
 
 
 

 

Master Level Thesis 

European Solar Engineering School 

No. 248, Sept. 2018 

 

 

Concentrating Collector for 
Torsång District Heating System 

 

 

Master thesis 15 credits, 2018 
Solar Energy Engineering 

Author:  
Artem Filatov 

Supervisors: 
Chris Bales 
Olle Ollson 

Examiner: 
Ewa Wäckelgård 

Course Code: EG3011 

Examination date:  2018-09-17 

 

 

K 

 

  

Dalarna University 
 

Solar Energy 

Engineering 



i 

 



ii 

Abstract 

In this thesis report for Dalarna University in Borlange and Absolicon company the study 
of a possibility to add an array of concentrating solar collectors to a Torsång district 
heating system was done. The whole idea of this work was to make a simulation of this 
kind of system, trying to get 15-20% of solar fraction, and make an economical evaluation. 

At the same time, another goal was to make two comparisons: between concentrating and 
flat-plate collector in the same system, and between two tools for collector analysis – 
Polysun and Absolicon tool, based on TRNSYS, which was designed to estimate the 
output of the collector for a certain temperature, without any load. 
 
During the study, the analysis of the simulating tools was made and the combination of 
those two tools was used: Polysun was used to assume the system layout and monthly 
mean operating temperatures of the field, and Absolicon tool was used to get the accurate 
value of the solar collector field based on the assumption that both collector fields are 
adjusted to work at same monthly mean operating temperatures. 
 
Using long iteration cycles, involving changing the field layout, number of collectors and 
distance between collector rows in flat-plate collector case, both types of collectors were 
analyzed. The method of the analysis was to get an equal output of the field and see the 
differences, which appear while using different collector types.  
 
As the result, 15% of solar fraction was reached by 120 flat-plate collectors with total gross 
area of 1628 m2, and by 288 concentrating collectors with total gross area of 1804 m2, and 
the cost of the flat-plate system was 1.64 million SEK (almost 26 %) less, than for 
concentrating one. As well, as LCOE for the flat-plate system was 0.55 SEK/kWh, 
comparing to 0.71 SEK/kWh for concentrating collector field.  
 
20% of solar fraction was reached by 170 flat-plate collectors with total gross area of  
2307 m2, and by 396 concentrating collectors with total area of 2481 m2 with East-West 
direction of tracking axis. Here the cost of the flat-plate system was 1.3 million SEK lower, 
than for concentrating one, as well, as LCOE for the flat-plate system was 0.57 SEK/kWh, 
comparing to 0.66 SEK/kWh for concentrating collector field. 
 
For the all analyzed range of solar fraction, the flat-plate collector appeared to be 
economically better choice, than concentrating one, mainly because lower cost per m2. 
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Abbreviations 

Abbreviation Description 

AOM Annual cost of operation and maintenance 

ATES Aquifer thermal energy storage 

BTES Borehole thermal energy storage 

EW East-West  

FPC Flat-plate collector 

LCOE Levelized Cost of Electricity 

NS North-South  

PTC Parabolic trough collector 

PTES Pit thermal energy storage 

SF Solar fraction 

TED Total energy demand 

TTES Tank thermal energy storage 

TRNSYS Transient System Simulation Tool 
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Nomenclature 

Symbol Description Unit 

α1 Thermal transmittance W/(m2·K) 

α2 Quadratic heat loss coefficient W/(m2·K2) 
β Tilt angle of collector ° 
βF Slope of the field in the South direction ° 

γ Azimuth to the south.  ° 
η0 Zero-loss efficiency - 

ηCOL Thermal efficiency of collector - 
ηB Boiler efficiency - 

ϴ Incident angle on collector surface ° 

ϴPTC Collector tilt angle ° 

A Area of collector m2 
AC Annual collector field energy output kWh 

ACS Annual cost savings SEK 

AES Annual energy savings SEK/kWh 
b0 Incident angle modifier - 

CT Cost of storage tank SEK 
CHE Cost of heat exchanger SEK 

СACM Cost of annual operation and maintenance SEK 
d Discount rate - 

DA Distance between tracking axes of parabolic collector m 

DR  Distance between rows of flat-plate collector m 
fbs Fraction of total array area that is shaded from beam 

radiation 
- 

fbs,1 Fraction of area of a single row of collectors that is 
shaded by an adjacent row 

- 

Fg Overall view factor from the collector array to the 
ground in front of the array 

- 

Fgs Overall view factor from the ground between rows of 
collectors to the sky 

- 

Fsky Overall view factor from the collector array to the sky - 
F/

g Overall view factor from the collector array to the 
ground between rows 

- 

G Average radiation level per m2 W/m2 

GY Average yearly amount of radiation per m2 kWh/m2 
I Total unshaded horizontal radiation per unit area W/m2 

IbT Unshaded incident beam radiation per unit area W/m2 

I/
bT Unshaded incident beam radiation per unit area on the 

field slope on which collectors are mounted 
W/m2 

IbTs  Incident beam radiation per unit area including 
shading effects 

W/m2 

IdT Unshaded incident diffuse radiation per unit area  W/m2 
IdTs Diffuse incident radiation per unit area including 

shading effects 
W/m2 

I/
dT Unshaded incident diffuse radiation per unit area on 

the field of slope βF on which collectors are mounted 
W/m2 

ITS total incident radiation per unit area including shading 
effects 

W/m2 

Kd Coefficient of diffuse radiation - 

shaddk  Dynamic coefficient for diffuse radiation - 

N Number of rows - 
M Main initial investment MSEK 
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P Distance between planes that contain sun and each 
axis of a single axis tracking system 

m 

Q Collector annual energy output kWh 

Rg Reflectance of the ground - 

Rd Distance between rows of any type of collector m 
S Real distance between rows of field m 

SF Solar fraction - 
T Mean system operating temperature °C 

Tamb Ambient temperature °C 

Td Total energy demand Wh 
Tdp Discounted payback period Years 

∆Tlog-mean Temperature difference in heat exchanger °C 
UA  Heat transfer rate of heat exchanger W 

UL Coefficient of thermal losses - 
WA Width of collector aperture m 

WR Width of the collector row m 
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1 Introduction  
 
The Sun was always considered to be a source of free heat energy, which can be used in 
space heating systems. The solar energy received by the earth during one hour is more than 
the total annual energy demand, the task is only to get all this. The biggest problem is, that 
the cost of solar thermal systems is still too high to make these systems competitive on the 
market. The situation is starting to change with rising fuel prices, but it is not changing fast 
enough. And there are several ways to deal with this issue. Using solar powered thermal 
systems along with ordinary fuel boilers in district heating is one of the best possibility to 
reduce carbon emissions, use of fossil fuels and produce more cost-effective heat energy.  
 
The performance of thermal collectors was improved in last years, and more systems are 
being installed to produce heat and domestic hot water. The main idea nowadays is a 
combination of solar thermal panels and a biomass boiler, which allows to get the best 
ecological and economical performance, as possible. However, there is one main limit for 
these systems – a value of upcoming solar irradiation per m2, which restricts the maximum 
possible power, making engineers to increase the size of the required collector area. 
Sometimes this increase is limited due to economical, environmental or even physical 
reasons. 
 
The other way to increase the performance of the system is to use concentrating solar 
collector.  In concentrating type, the gross and aperture area of collector is significantly 
different from absorber area. Upcoming solar energy firstly goes on concentrator, which 
reflects it all to small receiver, and receiver transfers it to the flowing fluid. Despite their 
higher cost, concentrating collectors have various advantages over flat-plate collectors, 
especially because of possibility to work with higher temperatures with lower heat losses. 
The range of value of concentration can be very different, and this increases the operation 
temperature as well as the amount of heat collected in a given area, automatically rising the 
thermodynamic efficiency. Focusing energy on relatively small receiver area also leads to 
significant reductions of convective heat loss.  
 
