenarios with single
cell and horizontal shadings respectively.
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Figure 51: PV test system

Figure 52: Blue scenario

The out-put power will not change when further shadow is applied on the same sub-string once
the inverter has chosen to activate the corresponding bypass diode, which can be observed from
the blue and orange scenarios and is why they yield the same optimum operating conditions.

As mentioned earlier, the string inverter MPPT, chooses for all these cases, to activate the
necessary bypass diodes to operate at GMPP. However, to show how the inverter in some cases
might choose to operate at a lower current, another scenario was investigated. Here 200 of the in
total 60x10 cells receive 800 W/m2 and the resulting characteristics are illustrated in figure 55.

These results show that besides helping to maintain safe operation and avoiding the hot-spot
phenomenon the bypass diodes increase the overall efficiency of the system. However, [34] the use
of micro inverters in areas subject to a lot of changing shadow conditions to further increase the
efficiency.

In the blue/orange scenario above, the efficiency would go from 96.7% to 9x10% + 1x7% = 97
% if micro inverters were used. And for the green scenario the efficiency would go from 90% to
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Figure 53: Green scenario

Figure 54: Orange scenario

9x10% + 1x5% = 95 %.
The effect, according to [34], can be a lot worse for larger multiple string installations and

shadow sizes. This claim is supported by [35], who concludes that individual inverters could "realize
about 60% improvement of power generation compared with that of conventional methods". For
this reason, amongst others, the authors chose to go forth with the assumption that all PV-modules
are equipped with micro-inverters. This also allows for less complex simulations and simplified
calculations to determine whether a coordinate is deemed feasible or not.

The topic of deciding upon the exact electrical PV interconnection to optimize the output power
of an array has been covered by several research papers, such as [36]-[37]. All treat the issue of
optimizing array configuration under partial shading. This was considered to be a separate project
within itself and outside the scope of this investigation.

The above description of how PV-modules are affected by partial shading is very simplified. It
only accounts for different parts of PV-modules operating under different known values of irradiance
neglecting the impact of its three components; beam, diffuse and reflective. However, the results
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Figure 55: 200 cells receive 800W/m2

are justified as similar conditions have been simulated by other sources that all report the same
characteristic behaviors, such as [38], [39], [40], [41].

Some sources such as [42],[43], [44], present modifications of the equivalent electrical model
presented in section 4.1, based on the well known Bishop model to better account for the effects
of partial shading in a more detailed manner. This method is more complex and accurate but
requires several other parameter values to be evaluated, not typically provided in the manufacturer
specifications.

In [43] a very detailed analysis is presented, of how shaded cells affects the IV- and PV-
characteristics of an array depending on the shadow area on each cell. Some other sources provide
methods that are based on the 2- or even 3-diode model, such as [45]. As mentioned before a more
complex model also requires a lot more computational time, and since the focus of this project was
not to evaluate partial shading performance of a PV-module, some simplifications and assumptions
have been made. These assumptions and how the simulation model presented in section 4.1 is used
to account for partial shading is explained in the following section.

5.2.2 PV modulation under partial shading (T)

In this section the authors will descrbe how a single module, equiped with a micro inverter was
simulated for the power calculations and further coordinate evaluation of the feasible area.

In section 5.2.1, the irradiance level seen by a partially shaded cell is reduced by the same factor
as the cell area coverage, i.e if a cell receives 1000 W/m2 and becomes 30 % shaded the effective
irradiance seen by the cell is said to be 0.7 x 1000 = 700 W/m2. However, in the performed power
calculations of this project a slightly more detailed approach was used to determine individual cell
irradiance. It is the same method as used in [46], where shade only blocks the beam irradiance.
In equation 68, an expression for the partially shaded cell irradiance is presented, where A is the
total cell area and µ is the shadowed area. As presented earlier in section 4.2 Ib, Id and Ir are
beam-, diffuse and reflective irradiance levels respectively.

Icell = (1− µ/A)Ib + Id + Ir [W/m2] (68)

Having this definition of cell iradiance, a module inverter will in theory have to choose operating
conditions amongst up to three corresponding maximum power points. As all three sub-strings
of each PV module, in some cases, will operate under different irradiance levels. This scenario is
illustrated in figure 56, where the three sub-strings are numbered by their corresponding bypas-
diode, and the blue rectangle represent a shadow cast by a PV-row in front of the illustrated
module. For the shadow to occur this symmetrically on all cells in one row of a sub-string, the
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shadows were assumed to be cast by infinitely long PV-rows. This is further explained in the
following section.

As mentioned in section 5.2.1, the flow of current through any sub-string is decided by the
lowest producing cell. Therefore, in the illustrated scenario, the third sub-string will only let
currents pass corresponding to an cell irradiance level of I3 = Id + Ir, according to equation 68.
Similarly, the second sub-string will only let currents pass, corresponding to an irradiance level of
I2 = 0.5Ib + Id + Ir, as the second row of the second sub-string is assumed to be 50 % partly
shadowed. The first sub-string can off course let currents pass, corresponding to cell irradiance
levels of a fully lit cell, i.e. I1 = Ib + Id + Ir.

This leaves the maximum power point tracker with the following options; to let the smallest
current, I3, pass through all 60 cells, to activate the third bypass-diode and let I2 pass through 40
cells, or the third option, to let I1 pass through 20 cells by also activating the second bypass-diode.
At any given time, the inverter will choose the operating conditions corresponding to the GMPP.

For the illustrated scenario the irradiance components Ib, Id and Ir have been arbitrarily chosen
to 500, 300, and 50 [W/m2] respectively. The IV- and PV-curve of the module is presented in
figure 57.

Figure 56: Single module, partially shaded

Figure 57: IV- and PV-curves of partially shaded module

The illustrated scenario was presented to show how the power calculations for each module
equiped with a micro-inverter was carried out when evaluating the power output of a module
under partially shadowed conditions. Knowing how to calculated each modules output power at
any given time in these conditions was of course essential in order to re-evaluate all coordinates
within the feasible set. The following section will treat the issue of finding a minimum allowed
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distance to place a PV-row in front of a certain module at a certain coordinate, for it to still be
classified as feasible.

