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Abstract

Denmark is the frontrunner country worldwide on the total installed capacity and
numbers of large solar district heating plants. By the end of 2017, more than 1.3 million
m? solar collector fields have been constructed in Denmark. Denmark is also the first and
only country with a mature-commercial market of large solar heating plants in the world.
Most collectors in the existing solar district heating plants in Denmark are flat plate
collectors. The thermal performance of flat plate collectors decreases with the increase of
operation temperature in the plant. Parabolic trough collectors have attracted lots of
attention in the temperature level 70-150 “C in recent years, due to the good efficiency at
high temperatures. A hybrid solar district heating plant with flat plate collectors and
parabolic trough collectors in series was investigated in this study.

Firstly, as large-scale solar district heating plants have been witnessed sustainable
growth in magnitude and number, requiring significant initial investment in Denmark, the
importance of the “bankability” of the solar radiation data and collector field yield used to
plan, design and operate solar heating plants increases as well. Solar radiation analysis
was carried out in this study. Total solar radiation on a tilted surface is one of the most
important variables used to simulate the thermal performance of flat plate collectors, while
direct normal irradiance is the main input for parabolic trough collectors. Calculated direct
normal irradiance from global radiation based on empirical models for Danish solar
radiation conditions was introduced and the method was validated by measurements.
Calculated total radiation on a tilted surface based on the hybrid empirical models only
from available global radiation was proposed and has good agreements against
measurements.

A numerical model based on TRNSYS-GenOpt was set up and validated. Both
measured and simulated thermal performances of a hybrid solar heating plant with flat
plate collectors and parabolic trough collectors in series were investigated. Comparisons
on the thermal performance of both collector types was carried out. Potential of the hybrid
solar heating plant based on weather data from the design reference year was also
presented for Denmark.

Thermal-economic optimization of the hybrid solar heating plant based on Levelised
Cost of Heat was carried out. Optimal solar collector areas in hybrid solar heating plants
was determined based on the current investment costs. Furthermore, analysis on different
future scenarios, such as different parabolic trough collector price levels and heat demand,



was carried out to determine optimal configurations for hybrid solar heating plants in the
near future. It is found that hybrid solar heating plants are feasible in Denmark.

This study shows the potential thermal performance of the investigated hybrid solar
heating plant with flat plate collectors and parabolic trough collectors in series in Denmark.
The new concept might also be used for other regions.

This PhD thesis consists of 2 parts: Part I is the summary of main results achieved,
Part 11 is the peer-review scientific papers.
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Resume

Danmark er fgrende vedrgrende store solvarmecentraler i fjernvarmeomrader, bade med
hensyn til installeret kapacitet og antal solvarmecentraler. Ved udgangen af 2017 var der
installeret mere end 1,3 millioner m? solfangere i danske solvarmecentraler. Danmark er
ogsa det farste og eneste land i verden med et modent kommercielt marked for store
solvarmeanlaeg. De fleste solfangere i de eksisterende solvarmecentraler i Danmark er
plane solfangere. Den termiske ydeevne af plane solfangere reduceres nar
driftstemperaturen i anlaeegget stiger. Koncentrerende parabolske solfangere har tiltrukket
opmarksomhed de seneste ar pa grund af den hgje effektivitet i temperaturniveauet 70-
150 C. En hybrid solvarmecentral med plane solfangere og koncentrerende solfangere i
serie er blevet undersggt i dette studium.

Storskala solvarmeanlaeg i Danmark har veeret i vedvarende vekst i stgrrelse og antal.
Disse anleg kraever en betydelig investering og derfor er korrektheden af solstralingsdata
brugt til at beregne det samlede udbytte af solfangerfeltet vigtig for planleegning, design
og drift af solvarmeanlagget. Der er blevet udfert en solstralingsanalyse i dette studium.
Den samlede solindstraling pa en skra flade er vigtig da den bruges til at simulere termiske
ydelser af plane solfangere, mens den direkte straling er vigtigst for koncentrerende
solfangere. En model til beregning af direkte straling ud fra global straling baseret pa
empiriske modeller under danske solstralingsforhold er foreslaet og valideret ved malinger.
En beregning af total straling pa en skra flade baseret pa hybrid-empiriske modeller fra
global straling blev analyseret. Modellen resulterer i sma forskelle mellem malt og
beregnet solstraling.