For this time, various studies have been made about possibility of using concentrating 
collectors in large heating systems in Nordic countries. As the best example, the Danish 
Aalborg CSP installed a concentrating field in Brønderslev, with 16.6 MW thermal power 
and 27000 m2 mirror area. [1] Now, the Absolicon company is interested to use a solar 
thermal collector in district heating system in Torsång, and there is a choice between 
concentrating (PTC) and a flat-plate type (FPC). For this moment, this district is supplied 
by 1.5 MW pellet boiler, and the idea of this thesis work was to analyze possible 
combination of existing system and a concentrating solar thermal collector. The computer 
model was used to see the possible benefits, comparing the combined system with a flat-
plate type. 
 

 Aims 

 
This thesis work had two main goals to complete: make a comparison between flat-plate 
collector and the concentrating one, especially Absolicon T160 and HT Heatstore 35/10, 
which is currently one of top-rated flat-plate collectors, due to its efficiency. The 
interactive simulating tools, as Polysun [2] and Absolicon tool, based on TRNSYS [3], 
were used to size the collector field for the specified location.  
 
The first comparison was done by analyzing the output of two different collectors, with an 
assumption, that they were kept at same mean operating temperatures. Two cases were 
compared: 15 % and 20 % of solar fraction in the system, achieved by different types of 
collectors. In addition, tools and their strengths and weaknesses were analyzed during this 
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stage. In addition, the second comparison was economical evaluation: checking the cost of 
the collector field for both cases of solar fraction.  
 

 Method  

 
The main idea of a modelling a system was not only to get the best results from a chosen 
concentrating solar collector, but also make a simulation with maximum possible accuracy, 
which required careful analysis of simulation tools. According to this, this project was 
planned to have a following structure: 
 
Stage 1: boundary conditions. A stage, where the collector parameters were defined, and 
the proposed site was analyzed to get the best layout for the collector arrays. Tools used: 
Google Sketchup, ArcGis Arcscene and Heliocope to model a terrain and measure the 
available area. 
 
Stage 2: Polysun model. Creating two simple models of district heating system with a 
flat-plate collector to obtain 15% and 20% of solar fraction in each case, with as least as 
possible time of stagnation. Those models should be used only as reference for monthly 
mean operating temperatures of collector and values of total consumption per each month 
and a year. Also, this model provides a value of required amount of solar thermal energy, 
for use in further analysis, as required collector output.  
 
Stage 3: Collector field analysis. Here, using the Absolicon tool, the best shape and 
layout of the collector field was designed, to obtain the required value (equal to 15 % and 
20 % of solar fraction in each case) of energy output. The first comparison by energy 
output was done with the assumption that collectors work at same average temperatures, 
obtained from the reference Polysun model on the previous stage. Because of changing the 
layout and the number of collectors, which changes also the impact of shading, the 
iteration cycle was used at this stage, until the goal values were reached. 
 
Stage 4: economical evaluation, which was done by simple calculations in Microsoft 
Excel for four analyzed cases: flat-plate and concentrating collector field for 15% and 20% 
solar fraction. 
 

 Software 

 
The main software for this project were Absolicon tool, based on TRNSYS, and Polysun 
10.6.  
 
At this point, Polysun is provided as visual and user-friendly tool, which is capable to 
simulate almost all kinds of PV or thermal systems. This tool runs a dynamic simulation to 
design solar systems by calculating energy performance, as well as their profitability. It 
simulates the whole designed system, and gives the detailed output for performance of 
each components. 
 
However, it has several critical weaknesses from the very beginning. According to the 
collector shading calculator, included in Polysun (Figure 1.1), it is possible to say at first, 
that it cannot simulate dynamic row-to-row shadings for a collector with tracking system. 
As well, as there is no possibility to define the number of rows for a collector with fixed 
tilt, which could also make an influence. 
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Figure 1.1 Polysun shading calculator 

 
Other weaknesses can be seen from the base structure of Polysun. It uses only a defined 
range of settings, not allowing the user to have access to initial code and equations used 
for simulation. These two made Polysun unable to do all the work, so it was used only to 
create reference models with monthly values of consumed energy, useful solar thermal 
energy in the system and monthly average operating temperatures for the collector field. 
 
Absolicon tool, in comparison to Polysun, is non-commercial product, available only by 
request. It has almost no visual interface, in general, being a script, which is based on 
TRNSYS [3] components. It was designed to simulate the behavior of shaded collector 
field, according to the number of rows, width of the row and distance between them, as 
well, as heat properties of collector. The number of inputs, compared to Polysun to define 
the collector field, was bigger – Absolicon tool includes ground slope and the number of 
rows in addition.  
 
The main disadvantage is, that it does not perform dynamic simulation, analyzing the 
behavior of the collector field at certain temperature, defined from the beginning. It has no 
possibility to include the load in simulations. Further problem appeared, that both tools 
use different input weather files. It was found, that those files contain different data too, so 
there was no possibility to convert one to another to make clear comparison. 
 
Inability to have a dynamic simulation was the main critical point for this project. So the 
combination of both tools was used, using their strengths and avoiding their weaknesses. 
Main explanations and assumptions for modelling are written further. 
 

 Previous work 

 
Plenty of studies had been made about both types of collectors, since they were invented, 
and various solar heating systems were mounted and are operating at this time. As the 
goals of the work are to make a comparison using various tools, there is a point to 
mention software and methods, which are being used for this. 
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The first computer programs with objective to model and simulate the dynamic behavior 
of solar energy systems have been created in 1970-s. [4] That was the time, when the 
investigation of alternative energy sources only began, and since then the quality of 
software was significantly improved, as well as number of tools available to use.  
 
For this time, there are several main simulation tools for the district heating systems, which 
should be mentioned: Polysun, EnergyPro, TRNSYS, RetScreen, possible SAM. [5] 
However, the EnergyPro [6] allows only to use flat-plate or evacuated tube collectors, and 
not the concentrating ones, and the RetScreen has very poor modelling engine for that 
case [7].  
 
All of the other simulating software for different types of collectors are using almost same 
pattern – the weather data from Meteonorm [13] or other weather databases, which 
includes mostly three main components – irradiation, wind speed and ambient temperature 
during the year. Then there it goes a cycle of calculations, based on energy input and 
output from the collector, day to day, hour by hour, depends on the chosen simulation 
interval. For this time it is almost only possible idea to make calculations of solar systems; 
and the main variations are in optical models of collectors or range of software functions.  
 
Similar comparison between FPC and PTC was made in Denmark, while studying Aalborg 
CSP with special Excel tool. [1] Despite there were completely different collectors and 
significantly bigger collector field, despite the fact, that this tool was capable only for 
collector analysis, not for system simulations, the results of this work could be considered 
as main reference. 
 

 Theoretical background 

 
According to the goal of the project, main properties and differences of both types of 
collectors were studied in this section, as well, as the structure of the district heating 
system with a boiler and solar collector field.  

1.5.1. District heating system 

 
By the definition, the district heating system is a big infrastructure, designed to deliver heat 
by the pipe networks via hot water, which goes to the connected buildings and gets back 
to be heated again. Solar thermal collector field can be integrated in the main heating plant 
by two possible ways: central (with own storage to get more efficiency) and distributed 
(directly connected to the hot water network without the storage). Most of modern district 
heating systems are built in first concept, and there is a solar part, thermal storage and the 
auxiliary heater. The possible structure of the district heating system of first type is shown 
on Figure 1.2. [8] 
 

 
 
Figure 1.2 Possible sketch of a solar heating system with a biomass or gas boiler [8] 
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1.5.2. Main components of solar district heating system 

 
The main part of the solar district heating system is definitely the solar collector field. In 
general case, two base types of collectors can form it: concentrating and non-concentrating 
one. [9] In this particular case there were only two possible types of collectors to form a 
collector field: the parabolic with single axis tracking and the flat-plate with fixed tilt.  
 
The flat-plate collector is the most common case for all the heating systems around the 
world. It is, in general, a dark-painted plate with high heat conductivity, available to absorb 
the upcoming irradiation and then transfer it to the heat carrier fluid in tubes on the other 
side of the plate. This side of the absorber plate and are usually covered with thick 
insulation to reduce heat losses. A transparent glass cover is typically used in modern FPC 
to reduce reflection losses from the absorber plate. The heat carrier tubes can be welded to 
the absorbing plate, or they can be integrated inside, depending on the model of the 
collector. The typical structure of the FPC is shown on Figure 1.3. 
 