The performed simulations on partial shading shown in this section only accounts for simplified
scenarios where a uniform horizontal shadow is cast on a module, having the same shadow coverage
on all cells within the same row in a sub-string. The power curves for the presented scenarios of
20, 40 or 60 cell, operating under different irradiance levels are calculated by solving equation 12
for voltages from 0 to Voc, using Newton Raphson’s method. All the computed powers for this
voltage range are then simply sorted and presented as the over all module IV/PV-characteristics.

5.2.3 Inter row spacing (T)

The assumption that partial shading is only considered to occur from inter-row shading is justified
as the shadows from the tree-walls and tower are already accounted for when finding the feasible
area, assuming a worst case scenario. These shadow calculations are, as mentioned, performed on
a square meter basis, rounding of values to have each square meter either completely shadowed or
fully lit, for any given time. All these coordinates therefore have their own associated irradiance
data for each time step, accounting for all shadows except those cast by other modules.

As concluded from section 5.2.1, a vertical shadow has larger impact on the performance of a
PV-module under partial shading. For this reason all installed modules were placed similarly to
those illustrated in figure 58, i.e. horizontally on the ground. This way the associated power losses
will be minimized, as the shadows cast by each row will cover the next with a horizontal shadow,
i.e. a larger shadow coverage on each module is required to reduce the power out-put compared to
a vertical one.

However a problem arises when placing PV-row in the feasible area. The exact tilt, correspond-
ing to a certain y-coordinate, and length of each row can not be determined before each coordinate
has been re-evaluated. For this reason all coordinates are evaluated under the assumption that
an infinitely long row of PV-modules are placed on a spacing distance D in front of it. The im-
plications of this assumption is illustrated in figure 58. All rows will of course not be identically
long, placed completely symmetrically in front of each other or even be close to infinitely long,
but this assumption allows the authors to perform calculations for harsher conditions than can be
expected, and thus draw more valid conclusions from the results as well as simplify computations
and reduce simulation time.

Finding the minimum allowed spacing distance, D, for each coordinate was an iterative process.
The distance indicate that a PV-module, placed on the evaluated coordinate, will be able to produce
enough energy to meet the economic criteria as long as the row, of height H, placed in front of it,
is placed at this distance or further away.

Since it was not yet decided on which y-coordinates each row would be placed, the procedure of
determining each coordinates corresponding D-value was performed for all potential heights, H(y),
of PV-rows. Meaning a set of D-values were found for each coordinate, depending on the height
of the PV-row placed in front of it.

Before determining the specific y-coordinate for all rows, only one D-value for all coordinates
sharing the same y-coordinate was needed. This D-value was chosen to be the largest value of all
coordinate-values on the same y-coordinate. This procedure is illustrated in figure 59.

When observing figure 59, it becomes evident that the PV-rows could be placed a lot closer
if certain coordinates on the edges were treated as unfeasible. This could in theory yield a more
efficient use of the ground available in the feasible area. However, the first step towards deciding
upon the PV-layout for each tower region, was to determine an optimum placement under the
condition that all feasible coordinates, provided by the calculations in section 4.2, were to still be
defined as suitable options for PV-placement after considering the inter-row shadow effects. The
procedure of improving upon the PV-layout is treated in more detail in section 5.2.7.

To find the coordinate specific D-values, all coordinates were tested for spacing distances in
the range 0.15-2 m. This means power calculations were performed when having a PV-row placed
on a distance of 0.15 m in front of each coordinate. If the resulting energy production over a year
was below the energy limit presented in the economic criteria, the distance was incremented with
a step size of 5 cm, until the minimum spacing distance was found.

The investigated range implies that each coordinate would, with certainty, have a corresponding
spacing distance resulting in it to still be classifies as feasible after considering the additional
shadows of adjacent modules.
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Figure 58: Horizontal shadow of infinitely long PV-row

Figure 59: Method of choosing D for a certain y-coordinate

The minimum distance of 0.15m was found by performing similar power calculations for all
feasible coordinates and evaluating distances of a shorter range, e.g. 0.1-0.5 m. The shortest
distance any of these coordinates could handle a PV-wall in front of them, and still be classified
as feasible, was 0.15m. The height of this PV-wall was set to the lowest possible, i.e. that
corresponding to a row to be placed on the southern most y-coordinate with the smallest associated
optimum tilt. Placing a Pv-row any closer than this would therefore most certainly result in a lower
energy yield than that decided on by the economic criteria, and therefore not worth investigating.

The maximum distance of 2 meters, is the distance at which you could place a PV-row in front
of the most northern coordinates, without it having any additional effect on the energy production
compared to the effect of the southern "tree-wall". The computations for this maximum distance
is presented in equation 69 and illustrated in figure 60, where vtree = vPV . The corresponding
maximum spacing distances for more southern coordinates will only decrease further south, thus
concluding that there was no need to investigate spacing distances above this value.

tan(vtree) =
10

(29 + (1− PVL,β(y=29))
=
PVH,β(y=28)

x
= tan(vPV ) (69)

Where,
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PVL,β(y=29) = 0.991 · cos(50o) [m]
PVH,β(y=28) = 0.991 · sin(43o) [m].

Figure 60: Computation of Dmax

5.2.4 Shadow coverage (T)

With the assumption of having the shadows cast from infinitely long PV-rows, it is also implied
that the shadows only will have a north to south direction. How the north to south distance of
these shadows were calculated for all time intervals was treated as follows.

Figures 61 and 62 together with equations 70-75 explains how the shadow coverage of each
module was calculated for each interval of time when the tilt angle, βc(y), spacing distance, D(y),
as well as the module length, PVL, were known. As the optimum tilt angle of PV-panels, in
general, increases further north, the shadows on one PV-row was only assumed to be cast by the
row immediately in front of it.