En numerisk model baseret p& TRNSYS-GenOpt blev udviklet og valideret. Bade de
malte og simulerede termiske ydelser af et hybrid-solvarmeanlaeg med plane solfangere og
parabolske trug solfangere blev undersggt. Den termiske ydeevne af begge solfangertyper
blev undersggt og sammenlignet. Baseret pa vejrdata fra designreferencearet for Danmark
blev potentialet for hybrid-solvarmeanlaegget bestemt.

En termisk-gkonomisk analyse af hybrid-solvarmeanlagget baseret pa ”Levelised Cost of
Heat” blev udfart. De optimale solfangerarealer for hybrid-solvarmeanlaeg blev bestemt ud
fra investeringsomkostningerne. Desuden blev der gennemfart analyser af forskellige
fremtidige scenarier, med forskellige prisniveauer og efterspgrgselsbehov for de
koncentrerende solfangere, for at bestemme optimale konfigurationer for hybrid-
solvarmeanlag. Det konstateret at hybridvarmeanlaeg er mulige i Danmark.

VII



Denne undersggelse viser potentiellet for hybrid-solvarmeanleg med plane solfangere og
paraboliske solfangere i Danmark. Designkonceptet kan ogsa bruges til andre regioner.

Denne ph.d.-afhandling bestar af 2 dele: Del | er et resumé af de vigtigste resultater.
Del Il er de offentliggjorte peer review videnskabelige artikler.
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1 Introduction

In December of 2015, Conference of Parties (COP) 21, also known as the 2015 United
Nations Climate Change Conference (Paris), has achieved a legally binding and universal
agreement on climate, with the aim of keeping global warming below 2°C, for the first
time after over 20 years of UN negotiations [1].

The building sector is responsible for approximately 40% of energy consumption and
36% of CO:2 emissions in the EU [2]. Space heating and domestic hot water systems
consume about 80% of total energy consumption in the EU building sector [3]. 84 % of
heating and cooling energy consumption in the EU is still produced by fossil fuel systems
while only 16 % is generated from renewable energy sector [3]. In order to fulfil EU’s
climate and energy goals, the heating and cooling sector in EU must sharply cut down its
energy demand and scale down its use of fossil fuels in the coming decades [4]. Use of
renewable energy can reduce the fossil energy consumption in the building sector,
particularly solar energy. Solar energy is the most commercial and market-driven energy
source used among renewable energy sources in the building sector. Solar heat technology
can play a crucial role in the 2050 Europe energy mix. Solar heat technology can cover up
to 47% of the energy demand at low temperature levels with a favorable policy framework

[5].

Efficient district energy systems can play a key role in the energy transition towards a
low-carbon economy, acting as an evaluative backbone towards efficient local energy
systems [4]. Different energy system configurations were optimized and the results
showed that solar collector fields should be included in the energy supply system to
achieve both an economic and environmental optimization [6].

The vision of the Solar Heating and Cooling (SHC) Programme of the International
Energy Agency (IEA) is "By 2050 a worldwide capacity of 5 kWi per capita of solar
thermal energy systems installed and significant reductions in energy consumption
achieved by using passive solar and daylighting: thus solar thermal energy meeting 50%
of low temperature heating and cooling demand (heat up to 250 °C)” [7]. IEA-SHC Task 7
- Central Solar Heating Plants with Seasonal Storage, Task 45 - Large Systems: Large
Solar Heating/Cooling Systems, Seasonal Storage, Heat Pumps and Task 55- Towards the
Integration of Large SHC Systems into District Heating and Cooling (DHC) Networks,
has focused on the application of large solar heating and cooling systems in district
heating.



Guadalfajara et al. [8] did dynamic simulations to investigate the potential of large solar
district heating plants in 10 cities in Spain. It was concluded that solar district heating
plants with seasonal storage could be an interesting alternative for Spain compared to
traditional natural gas boiler systems. Carotenuto et al. [9] carried out simulations on a
novel solar-geothermal district heating, cooling and domestic hot water system in Italy. It
was found that the studied system achieved a significant saving of primary energy
consumption compared with the traditional reference system. Urbaneck et al. [10] found
that it could be very attractive to realize about 10% solar fraction in many German district
heating systems. A 500,000 m?2 solar heating plant for 20% solar fraction is planned in
Graz, Austria [11]. Sirén et al. [12]-[14] did the feasibility study of solar district heating
plants in Finland. It was found that solar thermal energy can be used to provide a
significant fraction of heat demand even in high latitude Nordic countries, like Finland.
Soloha et al. [15] found that it was possible to achieve 10-78% solar fraction in a typical
district heating networks in Latvia. Furthermore, the Drake Landing Solar Community in
Canada is the first major implemented solar district heating system with seasonal solar
thermal energy storage in North America [16][17]. Drake Landing Solar Community
achieves consistent solar fractions above 90% over the last 5 years, with an average of 96%
for the period 2012-2016 [18]. Reed et al. [19] investigated the pathways to commercial
viability of solar district heating systems with underground thermal energy storage in
America based on the Drake Landing Solar Community model. In addition, Denmark is
the most successful country worldwide in solar district heating plants and attracts lots of
attention.

