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ABSTRACT 

 
Utilization of solar energy can be a sustainable approach for power generation. Photovoltaic panels and solar thermal 
collectors are used worldwide to convert solar energy into operational power. This paper aims to study effectiveness and 
economic viability of these two devices. An experiment was conducted in an old castle site to assess the performances of 
several PV systems and solar thermal collectors varying in size and design. The produced energy was compared with the 
castle’s annual energy demand where the deficit needs to be purchased from the national grid. Furthermore, Life Cycle 
Costing (LCC) for 25 years and payback period were calculated for these systems to understand which system will be more 
profitable for the castle. For the given case, it was understood that PV system can be beneficial if appropriately designed, but 
not solar thermal collector. Moreover, it was perceived that larger systems or lower LCC values are not always profitable. 
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1.  INTRODUCTION  

For last few decades, concern has been developed across 
the globe to use solar radiation as a green source of energy. 
This abundant energy can be an efficient alternative which 
can lower the use of finite sources of fossil fuel. Therefore, 
utilization of Photovoltaic (PV) Cells to generate electricity 
and solar thermal collector for water heating has increased 
to a great extent at present days. These devices are 
becoming popular as the consumers are being able to cut 
off their bills by producing electricity and warm water 
within their own systems [1]. Yet, it should be noted, these 
products, the initial installation and maintenance costs are 
comparatively expensive [2]. Therefore, it is important for 
the users to evaluate whether implementation of these 
systems is economically beneficial or not.  
 
Sofiero Castle is a heritage owned by the city of 
Helsingborg in Sweden. Nowadays, the building is only 
operating in summer. An abandon open field within castle’s 
possession, was used to install PV system to cover 
electrical demands to some extent. In addition, solar 
thermal collector was also installed which only covered 
domestic hot water (DHW) demand. Several cases were 
developed for the PV system studies, varying the tilt and 
position of panels, number of modules, and DC/AC inverter 
ratio. As for the solar thermal collector, the varying 
parameter for the studies were the collector area which 
resulted to different solar fractions. At the end, LCC 
calculation was conducted for both systems.  
 
 
 

Sofiero Castle was built in 1866 as the crown family’s 
summer house. It went through several renovations after 
operating for a while and it eventually turned into a 
recreational area. Since 1973, this castle is owned by the 
city of Helsingborg and is considered as a heritage that 
needs to be preserved. The palace consists of ground floor, 
1st floor, 2nd floor, and an attic. The opening hours vary 
between seasons. From 17 September 2018 to 12 April 
2019, the park was open daily from 10:00 to 16:00, the 
palace, exhibitions, cafe, and shop were closed. Meanwhile, 
from 13 April 2019 to 22 September 2019, the park, the 
palace, exhibitions, cafe, and shop were open daily from 
10:00 to 18:00. It should be noted that the experiment was 
conducted in 2019. The attic was not in service at that time 
due to its unusable condition [3].  

There are few limitations of this research which should be 
mentioned. This research was conducted considering 
energy demand and production ratio to be uniform for 
whole 25 years. However, there are factors that might alter 
the ratios. For instances, the insulation of the castle might 
deteriorate over time and increase the infiltration rate, the 
number of visitors might increase over time etc. Therefore, 
these events might lead to higher energy demand than 
present condition. For further research, these relevant 
factors need to be calculated for more precise results.  

2.  METHODOLOGY 

The study was performed into three phases. 
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2.1  PV System 

As the electricity demand was given in monthly values, the 
first step was to divide the data into hourly values. 
Considering various activities of the castle during weekdays 
and weekends, two separate daily load profiles for 
electricity needs were prepared. One of the most important 
functions of Sofiero is the restaurant, which offers launch 
and dinner facilities; and these two periods were assumed to 
have increased occupancy level within a day. The weekdays 
load profile was shown in Figure 1. This load profiles were 
later used to calculate the hourly electricity needs for all 
over the year (8760 hours). 