 
 

Figure 1.3 Flat-plate collector 

 
FPC are usually installed at fixed position and require no tracking of the sun. The 
collectors should be oriented directly towards the equator, which means turned South in 
the Northern hemisphere, and North in Southern. The optimum tilt angle of the collector 
is equal to the latitude of the location with angle variations from +15° to maximum 
possible output in summer, and -15° to get maximum output in winter. [10]  
 
Parabolic trough technology is the most advanced of the solar thermal technologies 
because of considerable experience with the systems. [9] This collector typically is made 
from a parabolic-shaped sheet of reflective material, and the coated tube, which is an 
absorber. When the parabola is facing the Sun, rays are reflected from the mirror to the 
receiver tube. Some collectors have also a transparent glass cover, to reduce convection 
losses from the mirror and absorber. Typical structure of PTC is shown on Figure 1.4. 
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Figure 1.4 Parabolic trough 

 
The most regular case of PTC has one axis tracking, and due to that, the length of module 
is significantly larger, than their width. The tracking system orientation can be East–West 
(EW), tracking the Sun position over the year from North to South, or North–South (NS) 
and tracking the Sun from East to West during the day. The performance profile of the 
year also is different. Over the year, a horizontal NS collector usually collects slightly more 
energy than a horizontal EW one, but for the NS case the most output is obtained in 
summer and much less in winter, and EW case allows to get more constant annual output.  
 
When amount of energy from the collector is larger, than the energy demands, the thermal 
storage needs to be installed in the system, to cover the variation between demands and 
solar irradiation. There are four main types of large-scale thermal energy storages, which 
are used worldwide in district heating systems. Those concepts shown on Figure 1.5, as the 
tank and pit thermal energy storage (TTES and PTES), borehole thermal energy storage 
(BTES) and aquifer thermal energy storage (ATES). [11] 
 

 
 
Figure 1.5 Types of thermal storages [11] 

 
Tank storages can be two types by placing, ground-buried and above ground, which makes 
an impact on the cost and materials of the construction. Typically, above ground tanks are 
not larger, tan 200 m3. Unpressurized tanks can be heated up to 95 °C. 
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Pit storages are made without any upside constructions, and, by the definition, are entirely 
buried in the ground. This construction is mostly used to store very large amounts of 
heated water. Maximum storage temperature could be up to 90 °C. 
 
In borehole storages the underground is used as a storage material, and there is no exactly 
separated storage volume at all. Heat is charged and discharged by special vertical heat 
exchangers, which are installed with a depth of 30 m to 100 m below the ground surface. 
Also, compared to previous two types, there is not vertical, but a horizontal stratification 
from the center to border layers. That is, because the heat is driven not by convection 
between layers, but by conduction. [11] And the walls are not insulated in mostly all cases 
due to no access to them.  
 
Aquifers are underground and water-filled sand, gravel, sandstone or limestone layers with 
high hydraulic conductivity. If there are impervious layers above and below and no or  
only low natural groundwater flow, this can be used for thermal energy storage. In this 
case, two wells (or more, for inlet and outlet group) are drilled into the aquifer layer and 
serve for extraction or injection of groundwater. This construction is used to store large 
amounts of water on temperatures around 50 °C or lower, and cannot be insulated because 
of inaccessibility.  
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2 Measurements, simulations, calculations  
 

 Boundary conditions 

2.1.1 Place for installation 

 
The collector array was designed to be installed in Torsång near Borlänge, Sweden. The 
coordinates of the place were 60.474875 N, 15.562405 E at Google Maps, and there was a 
big, but definitely not flat field with more than 16000 m2 of total size. As it seemed to be 
not possible to use it all because of trees and slopes, the site required to be analyzed more 
carefully. Due to having large and non-linear area, the choice was made to use simulation 
software and elevation map, instead of doing direct measurements on the place. Figure 2.1 
shows the field view on the Google Maps [12] and on the Hitta.se [13], to show the 
difference between old picture and new one, because the map, used for further analysis, 
was only for the old version. 
 

  
 
Figure 2.1 The satellite map of the field (right – old picture from Google Maps, left – updated view from 
Hitta.se)   

 
Figure 2.2 shows the current state of field for the middle of April, 2018. And here it is 
possible to see some high trees, which are growing close to each other. This could provide 
undesirable shading losses, and that was the next step to analyze the situation. 
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Figure 2.2 The picture of the field, chosen to install solar collectors 

 
Arcgis Arcscene [14] and Google Sketchup [15] were used to make a terrain layout, by 
making topographic contour map shown on Figure 2.3. It was created by slicing given grid 
in layers with 0.5 m step in height per each. Then it was decided not to smooth the surface, 
because it describes the situation better and had no impact during shading analysis. Also, 
trees were modeled just like random high object – as it can be seen at Figure 2.3, they are 
so dense, that in summer they can form an almost solid walls. The form and the height of 
the trees were sized according to the height and width of nearby buildings, as a rough 
assumption. 
 

 
 
Figure 2.3 Sketchup map of the field, used to analyze ground slopes 

 
As the location was defined, there was the time to define proper place to install the 
collectors. Made by Helioscope, the 2.4 shows the possible surface, which can be surely 
used for that purpose. The total area of it was 9150 m2, and the average slope was 
measured to be 8°. The shape was almost equal to trapeze, with 150 m length, and 36 m 
and 86 m bases. 
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Figure 2.4 Assumed part of the field to place collectors (left picture shows updated view, explaining why 
collectors cannot be installed on all left side of field) 

 
The total number of collectors, that could fit in this area, could be found by simple 
calculations, using geometric dimensions of each collector. But, before that, it was required 
to get the value of energy needs from Polysun, and find out the best position of the 
collectors on a slope, as well as choose the better tracking direction for the PTC case, 
which can make an influence for the field layout. 

2.1.2 Collector input data 

 
For this project the two models of collectors to use were already defined: Absolicon T160 
and Arcon Heatstore 35/10. Absolicon T160 is a parabolic collector with glass cover and it 
comes as an installation in a pack of four collectors per unit with a one-axis tracking 
system. Also, this pack gives a restriction for connection layout: packs can be connected in 
different ways, but there is only a series connection between collectors in a pack. Heatstore 
35/10 is a large flat-plate collector with glass cover, coming with no tracking system. 
Further data from the official datasheets [16] and [17] is listed in Tables 2.1 and 2.2. 
 
Table 2.1 General collector parameters 

Parameter Absolicon T160 Arcon Heatstore HT 35/10 
One collector length, m 5.75 5.96 

One collector width, m 1.095 2.27 

Length of the collector pack, m 6.4 - 

Width of the collector pack, m 6.87 - 

Distance between collectors, m 1.4 - 

Aperture area, m2 5.5 12.6 

Gross area, m2 6.296 13.57 

Absorber area, m2 0.65 12.6 

Operating temperature range, °C 60-160 30-110 
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Table 2.2 Collector coefficients for simulations 

Coefficient Absolicon T160 Arcon Heatstore HT 35/10 
Zero-loss efficiency, η0 0.766 0.737 

Coefficient of diffuse  
radiation, Kd 

0.086 0.93 

α1, W/(m2·K) 0.3677 2.067 

Incidence angle modifier, b0 0.21 0.18 

α2, W/(m2·K2) 0.00324 0.009 

 
Those coefficients and geometrical parameters were used in further simulations and 
calculations.  
 
Valuable note: for the East-West tracking case the pack was considered turned by 90°. For 

the flat-plate collector incidence angle modifier b0 was calculated manually from Kϴ from 
test data.  
 

2.2 Collector field in Absolicon tool: model and assumptions 

 
The Absolicon tool was designed by Absolicon company mostly to calculate shading losses 
and the theoretical energy output per 1 m2 of shaded collector field. This is, generally, a 
part of TRNSYS [3] engine with basic equations, and the controlling script file, which runs 
three base TRNSYS types, which, actually, can be changed. There is Type 16 – the 
radiation processor, which defines the simulated radiation output, Type 15, which is 
responsible for climate data, and Type 30: Collector array shading, which defines row-to-
row shading influence. 
 