1.1 Energy policy in Denmark

The objective of the Danish energy policy as a whole is that Denmark should cease to
be dependent on fossil fuels (coal, oil and gas) by 2050 [20]. In 2015, 56% of electricity
consumption and about 51% of district heating consumption was covered by renewable
energy, compared to 16% and 19%, respectively, in 2000 [21]. Renewable energy is
expected to cover about 72% of electricity consumption and 71 % of district heating
consumption in 2020, compared with about 56% and 51% respectively in 2015 [21]. The
heating requirements of 64% of Danish households are provided by district heating
networks [22], consisting of space heating and domestic hot water. District heating
systems are an interesting opportunity for the increase of renewable energy share in the
heating and cooling sector [23]. District heating in Denmark is expected to play an
important role in reaching the following EU and Danish energy goals [24]:

» 2020 climate & energy package: a 20% reduction in CO2 emissions compared to
1990 levels, an increase in the share of renewables to 20% of the energy (Denmark’s share
is 30%), and a 20% increase in energy efficiency.



* In 2020, half of the domestic electricity consumption should be supplied by wind
energy in Denmark.

» By 2030, 50% of the Danish gross energy consumption comes from renewable
energy sector.

* In the 2050, the whole energy systems in Denmark are to be independent of fossil
fuels.

District heating in the Nordic area has a long history. During the 1920’s and 1930’s, a
collective district heating system was developed based on waste heat from local electricity
production in Denmark [25]. Around 4% of the Danish heat demand of some urban areas
was covered by district heating networks at that time. From here on, district heating
network from combined heat and power (CHP) plants expanded in the larger Danish cities
and in the 1970’s, around 30 % of all households were connected with district heating
systems [26]. After the energy crisis in 1973 and 1974, cost-effectiveness and security of
energy supply became a significant priority of energy policy by the Danish Government.
Then the government supported district heating and combined heating and power through
favorable energy policies in order to decrease dependency on imported oil. The first law
on heat supply in Denmark started a new era in public heat planning in 1979, which still
exists today [24]. The Heat Supply Act from 1979 (revised extensively in 1990, 2000 and
2005) empowered Danish Energy Authority to ban use of electric heating systems in new
buildings located within district heating or natural gas supply networks [27]. A political
majority in the Danish Parliament decided to improve conditions for 250 small- and
medium-sized CHP plants outside the major cities for the period from 1993 to 2000 [28].
In 2008, political agreements were made to promote wind energy and other renewable
energy sources in Danish energy systems. In 2012, Major political agreement about
Danish energy policy for the period 2012-2020 were agreed upon containing a wide range
of ambitious initiatives and investments within energy efficiency, renewable energy and
the energy system [24]. A number of initiatives from Danish government will reduce
individual heating based on oil and gas in buildings and promote renewable alternatives.
These include a halt to installation of oil-fired and gas-fired boilers in new buildings from
2013 and a halt to installation of oil-fired boilers in existing buildings from 2016 in areas
with district heating or natural gas [24].

The key aspects for development of district heating in Denmark can be as summarized
below [4]:

 Non-profit principle: All the district heating companies under the Heat Supply Act are
non-profit. The price of heat is only allowed to include the necessary costs for production



and distribution for end-uses. Most of the district heating companies are owned and
controlled by the consumers through the cooperation or local municipalities.

* Heat planning and cost effective zoning.

* Protection of consumers.

* General ban on electric and oil boilers.

» Subsidies and Taxes.

* Financial instruments.

* Price competitiveness.

Few solar heating plants connected to district heating systems was found in Denmark
before 2005. However, the technological development of solar heating plants combined
with a change in regulatory setup for small-scale CHP plants expanded a huge potential
emerging market of solar heating plants, specifically for district heating sector. Large-
scale solar heating plants in Denmark are experiencing a very rapid expansion from 2006.
In the long term energy scenarios, the Danish Energy Agency predicts a heat production
from solar heating plants of 6,000 TJ in 2025, which is approximately 7 times as the
amount in 2015 [24].