To design the solar system in Sofiero area, DIVA4Rhino 
and System Advisor Model (SAM) application were used 
consecutively. Note that, SAM is an easily operable techno-
economic simulation tool to be used in renewable energy 
industry. National Renewable Energy Laboratory generated 
the software for realistic design, performance assessment 
and anticipations. However, the process was not linear, and 
it required running back and forth between the two 
programs for several times. At first, the parametric study 
was done by using SAM for sizing the PV system. The 
numbers and areas of PV modules for different systems 
were obtained which had different demand-supply ratios. 
Then the combination of four cardinal directions and 
different panel tilts were also analysed for those PV 
systems (Figure 2). Finally, the systems facing South with 
45° tilt were chosen for further studies. 
 

A parametric study was also conducted varying the inverter 
numbers for each PV system previously obtained. Another 
study was conducted by DIVA4Rhino- a 3D modeling tool, 
to locate the most suitable area to install PV system to 
avoid shading from surrounding context (buildings and 
trees) and from adjacent PV panels as much as possible. An 
available PV module with 17% efficiency named Sunpower 
SPR-210-BLK-U was selected. For this model, number of 
modules alongside of row can be one or two, for which 
SAM calculated row spacing 3m and 5m respectively. 
Moreover, shading from surroundings significantly varied 
at 0m and 3m from the ground. Therefore, PV systems were 
simulated with two different row distances and heights. 
Next, to find out the most profitable PV system, the 
resultant hourly production values were compared with 
hourly demand values to check how much electricity was 
still needed to buy and how much overproduction was there 
to sell to the national grid. The buying and selling price 
were considered as 1 SEK/kWh* and 0.6 SEK/kWh 
respectively. The difference between these two values was 
figured as net electricity buying cost. To decide which PV 
system was the most reasonable and beneficial among all 
the obtained systems, an LCC study was conducted later. 
The different PV parameters that have been chosen for LCC 
study could be seen on Table I.  

*1 SEK (Swedish Krona) = Approximately 10 BDT 
(Bangladeshi Taka). 

 
 
 

 
               Fig. 1: Electricity Daily Need Profile for Weekdays 
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           Fig. 2: Azimuth and Panel Tilt Study for Solar Collector and PV System 

 
 

          Table I: PV System Parameters for Parametric Study 
 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
Tilt 45o; Azimuth 180o 

Module Sunpower SPR-210-BLK-U; Efficiency 17 % 
Inverter SMA America-SB4000US 240 V, 4 kWac 

Distance from each PV rows 3 m 3 m 3 m 3 m 5 m 5 m 5 m 5 m 
Height from the ground 0 m 0 m 3 m 3 m 0 m 0 m 3 m 3 m 
DC/AC ratio 1.0 1.2 1.0 1.2 1.0 1.2 1.0 1.2 
Inverter numbers / (pcs) 33 28 56 47 19 16 32 27 
Number of panels / (pcs) 620 620 1 040 1 040 360 360 595 595 
Panels total area / (m2) 771 771 1 294 1 294 448 448 740 740 
Electricity coverage 56 % 56 % 94 % 94 % 33 % 33 % 54 % 54 % 

 
 
For the placement of the PV system, the field as shown in 
Figure 3 and Figure 4 was used. Case 1, 2, 5, and 6 had 
relatively similar footprints including the gap between 
rows, needing + 2300 m2 or approximately 25 % of the 
field. On the other hand, case 3, 4, 7, and 8 needed + 3750 
m2 or approximately 40 % of the field. With different PV 

module numbers on different cases, the footprints ended up 
relatively similar due to different distances between the 
rows which were 3 m and 5 m. Technically, the system with 
5 m gap would need more footprints, but it would also 
provide more available spaces beneath the system.