Type 15 was used in a combination with a tilted surface radiation mode of Type 16, with 
user-defined weather file and defined Perez model for solar radiation calculations. Ground 
reflectance with and without snow were assumed for same value 0.2 (no snow on the 
field). Type 30 was used for all the shading calculations: mode 1 – for FPC, and in mode 2 
for PTC, which is restricted to the assumption, that collectors utilize only beam radiation. 
In addition, Type 65 (online plotter) and Type 25b (file writer) were used to print out the 
output of the calculation. 
 
The main thing to analyze for getting proper results of shaded collector, was Type 30: 
Collector array shadings. Both modes are shown in figures 2.5 and 2.6, where DR – 
distance between rows of flat plate collectors in a field, Wa – width of the collector row,  
β – tilt angle of collector, βF – slope of the field in the South direction, γ – azimuth to the 
south.  
 

 
 
Figure 2.5 Flat-plate collectors – mode 1. [3] 
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Figure 2.6 Concentrating collectors – mode 2. [3] 
 
And here appeared the main weakness of Absolicon tool: the collector ground slope 
orientation is defined for any cases, which in this particular case was South. Neither for 
FPC, nor for PTC the tool cannot handle other slopes. Also, there is no possibility in the 
interface to define the slope for collector and axis azimuth separately, and the reference 
value was only axis direction. This made the first and the main assumption: slope of the 
field where the collectors are to be placed, as it is 8° from West to East, has no impact to 
the shading losses and the surface is assumed to be horizontal in all directions, because of 
North-South slope was equal to zero, according to the map.  
 
The main impact in both modes was from the shaded beam radiation. And the main thing, 
which was allowed to change in the user interface, was number of rows – N, which was 
included in following chain of equations: [3] 
 

bs bs,1

( 1)N
f

N
f


  Equation 2.1 

 

bs,1 a
max((1 / ).0)f P W   Equation 2.2 

                                              

a F
cos( )P D     Equation 2.3 

 

bTs bs bT
(1 )I f I   Equation 2.4 

 
Equation 2.4 defined the shaded beam irradiation for the PTC in mode 2, and the IbT there 
was the incident beam irradiation on unshaded surface.  
 
For the mode 1, which was used for a flat-plate collectors, the shaded beam irradiation was 
defined by Equation 2.5. 
 

/ / / /

bTs bs bT sky dt g g g bs g bT gs g dT
(1 ) ((1 ) )I f I F I R F I R f F I F F I        Equation 2.5 

 
Here IbT is the incident beam radiation on unshaded surface, and fbs is the fraction of the 
collector array area, which is shaded from direct beam radiation. IdT and I are the diffuse 
and total radiation on a horizontal surface. Fsky and Fg are the view factors from the 
collector to the sky and ground, calculated automatically using input data. The ground 
reflectance is Rg, which was already defined above. The final term in Equation 2.5 is 
corresponding same factors, but between rows. This equation was default in the Type 30 
and couldn’t be changed. 
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Another limit of the tool was the energy gain calculation. This was done with Equation 2.6, 
and this is, generally, an optical efficiency of the collector, multiplied by 1 m2 of aperture 
area and taking into account thermal losses, calculated for a defined mean operating 
temperature. 
 

2

0 bTS 0 0 shadd dTS 1 amb 2 amb

1
( (1 ) 1 3.6 ( ) 3.6 ( ) )

cos( )
Q A I b k I T T T T   


                 

 
 
 

  

Equation 2.6 
 

Here ϴ is incident angle on collector surface, which is calculated separately for different 

types of collector in process of simulation, as well as 
shaddk - the dynamic coefficient for 

diffuse radiation, provided from Absolicon by Equation 2.7. 
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 Equation 2.7 

 

Here WA is collector aperture width, Rd – the distance between rows, ϴPTC was the collector 
tilt angle. Equations 2.62.6 and 2.7 were used for both types of collectors. 
 
But, there still are several other weak points. According to equations above, the model 
cannot simulate a field with complicated shape, only rectangular. Also, the model assumes, 
that parallel PTC and FPC can be considered as one row without gaps. No obstacles are 
considered to have an influence. 
 

2.3 Reference system model in Polysun: assumptions and 
limitations 

 
According to the very short analysis of Polysun in chapter 1.3, the reference model of 
Torsång district heating system was made only with flat-plate collector field, and with 
several assumptions and limitations.  
 
First assumption: the storage tank was simulated with default 12-layer model, because of 
its enough accuracy for the reference analysis stage. The size of storage tank was defined 
by a thumb rule, as 75 l per each m2 of collector gross area. [18] 
 
Second, and the main assumption also was the result of chapter 1.3: the collector field was 
simulated without shadings at all. Knowing, that doing this could cause huge uncertainty to 
the energy gain profile, as well as to the performance of the system, no output values of 
collector field were used in further simulations, except the operating temperature, 
assuming, that it can be kept the same in real field by the flow rate controllers. Values of 
boiler output and energy demand were not affected by that assumption by the definition. 
 
The main goal of the reference model was only to get monthly mean operating 
temperatures of the collector field and energy output values. Using the load profile from 
similar project [19], the system was sized in two cases of 15 % and 20 % of yearly solar 
fraction.  
 
Here were used the Meteonorm 6 database and 110 m, as value of elevation (based on the 
map in chapter 2.1.1), 5 °C average yearly temperature, and site description – Valley. Wind 
impact fraction was assumed to be 50 %, time zone was 2h+, orientation and rotation 



17 

were defined to 0°, as the FPC was facing south by the definition. Connection between 
modules was chosen by default – all parallel, to lower possible pressure drops. 
 
The collector tilt was chosen to be the optimal, according to the thumb rule of NREL [10] 
– the tilt should be equal to the latitude of the place, so 60°. The total required area of the 
collectors was roughly estimated, referring to the average yearly irradiation of  
1000 kWh/m2, labelled total energy demand of 3.5 GWh, and solar fraction 
20%. Thermal losses in pipes were assumed to 10 %, and the efficiency of the collector 
was assumed 35%: 
 

6

2

Y col

3.5 10 0.2
2222~ 2300

(1 ) 1000 0.35 (1 0.1)

Td SF
A m

G UL

  
  

     
 Equation 2.8 

 
This value was used to refer to aperture area of the field, because it defined only the part 
of collector, which gets the useful irradiation. The tank was sized according to this value 
for the first try, and then the whole system was resized several times to get the desired 
value of solar fraction 
 

2.4 Reference system model in Polysun: layout and 
components 

 
So, overall system layout was simplified by assumptions above as much, as it was possible, 
and its layout is shown on the Figure 2.7. The parameters of components for each case are 
listed below. 
 

 
 
Figure 2.7 Reference system layout (with main pellet boiler and additional electric boiler, as reserve) 
 
In the case of 20 % solar fraction the system had the following components. The collector 
field: 140 collectors with total 1900 m2 of gross area. Pellet and electic boiler parameters 
were taken from a reference project [18], as well, as the load profiles for hot and cold 
water, and there were 1.5 MW of pellet boiler with 86% efficiency, and 1.2 MW electric 
boiler with 86% efficiency. 
 
The storage tank was sized to 132 m3, according to the thumb rule and aperture area of 
roughly 1890 m2. The insulation thickness of the tank was defined to 180 mm everywhere. 
It was defined to be 8 meters high, and divided to 12 layers according to the model. 
Temperature sensors for the collector pump controller are placed on first and top layers. 
Temperature sensor for electric boiler is the top one. Temperature sensors for the pellet 
boiler are placed at 8th and top layers of the tank. 
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The heat exchanger for the solar loop was sized by a thumb rule in following steps: 

1) Assumed mean ambient temperature: 5°C. 
2) Assumed average solar radiation level: G = 800 W/m2. [16] 
3) Assumed mean system operating temperature: 75°C. 
4) Assumed temperature difference in heat exchanger: ∆Tlog-mean = 5°C. [18] 
5) Assumed zero-loss efficiency of the collector with given difference between 

ambient and operating temperature, by an efficiency curve: 0.52. [16] 
6) Assumed, that energy from the collector in certain conditions was equal to heat 

transfer rate. So the heat transfer rate was calculated by following Equation 2.9:  
 

2

1 amb 2 amb

log-mean 0

( ) ( )
( )

T T T T
Q UA T G A

G G

 


   
        Equation 2.9 

 
So the obtained UA-value was 312 kW/K. Then, the heat exchanger with 310 
kW/K was chosen for this case. 
 