1.2 Solar district heating plants in Denmark

The first solar collector arrays for district heating networks were constructed in Sweden
in 1980s [29]. Then, large solar district heating plants developed rapidly in Denmark,
Germany [30], and Austria, particularly in Denmark [31].

During the last ten years, the annual growth in the total solar collector area has been an
average of 42% and the corresponding increase of solar heating plants has been 29% in
Denmark [32]. By the end of 2017, more than 1.3 million square meter solar collector
arrays are in operation in Denmark for district heating networks, see Fig. 1. Denmark is
the global-leader country for large solar district heating plants. Denmark is also the first
and the only country with a commercial mature-market for large solar district heating
plants [31]. Most of the largest solar district heating plants worldwide are constructed in
Denmark, such as Marstal (33300 m?), Dronninglund (37573 m?), Vojens (70000 m?) and
Silkeborg (156694 m?), as is shown in Fig. 2.
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Fig. 1 Development of solar district heating plants in Denmark from 2006 [32].
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Fig. 2 Typical large solar heating plants in Denmark (source: Arcon-Sunmark A/S).



: - RN % Aluminum housin
Aluminum housing y 9

-\\ N\

o Anti reflex glass

¥
FEP foil /|
Side insulation | _,
Back side insulation™

J

Anti reflex glass

Side insulation i’ \
Back side insulation/l/

Absorber Absorber

Fig. 3 Typical large flat plate collectors without/with FEP foils used in solar heating plants (Source: Arcon-
sunmark A/S) [33].

The main successful key factors for solar district heating plants in Denmark can be
summarized as follows: sound low temperature district heating networks, favourable cost-
performance of ground mounted flat plate collectors, long lifetime of solar collectors of at
least 30 years, cheap land, high heat price from natural gas boiler systems.

Solar collectors are the core components of solar district heating plants. Annual solar
heat yield of solar heating plants on average is around 400-460 kWh/m? in Denmark
[34][35]. Most solar collectors in the large solar district heating plants in Denmark are
ground-mounted flat plate collectors, see Fig. 2. Arcon-Sunmark A/S is the main
manufacturer of the large flat plate collectors for district heating in Denmark. Arcon-
Sunmark A/S has installed more than 80% of the world’s large solar heating plants
connected to district heating networks. Typical flat plate collectors delivered by Arcon-
Sunmark A/S in Danish solar heating plants can be seen in Fig. 3. Flat plate collectors
without and with FEP foils are usually used together in series in the solar district heating
plants to get more energy output. Large flat plate collector is the most mature-
commercialized solar collector technology in large solar district heating plants so far.

The flat plate collector field supplies the heat to the district heating networks via a heat
exchanger. Therefore the operation temperature of flat plate collectors is 3-4 K higher than
the temperatures on the district heating side. The required supply temperature is 85-95 °C
for typical Danish district heating networks. The efficiency of flat plate collectors
decreases sharply at these temperature levels. Solar collectors include flat plate collectors,
evacuated tube collectors, compound parabolic collectors and concentrating solar power
collectors. Compared to flat plate collectors, the heat loss of parabolic trough collectors is
very low at these temperature levels. And the efficiency of the parabolic trough collectors
is almost constant for low-medium temperature application. More and more parabolic
trough collectors are used in the industrial process heat in the last decades [36].

Frank et al. [37] evaluated the daily and monthly performance of two solar plants with
parabolic trough collectors in Switzerland. The apertures of both the solar heating plants
are 115 m? and 630 m?. The second plant is located at an altitude of 1000 m. Even though




the yearly DNI is low (1183 kWh/m?/a), both the daily and the monthly evaluation
presented that the collector field performance could be high when the operation
temperature of parabolic trough collectors is low, such as 125°C. Silva et al. [38], [39] did
simulations and thermo-economic design optimization on parabolic trough collectors for
heat production for industrial processes. LCOE (Levelized Cost Of Energy) of 5 c€/kWh
and a PBT (payback time) of 8 years could be achieved at the base scenario conditions
considered. Kizilkan et al. [40] proposed a parabolic trough solar collector-based
integrated system for an ice-cream factory in Turkey and discussed the thermal
performance. The payback period of the proposed integrated system was found to be 8.5
years. The payback period was similar as reported by Silva et al [38], [39].