Using the equation to describe the solar movement and associate solar angles, as presented in
section 4.2, the north to south distance of a shadow cast from a PV-row of height, H, was found
according to figure 61 and equations 70-71.

As presented in equation 70, the height of the PV-row depends on the optimum tilt angle, βc,
which in turn is dependent on the y-coordinate of the PV-row. To be clear, the PV-length, PVL,
is here defined as the actual length measurement of the chosen module, i.e. 0.991 m according to
[10], and not the north to south length as indicated in figure 60 in the section above.

Figure 61: Shadow length in N-S direction

H(y) = PVL · sin(βc(y)) [m] (70)

LNS(y, θs, γs) =
H

tan(θs)
cos(γs) [m] (71)

With the north to south length of the shadow known, figure 62 together with equations 72-
75 present how to compute how far the shadow reaches on the module, indicated by s. For
simplification purposes the module length is assumed to be identical to that of 6 PV-cells, thus it
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is straight forward to compare this length to the distance s, to see how many cells are completely
shadowed and how many are partially shaded. This is clearly illustrated in figure 56.

Figure 62: PV-shadow

tan(v) =
LNS
H

(72)

h(y, θs, γs) =
LNS −D(y)

tan(v(θs))
[m] (73)

x(y, θs, γs) =
h

H

PVL · cos(βc)
− h

D − LNS

[m] (74)

s(y, θs, γs) =
x

cos(βc)
[m] (75)

5.2.5 Updated blocking factor (T)

As mentioned earlier, the irradiance data used for modules placed in the feasible area is retrieved
from section 4, accounting for wall and tower shadowing and diffuse irradiation blockage. However,
this data does not account for diffuse irradiation potentially being blocked by the row in front of
each module. Therefore the data is updated to account for this in a similar way as described in
figure 26. Now the blocking angle in the southern direction is chosen to be the greater of the two
illustrated in figure 63, depending on the PV-coordinates and distance to the row in front of it.

Figure 63: Angles affecting diffuse irradiation

As mentioned earlier, the size of the reflective component of the irradiance is very low in
comparison to the beam- and diffuse irradiance. The impact of the surrounding trees on its size
was deemed very hard to estimate, as the trees both remove potential reflective ground and at the
same time provide a new reflecting areas for the sunlight. How much of the reflective irradiance
that is removed from the original data, by placing the PV-rows in front of each other is also hard
to estimate. However, due to the small amount of irradiance associated to the reflective component
it how it is treated will not have a large impact on the final results.

As to not completely neglect the impact of this component and the fact the PV modules
themselves are blocking each other, all cells are assumed to receive 0% of the reflective component
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when shaded, 100% when lit and the percent corresponding to the percent of lit cell area when
partially shaded. This imply that for the actual power calculations equation 68 is updated to the
following expression:

Icell = (1− µ/A)(Ib + Ir) + Id [W/m2] (76)

5.2.6 PV-placement (T)

Once all the minimum allowed spacing distances associated with any given y-coordinate was known,
the process of filling the feasible area with an optimum number of PV-rows could begin.

The first PV-row was of course placed on the southern most y-coordinate in the feasible area,
as a row placed here would not be subject to any additional shadowing, i.e. no PV-row will be
placed further south than this.

The spacing distance to the next row was then chosen to be the value corresponding to the
y-coordinate closest to the center of the new PV-row, to begin with, placed directly above the first
one, as indicated in figure 64.

Note that both figure 64 and 65 are only used for illustrating purposes, to help explain the
placement procedure. The square meter grid in black is an example of how the bottom part of the
feasible area might look like.

Figure 64: Process of placing PV rows

Here the center of all panels are marked out by green circles. As is clearly illustrated in this
figure, the spacing distance of the new PV-row should be that which corresponds to y-coordinate of
13 meters. This would be the case if the center of the PV-row was placed on any of the y-coordinates
within the range: 13 ≤ y < 14. Now applying this spacing distance to the new row might cause
the center point to reach further than this range, thus forcing an update of the associated spacing
distance to its new y-coordinate. This is illustrated in figure 65.

Here it is evident that the spacing distance should be updated to that corresponding to y-
coordinate of 14 m. The procedure of updating the spacing distance continues until the shortest
possible value is achieved and then, and only then is the tilt angle of the new PV-row updated and
thus the associated north-south length of the modules, PVL. Observe that the center point is fixed
while updating the tilt of the new PV-row. When the dimensions and exact y-coordinate of the
new PV-row is determined, the process continues until the feasible area is filled with its maximum
number of PV-rows.

Once the y-coordinates for each PV-row was known, the exact number of PV-panels that could
fit within the corresponding available space in x-direction was calculated. This rendered exact
coordinates for the center of each PV-module. Modules placed on these coordinates were assumed
to receive irradiance data corresponding to the closest descending integer coordinate value of the
PV-center placement. The out-put power of each PV-module was then simulated over a year and
summed up to evaluate the total energy produced from all modules close to one wind turbine tower.

The resulting PV-placement is presented as seen in figure 66. The next step is to investigate
the potential of improvement upon this layout. Once the improvement procedure has yielded
several suggested layouts factors such as the total yearly energy production will be evaluated and
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Figure 65: Process of placing PV rows

presented. This will be treated in the following sections, to provide motivation of the final layout
choice.

Similar calculations as just presented were performed for a tree height of 5 meters of the
surrounding tree-line. These results are presented in figure 67, and this layout will also be subject
for improvement in the following section.

Figure 66: PV-layout, Dmax = 2.0

Figure 67: PV-layout, Dmax = 2.0
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In the figure 66, and the ones similar to it in the following sections, the blue rectangles with
black out-lines indicate PV-modules, the green out-line of the 30x70m region indicate the tree-line
and the blue dashed lines indicate the suitable areas found as illustrated in figure 38, in section
4.2.5.

5.2.7 Improved PV-placement (T)

This section first and foremost treats the improvements of the placement method for the scenario
of having a 10 m high tree-wall. In the end however, the corresponding results are presented for a
height of 5m, to show how this factor impact the final layout.