The heat exchanger for the pellet boiler was simply assumed, dividing the peak nominal 
power of the boiler (1500 kW) to the logarithmic temperature difference: 300 kW/K as a 
result. 

 
Solar loop pump controller was switched to the “Matched flow-rate” mode, with nominal 
temperature of collector output assumed as 85°C, and maximum up to 100 °C.  The tank 
temperature was limited to 95°C, to prevent overheating, with cut-in and cut-off 
temperature difference 2°C.  
 
The pellet boiler controller was adjusted to the same boiler profile, as in reference FPC 
project [19] and boiler pump controller was switched into a “Fixed flow” mode, allowing 
the pump to start working in any case when flow rate is higher, than 10 l/h. This made the 
pump work all the time, because of way bigger flow rates in system. The pellet and electric 
boiler controllers also had limits for the tank temperature – 95°C, and for the pellet boiler 
the cut-in and cut-off temperature difference was 2°C. 
 
Mixing valve controller was installed to prevent possible overproduction, which can be 
caused by uncertainties in controller settings. The valuable thing to mention, pressure 
drops were not calculated in this model. Overall results for the 20 % SF case are shown in 
Figure 2.8, and reference values for further collector field simulations, such as total 
monthly energy consumption (as a summary of Qsol and Qaux, needed for further 
comparisons and further named as total energy demand, or TED) and mean monthly 
operating temperatures of collector field, are listed in Table 2.3. 

 

 
 

Figure 2.8 Reference system results (20 % SF). Here only solar fraction, solar thermal energy to the system 
and total energy consumption values were used further. 
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Table 2.3 Reference system values for further simulations (20 % SF) 
 

Month Operating collector temperature, °C Total energy demand, MWh 
January 61.2 418.3 

February 63.6 363.4 

March 65.8 352.8 

April 66.0 316.3 

May 72.8 233.5 

June 75.2 178.1 

July 74.0 166.5 

August 73.5 177.6 

September 66.0 217.8 

October 61.3 295.8 

November 56.4 350.4 

December 52.5 395.2 

 
For the case of 15% solar fraction layout of the system remained the same, as well, as all 
the placing of sensors and pipe connections. The only things, which changed, were 
collector field, size of a storage tank and size of heat exchangers. For this case, there were 
100 collectors with total gross area of 1357 m2, storage tank with same 8 m height, but 
with volume of 94 m3, and solar heat exchanger capacity was reduced to 220 kW/K.  
 
Overall results for the 15 % SF case are shown in Figure 2.9 and reference values for 
further collector field simulations are listed in Table 2.4. 

 

 
 

Figure 2.9 Reference system results (15 % SF). Here only solar fraction, solar thermal energy to the system 
and total energy consumption values were used further. 

              
Table 2.4 Reference system values for further simulations (15 % SF) 
 

Month Operating collector temperature, °C Total energy demand, MWh 
January 59.9 418.3 

February 61.9 363.5 

March 63.9 353.7 

April 64.4 316.9 

May 70.8 233.6 

June 73.0 178.2 

July 72.4 166.5 

August 71.6 177.1 

September 64.2 217.8 

October 59.4 295.9 

November 54.9 350.4 

December 51.4 395.3 
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2.5 Main simulations and calculations strategy 

 
Stage 1: obtaining reference values.  
 
After getting values of total energy demand in the system and mean monthly operating 
temperatures of collector field, the main assumption of the whole project was made, that 
both collectors are working at same monthly average temperatures in each case, defined by 
solar fraction value. According to that, Absolicon tool can provide data for the certain 
month and certain temperature, and it is possible to get values of monthly and yearly solar 
fraction, monthly and yearly output, and compare the results.  
 
This method was used to get almost same energy output, but from a shaded collector field. 
The monthly mean operating temperature of the collector field, obtained from Polysun, 
was used as an input to Absolicon tool, to model the yearly behavior of shaded collector 
field and get the real number of collectors. This number was further used to analyze 
monthly performance and calculate the overall system cost. 
 
Stage 2: flat-plat collector in Absolicon tool.  
 
According to the restriction to the rectangular field, the main assumption was made: the 
default-sized field with trapezoid shape may provide same losses in total, as rectangular, 
formed by the midline of trapeze (61 m) as a width. That was assumed to be possible due 
to the fact, that first row on the field will shade second after it by the definition. 
 
The first thing to do before the shading simulation, was to find out the proper pitch and 
number of rows, to get the assumed solar fraction in two cases of 15 % and 20 %. As it 
was not possible to clearly fit collectors with 5.96 m width in 61 m row, so the width was 
slightly decreased. So there were rows of 10 collectors with 59.6 m total length (by gross 
dimensions, ignoring the frame impact, because the gross area make shadows, and the 
aperture area makes output), 60° tilt, 0° azimuth, 2.27 m height, and pitch found by simple 
calculations, where N is the number of rows, and 0.14 m is the thickness of collector: 
 

150 0.14

1

N
S

N

 



 Equation 2.10 

 
The proper number of collectors was found by iteration cycle, which started from value 
from Polysun of 140 collectors in 14 rows, and continued with a 10 collectors and one row 
step to the required values of yearly solar fraction and energy output. Also, those 
simulations should be done with temperature values from 15 % case until the value of  
15 % SF is reached, and then with temperatures from 20 % case, until the 20 % value is 
reached, to prevent uncertainties.   
 
As soon, as the goal value is reached, the slight variation in number of modules with three 
cases of tilt angle (45°, 60°, 75°) should be done, to get maximum possible yearly output 
and check the impact of the tilt angle on the high latitude.  
 
Stage 3: parabolic collector in Absolicon tool.  
 
The assumptions for testing parabolic collector Absolicon T160 were different from the 
flat-plate case, despite the goal was same. The first assumption was made from the 
construction of the collector pack: the number of rows in variations could be changed only 
by 4, with no matter how many collectors there were in a row. Also, in this mode 
Absolicon tool has no care about length of the row, so it was used only in calculation of 
number of rows. 
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Second assumption was made, that all collectors has same tracking angles, and all the 
system is forming a big single pack of several rows. The total size of pack doesn’t matter, 
and the distance between collectors is defined by the frame for all cases. 
 
Third assumption was made also because of tracking: another goal appeared, to define, 
what type is better – North-South axis, or East-West axis. Also, as well as for a flat-plate 
collector case, the system was simulated with no tilt by collector azimuth. 
Also, the procedure of simulation could not be the same, as for FPC, because of undefined 
length of the row and fixed distance between them. At first, it was assumed, that the best 
result can be obtained by the less possible number of rows in both cases of tracking, 
meaning, the less number of rows is, the less row-to-row shading losses are too. 
 
For the North-South axis tracking case there were 21 possible collector in a row, defined 
by length, with 5.5 m2 of aperture area. And the starting point for iterations was chosen 
randomly: as 2 packs in width, so 8 rows of 21 collector pack in each (maximum possible 
number in 150 m of the field). Then iterations were supposed to follow the possibly layout 
of the field, shown on the Figure 2.10. 
 

 
Figure 2.10 Scheme of iteration cycle for PTC NS field 
 
For East-West axis tracking maximum number of collectors in one row was equal to the 
number of packs, and was defined to 12 (by the lower base of trapeze). Starting point, 
assuming it to be equal to NS case by number of collectors, was assumed as 188 (4 packs 
in length, 3 with 12 collectors in width, one with 11, so total 16 rows). And the layout to 
follow is shown below on the Figure 2.11. 
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Figure 2.11 Scheme of iteration cycle for PTC EW field 
 
As the last part, the pre-conclusion should be made: which type of tracking can be 
considered better.  
 
Stage 4: economical calculations.  
 