On the one hand, flat plate collectors are cheaper and have higher efficiency than
parabolic trough collectors at low temperature levels. On the other hand, parabolic trough
collectors retain high efficiency at high temperature levels of the district heating networks.
Thirdly parabolic trough collectors can use more beam radiation during the daytime, due
to the tracking. A hybrid solar district heating plant consisting of flat plate collectors and
parabolic trough collectors in series can harvest the good performance of both solar
collector technologies. The barrier of parabolic trough collectors for application in district
heating networks is the high price. The yearly DNI in Denmark is not high and Denmark
has not been regarded as a suitable place for concentrating solar power technologies for a
long time. So a techno-economic analysis of hybrid solar district heating plants should be
determined in order to figure out which collector type and field design is the most
favourable one.

A preliminary case study of parabolic trough collectors for district heating at high
latitudes with low solar radiation resources was carried out in 2000 [41]. The economic
comparison indicated that parabolic trough systems could be competitive with flat plate
collectors. But few practical projects with parabolic trough collectors for district heating
are found during the last decades. The Danish company Aalborg CSP A/S [42] and
Technical University of Denmark (DTU) [43] started to investigate the feasibility of
parabolic trough collector for district heating networks in large solar heating plants
through an Energy Technology Development and Demonstration Programs project (EUDP)
supported by Danish Energy Agency in 2013. A hybrid solar district heating plant with
flat plate collectors and parabolic trough collectors in series was constructed in Taars, in
the northern Jutland of Denmark in 2015 [44].



1.3 Development of PTCs for solar district heating

1.3.1 Parabolic trough collectors

As is shown in Fig. 4, concentrating solar power collector technologies consist of
parabolic trough collector (Fig. 4a), linear Fresnel collector (Fig. 4b), central receiver
system with dish collector (Fig. 4c), and central receiver system with distributed reflectors
(Fig. 4d). Another concentrating collector type is Compound Parabolic Concentrator
(CPC). The CPC can be non-tracking. Parabolic trough collector is one of the most
promising concentrating solar power technologies in the commercial market. IEA-SHC
Task 49 has focused on solar heat for industrial processes (SHIP) [36]. It is indicated that
parabolic trough collectors are more suitable than other solar collector technologies in
industrial processes. Parabolic trough collector consists of parabolic trough receivers,
mirrors and tracking device. Parabolic trough collector can track the sun from sunrise to
sunset during the daytime, see Fig. 5. The sunlight reaching the mirror parallel to its plane
of symmetry is focused along the focal line, where the receiver is located. Today the
absorber tube is often enclosed in a vacuum glass tube to further reduce the heat loss.
Parabolic trough collectors also are the most suitable solar collectors for the temperature
level 90-150 °C [36]. The heat loss of parabolic trough collectors is low at temperature
level 80-150 °C because of the vacuum condition around the receiver.
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Fig. 4 Concentrating solar power collector technologies: (a) parabolic trough collector (b) linear Fresnel collector (c)
central receiver system with dish collector and (d) central receiver system with distributed reflectors [45].
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Fig. 5 Principle of parabolic trough collector during the daytime [42].

1.3.2 Demonstration projects in Denmark
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Fig. 6 Location of solar district heating demonstration projects with concentrating solar collectors in Denmark (Source:
Danish Meteorological Institute) [46].
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Fig. 7 The pilot parabolic trough collector loop in Thisted, Denmark (Source: Aalborg CSP A/S).

Three pilot parabolic trough collector plants have been installed in Denmark in recent
years, as is shown in Fig. 6. There are 6 solar radiation zones in Denmark. The pilot
parabolic trough collector plants are in the first solar radiation zone, north part of
Denmark. The yearly global solar radiation on the horizontal surface in Denmark is
around 1000-1150 kWh/m?. Fig. 7 shows the first pilot parabolic trough collector loop for
district heating in Thisted, Denmark [42]. The Thisted collector array is connected to a
boiler plant and it has been operated at relatively high temperatures in the range of 100°C
-120°C [43]. The aperture area of parabolic trough collector field is 808 m?. The heat
transfer fluid is water.
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Fig. 8 Concentrated solar power integrated with a biomass-ORC plant (Source: Aalborg CSP A/S).
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Fig. 9 The parabolic trough collector array in Brgnderslev, Denmark (Source: Aalborg CSP A/S).