The PV-placement procedure was improved upon in two steps. Both of which include the
removal of coordinates that could potentially lead to a more efficient use of the available space, as
mentioned in section 5.2.3. In the first step this is done by decreasing the maximum allowed spacing
distance, Dmax, from 2.0 m with incremented steps of 0.1 m, implying that some coordinates now
will never find an associated D-value that results in them still being classified as feasible.

For each new Dmax, all coordinates in the feasible area with associated minimum allowed
spacing distances, D, below this value, were removed from the feasible set. New sets of feasible
coordinates were calculated for maximum spacing limits in the range: 0.6 ≤ Dmax ≤ 2.0 [m]. The
same placement procedure was then adopted for all of these sets and the energy production of the
computed PV-layouts for the first year were calculated and compiled in figure 68.

Included in this figure is the results from the second step of model improvement. The layout
calculations here are performed identically as just described. However, instead of starting the
placement procedure from the lowest y-coordinate in the feasible area, it begins at the second
lowest. The reason for why this is worth investigating is due to the earlier assumption of having
infinite PV-row lengths.

As is clearly illustrated in figure 66, this assumption is better suitable for the second row
compared to the first, counted from the bottom of the figure. Starting from the second lowest
y-coordinate yields different sets of feasible coordinates for each iteration of Dmax.

To separate the different layouts corresponding to the same Dmax − value, they are named by
their starting y-coordinate, i.e. Y12 indicate layouts starting from the lowest y-coordinate of 12 m,
and Y13 indicate layouts starting from the higher y-coordinate of 13 m. Although these values are
not highlighted, this can be seen in figure 66.

Since the available space in x-direction for any y-coordinates above 13 m does not differ that
much, no further starting values were deemed necessary to investigate. Another reason to not
investigate any higher y-coordinate as the start of the placement procedure, was that removing
additional y-coordinates for potential PV-installation in all likely hood only would result in a lot
lower production levels, i.e would not yield more optimal PV-layouts.

Figure 68: Energy output year 1, all layouts

If an investor was primarily focused on designing a PV-layout that would yield the highest
energy production, the results in figure 68 indicate the most optimum layout to be that corres-
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ponding to a maximum spacing distance of Dmax = 2.0m, and a feasible area assumed to start
from y-coordinate 13 m.

However, in order to determine the optimal PV-layout for the scenario of a 10 meter tree-
wall surrounding the tower region, several other factors than energy output were considered. The
income per installed module was one such factor, calculated by dividing the total income of the first
year by the number of panels corresponding to each layout. These results are presented in figure 69.
The income was calculated by multiplying the amounts of MWh produced each time interval, first
with the time step itself, and then with the corresponding hourly electricity price provided for SE4
for the year 2016, according to [8]. Added to the electricity price before the multiplication, was the
green certificate price of 136.54 [SEK/MWh], chosen as the average monthly prices according to
[9]. This factor might be the most crucial one for investors looking to make the smallest investment
with highest return.

Figure 69: Income per module year 1, all layouts

The payback time of the total investment cost associated to each layout was another factor
to be considered. It was calculated for all layouts, by taking the degradation rate of the panels
into consideration, in accordance with equation 6. The method of finding the payback time was
adopted from section 3.1, where the payback time, tp, has been solved for, according to equation
11. However, in equation 11, the energy produced for year one is multiplied by an average price P ,
accounting for an average electricity price as well as green certificate price. In this section, these
two factors are substituted by the corresponding income for the first year, Iincome. Calculated
similarly as described above, for the income per module, but summed up for all modules within
the layout. The final expression for the payback time is presented in equation 77.

tp =
2
d − 1

2
±

√(
1− 2

d

2

)2

− 2Itot
dIincome

[yrs] (77)

As explained earlier, Itot is the total investment cost. It is defined as , Itot = 9.2 ·Pr ·PVnr ·0.7,
as presented in section 3.1. Here, Pr and PVnr represent the rated power per module and the total
number of modules per layout, respectively, i.e the total amount of installed Watts of the layout.
The system investment cost per installed Watt was said to be 9.2, and a subsidy of 30% was to be
expected. This factor might be the most crucial one for investors looking to minimize the return
of investment time.

The final, and possibly most important factor to consider, was the over all profit for the different
layouts over its 25 year life time. The profit was calculated by subtracting the total investment
cost from the total income over 25 years and the results are presented in figure 71.

When choosing the most optimal layout, all factors presented in figures 68-70, were considered.
When observing these figures, three layouts proved more favorable than the rest. The first already
defined by the energy production factor. The second as the one resulting in the highest over all
profit and the third as the one having both the shortest payback time and highest income per
installed module. These layouts are the Y13, Dmax = 2.0m, Y13, Dmax = 1.6m and Y13, Dmax =
1.0m respectively, presented in figures 72, 73 and 74.
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Figure 70: Payback time, all layouts

Figure 71: Profit over a 25 year life time, all layouts

Figure 72: PV-layout, Y13, Dmax = 2.0
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Figure 73: PV-layout, Y13, Dmax = 1.6

Figure 74: PV-layout, Y13, Dmax = 1.0

The monthly energy production of the three most suitable PV-layouts are illustrated in figure
75.
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Figure 75: Monthly energy output for the two most suitable layouts

As mentioned in the beginning of the report, one of the project objectives was to compare
these production levels with corresponding ones for the wind turbine towers. In order to be able
to draw conclusions regarding the need for system component reinforcements due to the additional
production provided by the PV panels, the PV-layout generating the highest yearly energy output
was the only layout considered for the comparison with the wind power calculations.

When performing similar calculations for a 5 meter high tree-wall surrounding the tower region,
the layout corresponding to the highest energy yield was found as presented in figure 76.