Three stages before should have provided 4 possible cases of two different values of solar 
fraction (15 % and 20 %) and two possible collector array configurations: FPC and PTC 
NS or PTC EW. Five values to compare were chosen to be calculated: the initial 
investment, annual cost, cost and energy savings, levelized cost of energy (LCOE) and the 
payback period with discount ratio. Assumed lifetime of the system was 30 years, the 
operation and maintenance (AOM) cost – as 1% of initial investment per year, discount 
rate for Sweden – 1%.  
 
In all these cases the main difference was only because of the cost and the output of the 
collectors, because the main system components were chosen to remain constant. The 
storage tank, solar and pump controllers, heat exchangers had no changes during 
economic analysis for each of two cases of solar fraction in the system. Also, there was an 
assumption, due to undefined pipe length and height difference, pump calculations are not 
possible, as well, as cost of the piping outside the collector field. 
 
The storage tank was calculated in order to sizing large storages. [20] It was assumed to be 
above-ground mounted steel tank, and the assumed cost per m3 was calculated by the 
Equation 2.11 and converted from EUR to SEK by coefficient 10.21, found by Google: 
 

0.476

T
(403.5 750) 10.21C V


     Equation 2.11 

 
The price for heat exchanger was calculated, using following Equation 2.12 from [18], 
according to its UA value in both cases. 
 

HE
1720 0.927C UA    Equation 2.12 

 
Annual energy and cost savings were calculated for the price for pellet as 2.4 SEK/kg, 
assuming energy content of pellets as 5 kWh/kg [21]. Also it was assumed, that adding a 
solar field in the system reduces only pellet boiler output. Here Q was the annual energy 
output from the collector field, ηB – boiler efficiency, chosen to be constant at 86 %. 
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  Equation 2.13 
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  Equation 2.14 

 
For the collector field, the price per m2 was defined from the very beginning. For the flat-
plate collector case, it was assumed as 300 €/m2, including installation, piping, with no 
VAT, according to similar systems already built. [22] For the PTC, a table with prices was 
provided from Absolicon, so for the collector field with less than 2000 m2 gross area, there 
was 360 €/m2, and for area between 2000 m2 and 5000 m2 there was 330 €/m2, for all the 
installation, excluding VAT.  
 
Assumed payback period was calculated by the following equation: 
 

CS CSln( ) ln( 0.01 )

ln(1 0.01)

ACM ACMA C A C M
Tdp 

    


 Equation 2.15 

 
where M is main initial investment – the summarized cost of main system parts, as heat 
exchangers, storage tank and collector field, and CACM – cost of annual operation and 
maintenance. 
 
LCOE of the solar part of the system was calculated by following steps and assumptions: 
 

1) Assumed, that fuel and electricity cost is not included. 
2) Assumed, that all the cost of the system is only AOM. 
3) LCOE: 
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 Equation 2.16 

 
where Q is the annual energy output from the collector field, and d – discount rate. 
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3 Results  
 

3.1 Flat-plate collector field 

 
The results of analysis of the flat-plate collector field by Absolicon tool were divided in 
three parts. At the first past there was found the real number of collectors, which should 
be used to get the desired amount of solar fraction. The first iteration cycle ended at the 
130 collectors in 13 rows with 12.325 m distance between them, to get 15.8 % of yearly 
solar fraction. 20 % of solar fraction was reached, using 170 collectors in 17 rows with  
9.24 m distance between them, giving 19.5 % in output. Detailed results for each case are 
shown in the Tables 3.1 and 3.2 below.  
 
Table 3.1 FPC field calculated energy output and solar fraction with shadings (15 % SF case) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector output, 

MWh 

Solar  
fraction, % 

January 59.9 418.3 6.7 1.6 

February 61.9 363.5 27.9 7.7 

March 63.9 353.7 57.3 16.2 

April 64.4 316.9 49.2 15.5 

May 70.8 233.6 86.5 37.0 

June 73.0 178.2 77.7 43.6 

July 72.4 166.5 80.1 48.1 

August 71.6 177.1 67.2 37.9 

September 64.2 217.8 45.4 20.9 

October 59.4 295.9 32.5 11.0 

November 54.9 350.4 15.1 4.3 

December 51.4 395.3 17.4 0.4 

Year - 3466.5 547.5 15.8 

 
Table 3.2 FPC field calculated energy output and solar fraction with shadings (20 % SF) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 61.2 418.3 5.1 1.2 

February 63.6 363.4 35.1 9.7 

March 65.8 352.8 72.1 20.4 

April 66.0 316.3 61.6 19.4 

May 72.8 233.5 108.2 46.3 

June 75.2 178.1 97.3 54.6 

July 74.0 166.5 100.2 60.2 

August 73.5 177.6 85.1 48.0 

September 66.0 217.8 56.5 25.9 

October 61.3 295.8 40.8 13.8 

November 56.4 350.4 14.5 4.1 

December 52.5 395.2 0.6 0.2 

Year - 3465.1 677.2 19.5 

 
 
Second part was the analysis of tilt angle influence, and what angle can give the biggest 
value of yearly output with fixed pitch, fixed temperatures and fixed number of collectors. 
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Two cases were analyzed, with 130 and 170 collectors. Results are shown at Tables 3.3 and 
3.4, and on Figures 3.1 and 3.2. 
 
Table 3.3 FPC field calculated energy output at different tilt angles (15 % SF case) 
 

Month 
Calculated 

collector output 
at 60°, MWh 

Calculated 
collector output 

at 45°, MWh 

Calculated 
collector output 

at 75°, MWh 
January 6.7 5.3 7.1 

February 27.9 23.6 28.6 

March 57.3 54.8 52.8 

April 49.2 53.1 40.6 

May 86.5 101.3 64.3 

June 77.7 93.9 55.6 

July 80.1 95.2 58.9 

August 67.2 75.7 52.7 

September 45.4 46.8 39.3 

October 32.5 29.3 31.9 

November 15.1 12.3 15.8 

December 1.7 1.5 1.8 

Year 547.5 592.9 449.3 

Solar 
fraction, % 

15.8 17.1 12.9 

 
Table 3.4 FPC field calculated energy output at different tilt angles (20 % SF case) 
 

Month 
Calculated 

collector output 
at 60°, MWh 

Calculated 
collector output 

at 45°, MWh 

Calculated 
collector output 

at 75°, MWh 
January 5.1 4.8 5.1 

February 35.1 30.0 35.6 

March 72.1 69.0 66.2 

April 61.6 66.7 50.6 

May 108.2 127.7 79.5 

June 97.3 118.6 68.8 

July 100.2 120.0 72.9 

August 85.1 96.4 66.2 

September 56.5 58.4 48.5 

October 40.8 36.9 40.0 

November 14.5 13.0 14.5 

December 0.7 0.6 0.7 

Year 677.2 742.2 548.3 

Solar 
fraction, % 

19.5 21.4 15.8 
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Figure 3.1 FPC field calculated energy output at different tilt angles (15 % SF case) 
 

 
 
Figure 3.2 FPC field calculated energy output at different tilt angles (20 % SF case) 
 
As it can be seen from tables and figures, instead of labelled optimal tilt of 60°, for the flat-
plate collector the best possible choice was 45°, labelled in [10] as the angle to get 
maximum performance in summer. It can be seen on both figures, that performance in 
winter lowers with lower angle, but the decrease is totally insignificant compared to the 
growth of performance during the summer. Also, additional test was made with bigger 
range of angles, and it appeared to be, that for both cases of solar fractions 45° is the angle 
of maximum performance. Completed results of the field with 170 collectors and 9.24 m 
distance are listed in Table 3.5. 
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Table 3.5 Optimized FPC field results (20 % SF) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 61.2 418.3 4.8 1.2 

February 63.6 363.4 30.0 8.3 

March 65.8 352.8 69.0 19.5 

April 66.0 316.3 66.7 21.0 

May 72.8 233.5 127.7 54.7 

June 75.2 178.1 118.6 66.6 

July 74.0 166.5 120.0 72.1 

August 73.5 177.6 96.4 54.4 

September 66.0 217.8 58.4 26.8 

October 61.3 295.8 36.9 12.5 

November 56.4 350.4 13.0 3.7 

December 52.5 395.2 0.6 0.1 

Year - 3465.1 742.2 21.4 

 
In the same time, for the case of nominal 15 %, as it can be seen from the Table 3.3 
optimized field performance appeared to be out of the test range with its 17 % of solar 
fraction. Due to the economical reason, additional resizing was made, leaving 120 
collectors in 12 rows with 13.4 m distance between them. The results for new field layout 
are listed in Table 3.6. 
 