 
 

              
         Fig. 3: PV System Case 1, 2, 5, and 6 Placement                                Fig. 4: PV System Case 3, 4, 7, and 8 Placement
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2.2  Solar Thermal Collector for Domestic Hot Water 
(DHW) Consumption 

The water consumption of Sofiero was provided as monthly 
values for several years. 50% of the total consumption was 
considered for domestic hot water (DHW) consumption. 
Currently, district heating is being used to heat the water. A 
study was conducted to find out if installing solar thermal 
collector is more beneficial than district heating or not. 
SAM software was used to model the system and calculate 
the DHW production. Analyzing multiple combinations of 
different parameters, it was decided to design south facing 
systems with 45° tilt (similarly as PV system), 85% 
efficiency and with a 700-l tank for the best productions. 
Afterwards, several cases were simulated by gradually 
varying collector areas and numbers. Yet, the variations did 
not differ significantly from each other. Therefore, seven 
cases were presented in Table II to understand 
performances regarding sizes and numbers. From the 
results, apparently most reasonable system was chosen to 
compare with district heating.  
 
 

Table II: Solar Thermal Collector Parameters for 
Parametric Study 

 

 Case 
1 

Case 
2 

Case 
3 

Case 
4 

Case 
5 

Case 
6 

Case 
7 

Tilt 45o; Azimuth 180o; Tank volume 700 liters; (τα) 85 % 

Collector 
area 8 m2 8 m2 10 

m2 
10 
m2 

10 
m2 

15 
m2 

15 
m2 

Number 
of       
collectors 

5 10 5 10 15 5 10 

Total 
collector 
area 

40 
m2 

80 
m2 

50 
m2 

100 
m2 

150 
m2 

75 
m2 

150 
m2 

Energy 
demand 
coverage 

10 
% 

11 
% 

10 
% 

11 
% 

12 
% 

11 
% 

12 
% 

 

2.3  Life Cycle Cost (LCC) Calculation 

To support decision making in different systems, LCC 
analysis was needed to be conducted. The inputs that were 
used for LCC calculation can be seen in Table III. 
 
 
 
 
 

 
Table III: LCC Inputs for PV System [4, 5, 6, 7, 8, 9, 10] 

 
PV System 

PV module price / (SEK / pc) 780 
Inverter price / (SEK / pc) 7 000 
Inverter controller price / (SEK / 5 pcs) 800 
Wire price / (SEK / PV module) 50 

Installation cost on the ground PV 50 % of     
system cost 

Installation cost 3 m above the ground PV 75 % of     
system cost 

Transportation cost / (SEK / PV module) 150 
Maintenance cost / (SEK / m2) 50 
Calculation time 25 years 

Inverter change 10th and 20th 
year 

Real interest rate - 2.5% 

Real electricity price change - 1 % 
Real inverter price change - 10 % 
Real maintenance cost price change 3 % 
Real district heating price change 4 % 

 

3.  RESULTS AND DISCUSSION  

3.1  PV System 
 
With PV system it is not always possible to meet the total 
electricity demand. In Figure 5, monthly electricity supply 
by 8 different PV systems could be seen. The biggest PV 
system (case 3 and 4) were able to cover up to 95 % of total 
annual demand with a large amount of overproduction. On 
the other hand, the smallest PV system (case 5 and 6) were 
producing only 33% of total need, so a good amount of 
electricity was still needed to buy. In the middle range, PV 
system in case 1, 2, 7 and 8 could cover 56-54 % of annual 
electricity demand. It was observed that changing the 
inverter numbers did not change the productions 
significantly. 
 
The PV system production values for all 8760 hours of a 
year were checked to know how many kWh of electricity 
was still needed to buy and how much overproduction was 
there to sell to the grid, it was presented in Figure 6. As the 
selling price was considered lower than the buying price, 
none of the systems could have profit from overproduction. 
 