The monthly energy production of this layout compared to the corresponding layout of a 10
meter high tree-wall is illustrated in figure 77

Figure 76: PV-layout, tree− wall : 5m,Dmax = 1.0
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Figure 77: Monthly energy output for the highest producing layouts of having a 5 vs 10 meter
hight tree-wall

5.3 Discussion on placement method and shadow calculations (T)
The assumption of having symmetrical horizontal shadows cast by infinitely long PV-rows, was
not very realistic. However, it allowed for a lot simpler calculations with the justification provided
by similar reasoning as demonstrated earlier; if a module is deemed still feasible when placed on
a coordinate with power calculations performed for unreasonably large shadows, it would also be
classified as feasible for smaller, more realistic shadows. With this assumption, it is safe to assume
that the actual feasible area and optimal PV-layout would be bigger for real life conditions.

Adopting the same shadow calculation methods as described in section 4.2.2 was not an option,
since it was adapted on a square meter basis and the purpose of this part of the project was to find
the optimum spacing distances between rows, with centimeter accuracy. Even if the resolution of
that method was a lot higher, simulations would become too time consuming and the translation
of these shadows to actual cell area coverage on modules of a large range of both tilt angles and
distance from the object casting the shadow, would be a lot more complex.

The simplified PV simulation model handled partial shading with the assumption that the con-
nected micro-inverter always would be able to find the GMPP. How realistic this assumption is, is
hard to estimate. There are however a lot of researcher investigating new control algorithms to min-
imize mismatch losses, and other losses associated with partial shading and PV-interconnections.
For future, similar studies, it would therefore be of interest to know how a more detailed PV simula-
tion model that better incorporates partial shading, PV-interconnections and inverter modulation
would affect the output of the study.

During the continuous literature study throughout this project, no papers were found or similar
problems reviewed, treating the issue of optimally placing PV-panels within a confined space, to
a large extent subject to changing shadow conditions. Since it is hard to compare the chosen
approach to any prior solutions, it is difficult to evaluate the validity of the method. Fore future
studies, it would be interesting to investigate the formulation of a suitable optimization problem,
using an objective function to solve the same problem, and compare the different model outputs,
in form of optimal PV-layouts.

However, in the placement result presented in section 5.2.6, it is evident that the spacing
distances for rows in the northern parts of the tower region is required to be larger compared to
those further south. This is to be expected since the coordinates in the norther parts receive less
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yearly irradiance as can be seen in the shape of figure 31. This is a least some small validation
that the placement method yields reliable results.

The improved placement method does indeed find more suitable PV layouts in terms of the
presented factors. However, how well it performs compared to other methods, and if it truly
finds the most optimal layouts is hard to evaluate. However, it seems to yield reliable results as
the shape of the improved layouts reflect what is to be expected. This is best illustrated when
comparing the original PV placement associated to 5 meter tall trees indicated in figures 67, to
the corresponding improved layout of highest energy yield, presented in figure 76. Here it can be
seen that if coordinate with higher associated D-values are excluded from the feasible area, the
PV-rows can consistently be placed with a lot smaller spacing distances, consequently resulting in
fitting more PV-panels in the available space.

However, what is worth observing is the potentially negative impacts of having the PV-panels
installed this close to each other. How having spacing distances of below 0.5 meters might impede
maintenance on the PV panels. Any negative effects like this, should be further investigated before
investing in these layouts.

As seen in figure 77, the estimated monthly energy production of the PV-layout associated to
5 meter tall trees is more than double that of the PV-layout associated to 10 meter tall trees.
Having this large production difference might not have been expected after observing the results
presented in figure 42. However, when observing how much closer the PV-rows are placed in the
Pv layout corresponding to 5 meter tall trees, this result makes more sense. In this scenario the
land area is simply a lot more efficiently used as the majority of the feasible coordinates can handle
the additional shade and blocking introduced by the panels themselves.

6 Wind farm analysis (T)
In this section a way to estimate the yearly power production of the Karskruv wind farm will be
presented. For this purpose site specific wind speed measurements had to be retrieved and a basic
model of a suitable wind power turbine created.

The resulting production curves will be analyzed and compared to that of the solar farm to
evaluate whether component reinforcements are necessary, e.g. for transformers and cables.

6.1 Wind turbine (T)
As mentioned earlier, in this stage of the procurement a maximum number of 26 turbines has been
approved for construction in accordance with 2 layouts mentioned in [47]. These specific layouts
have been subject to several environmental impact analysis to, amongst other things, evaluate the
noise pollution and extent of flickering shadows in nearby villages and facilities.

According to [47], the exact wind turbine model with specified power rating, rotor size and hub
height is not yet final. However, the maximum allowed total height of the wind towers is limited to
191 m, the noise levels are agreed to not exceed 40 dB in the most nearby facilities and flickering
shadows in these areas need to occur less then 8 hours per year.

One of the models that have been analyzed in evaluation models conserning noise and shadows,
is the Vestas V-90/2 MW wind turbine. Since this model and associated specification is deemed to
be one of several acceptable candidates for construction, the authors have chosen to base further
calculations on this model.

Some of the relevant manufacturer specifications of the model are presented in table 12, and
the associated power curve of the turbine is presented in figure 78, both of which are provided by
[48].

Rated Power, Prated 2000 [kW ]
Cut-in Wind Speed, VCut−in 4 [m/s]
Rated Wind Speed, Vrated 13 [m/s]

Cut-out Wind Speed, VCut−out 25 [m/s]
Rotor Diameter, Dr 90 [m]

Hub Height 80/95/105 [m]
Tower Shape Conical

Table 12: Manufacturer specifications, V90
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Figure 78: Vetas V90 Power Curve

The simple wind turbine power modulation consisted of the gathering of hourly, site specific,
wind speed measurements at the turbine hub height from [49], rounding the data to its closest half
integer value and then retrieve the associated power output from figure 78, for wind speeds in the
range VCut−in ≤Wspeed ≤ VCut−out.

This is not a very accurate model of the yearly power output of a wind turbine. For a more
detailed and realistic representation of the turbine behavior within the Karskruv wind farm, wake
losses due to the large towers blocking and slowing down the wind speeds for each other should be
taken into consideration. Also worth considering is the impact of electrical transmission efficiency
and turbine availability.