Table 3.6 Optimized FPC field results (15 % SF) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 59.9 418.3 5.0 1.2 

February 61.9 363.5 21.8 6.0 

March 63.9 353.7 50.6 14.3 

April 64.4 316.9 49.1 15.5 

May 70.8 233.6 93.7 40.1 

June 73.0 178.2 86.9 48.8 

July 72.4 166.5 88.1 52.9 

August 71.6 177.1 70.1 39.6 

September 64.2 217.8 43.3 19.9 

October 59.4 295.9 27.1 9.2 

November 54.9 350.4 11.5 3.3 

December 51.4 395.3 1.8 0.5 

Year - 3466.5 549.1 15.8 

 
So, for the third, economical part the results for 45° tilt were used in both cases. Values, 
calculated by equations 2.11 – 2.16 are shown in the Table 3.7 below. Despite the 
optimization of the tilt angle and the increased energy output, the design values, such as 
heat transfer capacity of heat exchangers and tank size, were not resized. No need for that 
was assumed, because the annual output of the real number of collectors is still similar to 
the value of energy from the collector, which was provided from Polysun, so that means, 
the designed components are suitable to work in those conditions.  
 
Value of main initial investment is a summary of cost of main parts of the system, 
excluding pipes, pumps and controllers. AOM was assumed as 1% of this value, due to 
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another assumption, that remaining components will not significantly change the overall 
price. 
 
Table 3.7 Results of economical analysis for both cases 
 

Parameter 120 collectors field 170 collectors field 
Real collector field area, m2 1628.4 2306.9 

Used ground area, m2 9150 9150 

Designed storage tank volume, m3 94 132 

Designed heat exchangers 
capacity, kW/K 

220, 300 310, 300 

Storage tank price, TSEK 764.4 1064.0 

Heat exchangers price, TSEK 485.5 568.9 

Collector field price, MSEK 4.9 7.1 

Main initial investment, MSEK 6.2 8.7 

AOM, TSEK 62.4 86.9 

Annual energy output, MWh 549.1 742.2 

Assumed system life, years 30 30 

Annual energy savings, MWh 638.5 863.1 

Annual cost savings, TSEK 306.5 414.2 

Payback period, years 30 31 

LCOE, SEK/kWh 0.55 0.57 

 

3.2 Concentrating collector field 

 
The analysis of results of the complicated iteration cycles for concentrating collector field 
was mainly focused on the comparison of tracking directions. Also, the results of iteration 
had to refer to the results of optimized FPC field, to make a comparison as clear, as 
possible. The first case of nominal 15 % SF was reached using 288 EW collectors in 28 
rows, and using 284 NS collectors in 16 rows. The second case of nominal 20 % solar 
fraction was reached using 396 EW collectors in 36 rows, and almost equal result was 
obtained using 392 NS collectors in 20 rows. Detailed results of all four cases are listed in 
Tables 3.8, 3.9, 3.10, 3.11 below. 
 
Table 3.8 PTC EW field calculated energy output and solar fraction with shadings (15 % SF case) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 59.9 418.3 2.1 0.5 

February 61.9 363.5 13.8 3.8 

March 63.9 353.7 43.1 12.2 

April 64.4 316.9 49.1 15.5 

May 70.8 233.6 107.9 46.2 

June 73.0 178.2 103.3 57.9 

July 72.4 166.5 100.6 60.4 

August 71.6 177.1 67.5 38.1 

September 64.2 217.8 34.3 15.8 

October 59.4 295.9 17.4 5.9 

November 54.9 350.4 4.9 1.4 

December 51.4 395.3 0.7 0.2 

Year - 3466.5 544.7 15.7 
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Table 3.9 PTC EW field calculated energy output and solar fraction with shadings (20 % SF) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 61.2 418.3 2.7 0.64 

February 63.6 363.4 18.4 5.06 

March 65.8 352.8 58.3 16.51 

April 66.0 316.3 66.8 21.12 

May 72.8 233.5 147.2 63.03 

June 75.2 178.1 140.1 79.14 

July 74.0 166.5 137.4 82.53 

August 73.5 177.6 92.4 52.17 

September 66.0 217.8 46.5 21.35 

October 61.3 295.8 23.3 7.86 

November 56.4 350.4 64.5 1.84 

December 52.5 395.2 0.7 0.18 

Year - 3465.1 740.9 21.38 

 
Table 3.10 PTC NS field calculated energy output and solar fraction with shadings (15 % SF case) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 59.9 418.3 0.3 0.1 

February 61.9 363.5 7.6 2.1 

March 63.9 353.7 35.6 10.1 

April 64.4 316.9 48.7 15.4 

May 70.8 233.6 115.9 49.6 

June 73.0 178.2 114.0 64.0 

July 72.4 166.5 110.1 66.1 

August 71.6 177.1 69.3 39.1 

September 64.2 217.8 31.1 14.3 

October 59.4 295.9 11.9 4.1 

November 54.9 350.4 1.6 0.4 

December 51.4 395.3 0.0 0.0 

Year - 3466.5 546.2 15.8 
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Table 3.11 PTC NS field calculated energy output and solar fraction with shadings (20 % SF) 
 

Month 
Operating 
collector 

temperature, °C 

Total energy 
demand, MWh 

Calculated 
collector 

output, MWh 

Solar  
fraction, % 

January 61.2 418.3 0.4 0.1 

February 63.6 363.4 10.1 2.8 

March 65.8 352.8 47.9 13.6 

April 66.0 316.3 66.1 20.9 

May 72.8 233.5 157.9 67.6 

June 75.2 178.1 155.6 87.4 

July 74.0 166.5 150.3 90.3 

August 73.5 177.6 94.6 53.4 

September 66.0 217.8 41.9 19.3 

October 61.3 295.8 16.0 5.4 

November 56.4 350.4 2.0 0.6 

December 52.5 395.2 0.0 0.0 

Year - 3465.1 743.0 21.4 

 
Figures 3.3 and 3.4 are showing the difference between types of tracking in both cases of 
solar fraction in the system, in comparison with the results of optimized FPC. 
 

 
 
Figure 3.3 PTC field calculated energy output with different types of tracking (15 % SF case) 
 

0

20000

40000

60000

80000

100000

120000

140000

1 2 3 4 5 6 7 8 9 10 11 12

Output, kWh

Month number

FPC

PTC NS

PTC EW



31 

 
 
Figure 3.4 PTC field calculated energy output with different types of tracking (20 % SF case) 
 
According to figures 3.3 and 3.4, East-West type of tracking is advised to be used in the 
real project, because of the main reason – it has smoother profile, which is better to avoid 
stagnation in summer, and the difference between EW and NS in summer is not very high 
in both cases. Also, as testing conditions were not clear enough, as there is a ground slope 
in reality, which will not affect the EW case, but can possibly affect PTC NS. And the 
more specific reason – due to its shape, rows of packs of EW field can be separated, 
assuming less shading losses and even more output from the same number of collectors. 
For long rows of PTC NS this may not be possible. 
 
By these reasons for the economical analysis EW collector field was chosen in both cases. 
The overall procedure was totally the same, as for FPC case, and the results of this analysis 
are shown in the Table 3.12 below.  
 