But as it was a source of income, the difference between 
buying and selling price was included into further LCC 
calculation. It was understood that, covering more 
electricity needs than selling to the grid was more 
beneficial. Therefore, producing electricity in huge amount 
with a larger system is not always a good solution. 
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Fig. 5:  Electricity Demand vs Supply for PV System 
 

                    
Fig. 6: Profit/Loss Analysis for PV System 

 
 
The LCC analysis in Figure 7, presented that PV systems of 
case 3 and 4 required the highest initial and maintenance 
cost. On the other hand, the smallest PV system (case 5 and 
6) can be considered more profitable within the 25 years of 
life span even though the systems covered only 33 % of the 
annual electricity demand. Another preferable options 
might be either case 1, 2, 7 or 8 which covered around 55 % 
of annual electricity demand. Beside the LCC analysis, it is 
also worth to mention that placing the PV system 3 m 
above the ground (case 3, 4, 7, and 8) should be preferable 
so the land underneath could be used for other purposes. 
The result showed that the systems with additional 
construction had 3 % of additional cost in 25 years life 
span. 

Moving further to payback analysis, Figure 8 was showing 
the payback study for different PV systems in comparison 
to a condition where no PV system was being installed. It 
should be mentioned that this calculation did not include 
the taxing system and inverter operating cost. From the 
graph, it could be seen that the payback period varied 
between 7-13 years. Case 5 and 6 had the fastest payback 
period within 7 years, followed by case 1 and 2 within 9 
years, case 7 and 8 needed 10 years to get a payback, and 
case 3 and 4 had the longest payback period in 13 years. It 
could also be concluded that varying the DC/AC ratio from 
1.0 to 1.2 did not have noticeable impact on both the LCC 
and payback period. 
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Fig. 7: LCC for PV System 

 
 

           
Fig. 8: Payback Analysis for PV System 

 
 

3.2  Solar Thermal Collector for Domestic Hot 
Water (DHW) Consumption 

 
The DHW supply by solar collectors of 7 different sizes 
were presented in Figure 9. Clearly, the productions did not 
vary significantly with changing the areas and numbers of 
the solar collectors. They could possibly cover 10-12% of 
total DHW needs. That is because the solar collectors are 
only capable to provide for a limited amount irrespective to  

 
the size of the systems. From the LCC analysis between 
case 1 and District Heating, it was observed that, installing 
solar collector was able to save only 30,000 SEK of 
operating cost for a 25 years of life span and in addition, it 
required a very high initial cost. Therefore, as the district 
heating is quite low-priced (0.1295 SEK/kWh), solar 
collector can never be a good investment over it.  
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Fig. 9: Electricity Demand vs Supply for Solar Collector 
 
 

 

4.  CONCLUSION 
 
In PV system, beside the LCC analysis, other aspects also 
need to be considered. In this case, having the PV 3 m 
above the ground (case 3, 4, 7 and 8) will result to higher 
initial cost due to more construction works. However, it 
might still be preferable as the space underneath the PV 
system can be used for other purposes. Another 
consideration is, having PV panels 3 m above the ground 
will result to have less shading by the surrounding trees and 
building. In that case, the PV system will be able to operate 
more efficiently. 
 
Varying DC/AC ratio for inverter sizing does not cause 
perceptible changes in production and LCC calculation. 
However, the LCC calculation has conducted without 
taking inverter operating cost into account. Including the 
tax system and inverter operating cost might result to 
different LCC for all PV system cases but the differences 
would have been similar. 
 
Case 5 and 6 which have the lowest LCC value and only 7 
years to reach the payback may not be preferable as more 
space will be occupied on the ground and a lot of shading 
might occur from the surrounding trees and building. On 
the other hand, case 7 or case 8 with 10 years of payback 
can be a preferable selection as they have only a bit higher 
LCC value but provide more production and more usable 
space both underneath and in between PV rows, which can 
be used for various functions.  
 
After conducting LCC analysis only for solar collector 
operating cost, it occurs that implementing solar collector 
system is not profitable at all. 
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