There are also others ways to estimate the wind speeds at the turbine hub height, for example
by gathering data for lower heights and extrapolate the values to the relevant height accounting
for the effects of the surrounding terrain. The yearly wind speed measurements might also vary
from year to year, implying that long time correction of the data would affect the result of the
study.

The impact of these different methods of estimating the free stream wind speeds for each
individual wind turbine as well as the effect of including the aforementioned losses would have been
of interest if the results of the project indicated that further reinforcements of system components
might be necessary. However, when comparing the estimated monthly energy output of one wind
turbine, presented in figure 79, to the corresponding output of the PV-layout, yielding the highest
energy output, the results strongly indicated that no reinforcements would be necessary.

These results are presented in section 8, where the estimated duration curves for both the
wind farm and hypothetical hybrid farm are compared with the known capacity of the substation
transformer to which the wind farm is expected to connect.

As mentioned in the beginning of the report, the base assumption for it to be realistic to
consider PV-installations in what is defined as the tower regions of each turbine, is the fact that
the panels must be portable or easy to remove when maintenance on the towers are required.
Potential solutions for this issue is presented in the following section.
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Figure 79: Vetas V90 Energy output

6.2 Discussion on wind turbine
The wind turbine was, as mentioned earlier, as simple as can be. This was however not an issue,
as the purpose of the project was not to model the wind farm production as accurately as possible.
The production of the wind farm was expected to have substantially higher levels compared to
those of the PV panels and it was really only the magnitude of the power production difference
that was of interest, rather than having detailed and accurate estimation of hourly production of
the wind towers.

Since the wind speed measurements are the only variable for the wind power production, of
course the quality of the data will have a huge impact of the results. However, hourly site specific
data is not easily accessible and to perform own measurements at the farm location would require
expensive equipment and take a lot of time. This has of course already been done by the company
aspiring to establish the Karskruv wind farm, but this data was not accessible for the authors.

According to [50], the preliminary economical calculations of the wind farm project was carried
out with the assumption of mean yearly wind speeds of about 7.3 m/s. The gathered wind speed
data has an average yearly wind speed of approximately 6.7 m/s, validating that the results drawn
from the simplified power calculations are somewhat accurate, in terms of the impact from the
data. For future studies, of course the impact of varying yearly average wind speeds wound be
interesting to investigate. But it was deemed to by outside the scope of this project.

The weather data was only available for the year of 2014, i.e. not compatible with the solar
irradiance data from 2016 and corresponding electricity price data. Since all the power calculations
were performed using solar irradiance data before this issue was observed, the authors settled with
a short investigation of the difference in irradiance data of the year 2014 and 2016. The differences
were deemed to be small enough to not have any impact on the final results of the project.

7 Removable Mounting (A)
A crucial aspect to consider while investigating this system was having a removable PV panel
mounting solution. Unlike other systems where the panels are mounted separately from the wind
turbine towers this system integrates them closely. Because maintenance of the wind turbines
needed to be unimpeded the PV panels had to have a mechanism incorporated which allows for
easily moving them. A few options were considered, and their advantages and drawbacks discussed.
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7.1 Stands (A)
The idea was one inspired by simple benches and more standard mounting equipment. Holes were
to be drilled into the ground in which vertical poles would be inserted for stability. These would
have their top end shaped so as to be able to hold a horizontal beam. These would be placed in
groups of four in a rectangular pattern with each corner in one of the four intercardinal directions,
i.e. one corner in the north-west corner, one corner in the north-east corner, etc. Beams would
be laid across the south and north pairs of poles, respectively, with the tips pointing east- and
westward. These would then serve as mounting beams for the panels. The northern poles would
be taller than the southern poles so as to provide a tilt angle appropriate to the optimal tilt angles
discussed earlier. This is illustrated in figure 80. In figure 81 an explode of the stand design is
displayed.

Figure 80: The stands on which a module/series of modules could be installed.

Figure 81: An example of how the panel could be mounted on the stand.

During maintenance the solar panels would be disconnected and manually stacked in an ap-
propriate area. The beams would be lifted off their poles, the poles would be removed from their
holes, and they would be stacked so as to not impede maintenance and heavy duty equipment. The
benefits of this system would be its simplicity and affordability. Simple light weight metal beams,
or wooden beams, would be sufficient. The holes would have to be covered during maintenance so
as to prevent unaware workers from stepping into them and hurting themselves, which also helps
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prevent dirt build-up while the poles are absent. None of the equipment is deemed too heavy for
manual labour.

The obvious drawbacks are that dependent on how many poles were installed in the ground,
the accuracy of the tilt angles would vary. If there are only two long beams all panels placed on
those beams would have the same tilt making individual tilting difficult. All the poles and beams
would also have to be marked to assure that they are placed back in their original positions after
maintenance has been performed.

7.2 Rail Mounted Tripods (A)
A more ambitious option was rail mounted tripods. Small trenches would be built into the ground,
in which rails were put. A metal pole with an adjustable head and mount for the panel, and a
wheel at the bottom would be placed in the rail. For stability a tripod would be attached to the
body. Each individual panel would have a mount such as this, or could be connected in rectangles
if the mounts are large enough to sustain the weight. The tripod is illustrated in figure 82. The
tripod with a mounted module is displayed in figure 83.

Figure 82: The tripod without a panel

During maintenance the solar panels would be disconnected from the electrical grid, and tilted
vertically. The tripods would be folded in to clear as much space as possible and then entire
contraption could then simply be pushed in the rails to one side of the area, out of the way of
heavy duty vehicles. With this solution the tilt angles can be individually adjusted, and may
even support active solar tracking, allowing the panels to be tilted and rotated so as to follow the
sun’s movements and maximizing insolation. It is also estimated to be quite non-intensive labour
since no heavy lifts are required. This is a more complex and expensive solution than the stands
discussed earlier. A simpler solution would be to replace the rails with wheels and providing a
solid breaking mechanism to lock the mount to the ground while it is supposed to be stationary.