Table 3.12 Results of economical analysis for PTC EW 
 

Parameter 288 collectors field 396 collectors field 
Real collector field area, m2 1804 2481 

Designed storage tank volume, m3 94 132 

Designed heat exchangers 
capacity, kW/K 

220, 300 310, 300 

Storage tank price, TSEK 764.4 1064.0 

Heat exchangers price, TSEK 485.5 568.9 

Collector field price, MSEK 6.6 8.4 

Main initial investment, MSEK 7.9 9.9 

AOM, TSEK 78.8 99.9 

Annual energy output, MWh 544.7 740.9 

Assumed system life, years 30 30 

Annual energy savings, MWh 633.4 861.5 

Annual cost savings, TSEK 304.0 413.5 

Payback period, years 43 39 

LCOE, SEK/kWh 0.71 0.66 
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3.3 Summary of the comparison 

 
As a final result of those comparisons, appeared, that flat-plate collectors are more cost-
effective, than concentrating ones, while producing almost same amount of energy in 
defined range of solar fraction. But looking on LCOE, it can be seen, that concentrating 
field got relatively high values, but with a strong trend to decrease. In same time LCOE of 
flat-plate collector field had a slight trend to increase among with the growth of collector 
field area. That happened mainly because of assumed constant cost/m2 ratio for the flat-
plate collector, and decreasing ratio in concentrating case. However, it doesn’t change the 
fact for PTC, which used less than a half of the field, that there is a possibility to increase 
the field further, if it is needed, because of fixed frame construction. Also, the size of used 
land may impact the overall cost of collector field right now, due to relatively high cost of 
the land in Sweden, but these calculations were not included in comparison. All the main 
values of four final field configurations of the collector field are shown in the Table 3.13. 
 
Table 3.13 Overall comparison, FPC and PTC in all cases. 
 

Parameter FPC PTC 
Number of 
collectors 

120 170 288 396 

Number of rows 12 17 28 36 

Collector row 
orientation 

South South 
South  

(EW tracking) 
South  

(EW tracking) 

Optimal collector 
tilt angle, ° 

45 45 - - 

Real collector field 
area, m2 

1628 2307 1804 2481 

Used land area, m2 9150 9150 3166 4352 

Overall system  
cost, MSEK 

6.2 8.7 7.8 9.9 

Annual energy 
output, MWh 

549.1 742.2 544.7 740.9 

Solar fraction, % 15.8 21.4 15.7 21.4 

LCOE, SEK/kWh 0.55 0.57 0.71 0.66 

Cost ratio per 
collector area, 

TSEK/m2 
3.83 3.77 4.37 4.03 
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4 Discussion and conclusions  
 
As for the overall result of the project, the combination of Polysun and Absolicon tool in 
this case was viable. Rough estimation of the system allowed to get the required 
parameters for further simulations of shaded field, operating only with values, which 
cannot be directly affected by the properties of the system components. Mean monthly 
average temperatures could be kept in the assumed range by properly adjusted pump 
controllers, as well as monthly total energy consumption values are dependent mostly on 
the hot water demand by the definition.  
 
Anyway, testing conditions could be and need to be improved. Using two tools, which 
cannot work with each others output and even cannot provide same weather conditions 
require changes. For example, it could be improvement of the Absolicon tool to the full-
sized TRNSYS model of the district heating system, with a storage tank, heat exchangers, 
auxiliary heater and piping network, taking to account, that TRNSYS already has defined 
Types for that. Or making a separate TRNSYS model, which can use the output from the 
Absolicon tool with defined temperatures.  
 
There appeared also two things, which could not be improved in any case. At first, the 
influence of the ground slope, which is not facing South, in Absolicon tool: Type 30 just 
doesn’t have possibility to change anything in this. And another one: the impossibility to 
use Polysun alone to simulate a shaded collector field with several rows and tracking 
system. No access to the source code from the user’s side, poor shading calculator and 
impossibility to make a user-defined heat source in a system make this tool not useful for 
any kinds of simulations, similar for this project.   
 
As for the results of simulations, six possible collector field layouts were studied during 
this project, to get 15 % or 20 % of solar fraction in the planned system. East-West 
tracking axis direction was defined to be the most suitable choice for the concentrating 
collector, and the flat-plate collector was optimized by tilt angle, which was found to be 
45°. In total, the behavior of simulated collector fields appeared similar to their description 
in theory chapter. During the angle optimization, the reaction of the flat-plate collector to 
change of the angles was the same, as it should be, increasing the output in winter season 
during increasing the angle, and increasing the output in summer, when the angle 
decreased below equal to the latitude. For the concentrating collector, North-South 
tracking system allowed to produce more in summer, and less in winter, when the East-
West tracking showed smoother monthly profile of energy output. Four possible fields 
were defined, as possible choice for the Torsång, with two possible variants of size.  
 
For the nominal 15% of solar fraction, there was a choice between 120 flat-plate collectors 
in 12 rows, or 288 parabolic troughs, 72 packs of which were placed in 28 rows. With 
equal yearly output, parabolic trough appeared to produce noticeably more energy at 
summer, and the flat-plate collector was more productive during late autumn and early 
spring. But economic analysis showed, that among the equal performance, the 
concentrating collectors were more expensive, than flat-plate ones. As the output was 
nearly equal, and annual cost and energy savings are equal as well, the difference was 
shown by comparison of initial cost and LCOE. Because of almost 1.7 million SEK 
difference in the initial price of the fields, and equal other system components and equal 
consumption, LCOE of flat-plate collector field was 0.55 SEK/kWh, comparing to 0.71 
SEK/kWh. Although, it was nearly obvious due to the less gross and aperture area and 
difference in cost/m2 ratio with advantage of flat-plate collector, which was a key. 
 
For the nominal 20 % of solar fraction, the situation was different. To get additional 5 % 
of solar fraction, the flat-plate collector array was increased to 170 collectors in 17 rows, 
and there were used 396 concentrating collectors in 99 packs and 36 rows to make equal 
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output. There was no changes in a system components cost, as well as in collector field 
cost/m2 ratio for the flat-plate collector, so its LCOE increased from 0.55 to 0.57. And 
cost/m2 ratio for the concentrating collector field decreased from 360 €/m2 to 330 €/m2, 
which made a less difference in overall cost with almost equal gross area and made LCOE 
for the concentrating collector significantly drop from 0.71 to 0.66. But, again, the flat-
plate collector had an economical advantage in this case too, still because of lower cost/m2 
ratio, which formed 1.3 MSEK lower initial investment. 
 
The main construction limit of the concentrating collectors, as they were placed on fixed 
frame with fixed distance between rows, but it also made it cover less field area. This fact 
showed a potential in further increase of the system. In the same time, due to short row-
to-row distance and the ability to absorb almost only beam radiation, the additional study 
should be done about possible changes in a frame, making this concentrating collector 
become more efficient for cases with relatively low solar fraction. 
 
The change in shading influence for the flat-plate collector due to decreasing the distance 
between rows during the test appeared to be not as high, as expected. Additional study was 
done to check the possible change in shading losses, for two other fields, making two 
virtual cases with constant shading impact: first of 170 flat-plate collectors with 13.4 m 
distance between rows, and second with 396 concentrating collectors placed in 28 rows. In 
concentrating collector case the difference between “real” and “ideal” yearly solar fraction 
appeared to be only 0.2 %, mainly because of fixed distance between rows, (21.4 % and 
21.6 % in “ideal” case), and this is almost no difference. For flat-plate collectors the 
shading impact was slightly higher, around 1 %: 21.4 % compared to 22.5 %. In 
comparison, 1 % of solar fraction for a system in studied case is equal to 35 MWh per year, 
so shading losses can make impact, but not very big. 
 
An overall conclusion for the results of the project could be made, that for low and equal 
mean monthly operating temperatures, large available field and in any case of demanded 
solar fraction in the range of 15 % to 20 %, the flat-plate collector is an economically 
better choice, than a concentrating one. PTC used in a test should have advantage at 
smaller fields, where larger rows of FPC cannot be placed or may not work at full potential 
due to high row-to-row shading losses.  
 
In same time, another thing may be considered as the advantage of the concentrating 
collector: the possible flexibility of the installed system. Due to the fact, that flat-plate 
collectors cover all the available space, the array, once installed, almost cannot be changed. 
Concentrating collectors cover less field area, has stable shading losses, so the potential to 
change the system is definitely bigger by adding or demounting any number of packs, even, 
for example, making a system with separated rows of packs to reduce shading. But this is 
only an assumption, as well, as two other possible changes of collector frame, which 
should be studied in future work. First of all, the already mentioned impact of row-to-row 
distance should be studied and optimal distance should be found. And second case is 
planned to be tilted collector frame, which will allow to gather more solar radiation on 
collector area. It could not be simulated now: this will require detailed shading analysis, and 
possible change of Absolicon tool, because in current state it cannot perform this kind of 
simulation. 
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