7.3 Discussion on mounting options
The two options for having removable panel mounting are very dissimilar. Since the tilting scheme
chosen was the row specific tilt, there is very little actual need for having the rail mounted tripods,
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Figure 83: The tripod with a panel mounted on its head.

as they would be more expensive. Therefore the stands would be recommended due to their
simplicity and supposed inexpensiveness. They could also be simply elevated by increasing the
length of their legs to increase the elevation of the panels, the benefits of which are discussed
above.

The panels were all assumed to be ground mounted in this study. The performance of the
panels could be improved by using scaffolding/mounting options that would raise the panels above
the ground. Doing so would provide similar results to reducing the tree heights, as the tree heights
relative to the panels would be lower. This would reduce the impact of shading from the trees, but
also slightly reduce the diffuse irradiance connecting with a surface. The question then becomes
how much there is to gain from elevating the panels, and how much this would cost.

The elevation could also increase with each row, from south to north. This could heavily reduce
the effects of inter-row shading, consequently allowing more panels to be installed closer to each
other. This is therefore recommended as an object for future studies. However, this solution implies
that a lot more consideration would be needed regarding the effects of winds in the lower regions
of the tower region. The stands would then have to withstand a lot stronger forces, as winds of
relatively low speeds would render a large lifting force due to the shape and varied heights of the
stands, effectively turning the whole PV section of the tower region into a big sail.

8 Results (T)
Throughout the report, results have been presented corresponding to the investigations of each
section. However, the overall results of the study were considered to be the energy output of the
hybrid farm and the evaluation of whether or not reinforcements were needed for the planed system
components associated to the Karskruv wind farm.

To answer this question, the PV-layout yielding the highest energy production was used when
comparing the monthly output energy of the hybrid solution of one tower region with that of a
single wind turbine. This is illustrated in figure 84.

The monthly production levels do, however, not give information about the peak powers during
the year. To evaluate this, the hourly production was compiled in a duration curve for both the
hybrid farm and the wind farm, as shown in figure 85. These curves are compared with the
substation transformer capacity of 100 MVA [51], through which the farm is expected to connect
to the grid. Figure 86 is a zoomed in image of figure 85, in order to better illustrate the impact of
the PV production.

Compared to figure 84, figure 87 presents the corresponding results for calculations performed
for the scenario of having a tree-height of 5 meters for the surrounding tree-line of each tower
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Figure 84: Monthly energy production of one wind turbine compared to that of one wind turbine
with the additional PV production.

Figure 85: Comparison between the duration curves of the wind farms and the hybrid farm, in
relation to the total hybrid capacity and the capacity of the substation transformer to which the
farm is expected to connect.
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Figure 86: Zoomed image of figure 85, to better see the contribution of the PV panels.

region. Regarding the zoomed in image of figure 86, the imact of having 5 meter tall trees is
clearly illustrated in figure 88.

Figure 87: Monthly energy production of one wind turbine compared to that of one wind turbine
with the additional PV production, tree-wall: 5m
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Figure 88: Zoomed in image of figure 85, adding the case of have the additional PV capacity
associated with 5 meter tall trees surrounding the tower region.

9 Discussion (A/T)

9.1 Electrical connections and risks (A)
The electrical behaviour of the system was not taken into account. Finding current and voltage
levels of the proposed PV system would be needed to justify a connection to the wind power
system. Variables such as frequency response in the collection grid and power spikes, potential
up/down-regulating requirements, are all of interest. This subject is recommended as a future
study, where the goal would be to find the appropriate electrical power equipment to minimize
costs and ascertain sustainable operation of the system.

External risk factors such as falling trees, ice thrown by the wind turbine rotors, animal in-
teractions, mistakes during maintenance, heavy snow, or dirt, were not considered in this study.
A tree falling could destroy many panels in one single incident, ice thrown by the blades provide
a real risk of completely destroying a panel, if the area is inhabited by rodents they could chew
cables, birds could nest in the area, heavy snow could reduce the production, and with accumulated
weight could destroy the panel or its mounting, dirt may reduce the irradiance and consequently
its power production. All of the above examples could be quantified as risks to the physical health
of the system or energy production reduction. These results should then be included in the criteria
analysis to provide a more realistic view of the feasibility of the system. This was deemed outside
the scope of the study, and is therefore recommended as an object for future studies.

9.2 Final results (T)
As can be seen in figure 84, the contribution of the PV-panles of the highest producing PV-layout
is very small. The peak power production of 26 identical PV-layouts was calculated to roughly 1.4
MW, i.e. below the rated value of a single wind turbine. However, although the contribution is
small, the figure clearly illustrates how the PV panels even out the wind farms energy production
over a year. By having higher production during the summer month, when the wind turbine in
general has its lowest production levels.

Even though figure 84 provides strong reason to believe that the additional power produced
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by the total number of PV-panels will not cause the system to violate the capacity restriction set
by the substation transformer, the hourly production was investigated to make sure that this was
indeed the case.

The power duration curves in figures 85 and 86 clearly illustrates that a lot more PV capacity
could be installed without having to worry too much about this peak power restriction. The total
system capacity could in fact almost be doubled before this becomes an issue. Then it might be
relevant to perform an investigation about whether or not it would be most profitable to pay fore
system reinforcements or simply curtail some of the production at peak hours.

The results regarding the monthly energy yield presented in figures 84 and 87 are consistent
with what would be expected after observing difference in energy yield presented in figure 77. The
investigated effects on the production duration curves of the hybrid system associated to 5 meter
tall trees, is illustrated in figure 88. Here it is evident that although reducing the tree heights
resulted in an almost 100% increase in monthly energy production, the contribution to the hybrid
system is just to small in comparison to that of the wind power turbines, to make any larger impact
on the results of the study.

The assumption of having each PV panel equipped with a micro inverter implied that the
inverter efficiency should be taken into consideration during the final energy calculations. However,
as these calculations require a lot of simulation time and the fact that three-phase micro inverters
today have an estimated efficiency of just above 98%, according to [52], the impact on the final
results would be negligible and the extra calculations were deemed unnecessary.

The micro inverters are however associated with a higher initial investment cost compared to
the more conventional central inverter. It could therefore be argued that the system cost of 9.2
SEK per installed watt, presented earlier should be increased to compensate for this assumption.
On the other hand, the results indicate that no reinforcements of the system components of the
wind farm would be necessary. The cost for such components are, as mentioned, also included in
the system cost, meaning that these cost variables might very well cancel out each other. It could
even be further argued that the micro inverter is to be associated with a reduced system cost, as
it has a longer life time compared to the central inverter, which in the long run might cause it to
be the cheapest inverter option after all [52].

10 Conclusions (A/T)
(A) This report analyzes the feasibility of PV in a case specific wind tower region located in
southern Sweden. A method for calculating shadows cast by objects was developed. A method for
analyzing solar irradiance data was researched. A detailed model for calculating the power output
of a selected PV module was created. An economic analysis was performed to investigate the
feasibility of specific coordinates in the tower region and a method to optimally place PV panels
on these coordinates was created. Finally, a wind turbine model was created in order to compare
the simulated energy output of the PV paneles to that of the wind farm.

• (A) The method for simulating shadows for beam irradiance evaluation was deemed valid
and may prove useful for other people trying to evaluate the feasibility of installing PV in
dubious sites. With modifications and more work the model may be used in less uniform
areas, e.g. tilted roofs, parks with uneven edges.

• (T) The PV simulation model was proven to be accurate enough for the purposes of this
project, and a suitable compromise between accuracy and simplicity as well as well being
adaptable to account for simpler calculations of partial module shading.

• (A) The circumstantial properties of the tower regions, such as tree heights, proved to have
a considerable impact on the outcome of the feasibility calculations. Much more so than the
turbine tower itself.

• (A) Diffuse irradiance is the part of the total irradiance most affected by the tree heights.

• (A) Based on today’s figures the LCoE analysis indicated that an economist might not deem
this a worthwhile investment, however the payback time indicates a profit over the life time
of the system.
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• (A) Given the investment cost forecasts and the electricity price increase forecast, the LCoE
criteria will also be met in a few years time, and systems such as this would be even more
profitable.

• (T) The PV placement method, although hard to validate, was deemed good enough to yield,
if not optimal, at least arguably justifiable PV layouts within the feasible area.

• (T) It is feasible, if not even advisable, to convert the proposed wind power farm to a
wind/solar hybrid farm. Especially considering the price forecast of PV modules.

• (A) Going through with the installation and having removable mounting reduces the risk of
competition over land use, consequently reducing one of the largest issues concerning solar
power farms.

• (A) The stands are the preferable option for having the panels be removable because of them
being relatively inexpensive and simple.

• (T) Given the strength of the grid, and the seasonal variations of wind- and solar power
production, no power system reinforcements should be required for safe operation of the
hybrid farm.

10.1 Future Work (A/T)
This section contains areas of interest relevant to the study or subjects to be investigated to increase
the validity of the study.

• (A) A major factor in this study is the economic criterion. A thesis in and of itself could
be the investigation of discount rates and operating costs (i.e. maintenance/cleaning) of a
PV system such as this, and would be highly recommended before making financial decisions
based on this study.

• (A) An in depth risk analysis accounting for as many external risk factors as possible. One
such risk is ice thrown by the rotating wind turbine blades during winter times. Should a
block of ice hit a module it will in all likelihood be completely destroyed. Incorporating a
coordinate based risk analysis for the ice into the criteria would provide coordinate specific
criteria for a cost/benefit scenario and would increase the validity of the study.

• (A) Accounting for foliage while calculating beam irradiance, the tower while calculating
diffuse, and all of the above, trees, and seasons while calculating reflective irradiance may
improve the internal validity of the solar potential study.

• (A) Performing solar potential calculations on a square decimeter (or smaller) basis is very
much possible for further increasing the accuracy. This will exponentially increase simulation
times, why a code more efficient than the ones made by the authors or a stronger computer
would be recommended. This would require a rigorous study/model of PV panel behaviour
during partial shading conditions.

• (T) Performing similar module power calculations as presented in the project, with a more
detailed PV simulation model that better incorporates more advanced partial shading condi-
tions, PV-interconnections and inverter maximum power point algorithms would be of interest
for future studies. Considering both options of central and micro inverters, to evaluate the
effects on the final results.

• (A) A technical in depth analysis of the electrical interconnections and behaviour of the
PV system in conjunction with the wind power system would be recommended in order
to accurately predict the ratings of needed power equipment such as lines, converters, and
transformers.

• (T) For similar projects it would be of interest to account for the effects of the turbine
availability, and thus the shadows cast by the rotor blades. As the rotor blades are very long in
relation to the tower height, it might also be of interest to account for the rotor shadow during
operation of the turbine as well. Other neglected effects such as the reduced PV production
associated with wind tower maintenance would be of interest, i.e. and investigation of the
PV panel availability.

73



• (T) It would also be worth investigating the possibilities of having the PV panels power
the wind turbines with the required energy for services such as pitch- and jaw control, rotor
blade heating etc.

• (T) As the PV placement method is hard to validate, future studies in the area of optimizing
PV placement within a confined space subject to changing shadow conditions would be of
interest.

• (A) While installing the PV panels it may be desirable to use scaffolding of increasing height
as the panels are placed farther north. This will reduce the effect of inter-panel shading,
but might reduce the diffuse irradiance of panels placed farther south based on the blocking
angles, and increase investment costs. This could be investigated as a cost/benefit analysis.

• (A) A deeper sensitivity analysis of the circumstantial variables should be performed. Ro-
tating the area proved very bad for the solar panel performance, why further estimating the
impact of rotating the area could be of interest. The results of this study could motivate
planners to orient the tower regions in such a way so as to maximize insolation.
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