A concentrating solar power (CSP) plant with biomass combined heating and power
(CHP), using Organic Rankine Cycle (ORC) was constructed in Brgnderslev in the
northern part of Denmark, as is shown in Fig. 8. The aperture area of the parabolic trough
collector field is about 27000 m?, see Fig. 9. The heat transfer fluid is oil. The design
power is 16.6 MWw. The plant was put into operation in 2017.

Furthermore, a hybrid solar district heating plant with flat plate collectors and parabolic
trough collectors in series was constructed and put into operation in August 2015, in Taars.
This study is mainly related to the hybrid solar district heating plant in Taars. Detailed
information about the pilot hybrid solar district heating plant can be found in Chapter 2.

1.4 Aim and scope

The focus of this PhD study is on hybrid solar heating plants with flat plate collectors
and parabolic trough collectors. As most collectors in existing solar heating plants are
mass produced flat plate collectors after reliable development during many years,
parabolic trough collectors were not considered as the suitable technology for solar district
heating plants in the current market, particularly for high latitudes. However, with the
rapid development of parabolic trough collectors, reliable tracking accuracy and high
efficiency at high temperature, parabolic trough collectors can be cost-effectively today.
Parabolic trough collectors are more and more interesting for the solar thermal market,
especially in series with flat plate collectors.

Denmark is located at high latitudes and has relatively low average solar radiation
compared to many other regions. Given that the most successful market worldwide for
large solar district heating plants with flat plate collectors is Denmark, it is interesting to
analyze the potential of parabolic trough collectors in solar district heating plants in
Denmark.
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A new design concept for large solar district heating plants with flat plate collectors
and parabolic trough collectors in series is introduced in this study. The aim of this PhD
study is to investigate the technical-economic feasibility of solar heating plants with both
types of collectors in Denmark. Four hypotheses will be investigated in this study.

(1) Is there enough DNI for the application of parabolic trough collectors in Denmark?
This is addressed in Paper 1.

(1) Can standard collector test parameters be used to simulate the thermal performance
of large flat plate collector and parabolic trough collector fields?

This is addressed in Paper 2.

(111) Can the principle of hybrid solar district heating plants with flat plate and parabolic
trough collectors in series work in Denmark?

This is addressed in Paper 3.
(V) Is it technical-economically feasible to use hybrid solar district heating plants?
This is addressed in Paper 4.

The outline of this study is summarized as follows:
Chapter 1: Introduction of this study.
Chapter 2: The pilot hybrid solar district heating plant.
Chapter 3: Model description and validation.
Chapter 4: Solar radiation and thermal performances.
Chapter 5: Optimizations.
Chapter 6: Discussion.
Chapter 7: Conclusions.
Chapter 8: Future work.
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2 Taars hybrid solar district heating plant

Taars plant is the first large-scale demonstration project with flat plate collectors and
parabolic trough collectors in series developed for district heating in Europe, even
worldwide. The plant was put into operation in the middle of August, 2015. The return
water from the district heating network is preheated up to 65 - 75°C by the heat exchanger
connected to the flat plate collector field. Then the preheated water from the flat plate
collector field is heated to the required temperature by going through the parabolic trough
collector field, see Fig. 10. The solar collector fluid of the parabolic trough collectors is
water, while that of FPC is a glycol/water mixture (35%). The aperture areas of the flat
plate collector field and the parabolic trough collector field are 5960 m? and 4039 m?,
respectively. The flat plate collector field consists of flat plate collectors half without and
half with FEP foils. The flat plate collectors were delivered by Arcon-Sunmark A/S [33].
Geometry parameters of the flat plate collectors and parabolic trough collectors can be
found in Table 1 and 2. The parabolic trough collectors were delivered by Aalborg CSP
AJS [42]. Two natural gas boilers with 9.1 MW in total are used as the back-up systems.
Two tanks with 2430 m? in total in the existing boiler system are used as short-term
storage. The district heating network supplies hot water for space heating and domestic
hot water for about 850 buildings with about 1900 residents.

FPC: 5960 m? PTC: 4039 m?
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Fig. 10 Simplified illustration chart of the Taars plant.
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SOLAR DISTRICT HEATING SYSTEM IN TAARS, DENMARK

.

Fig. 11 The hybrid solar collector field of the Taars plant (Source: Aalborg CSP A/S).

Fig. 12 Layout of the hybrid solar collector field in Taars (Source: Aalborg CSP A/S).

Table 1 Geometry parameters of the flat plate collectors.

Geometrical parameters for the FP collector

Length, m 5.96
Width, m 2.27
Thickness, m 0.14
Gross area, m? 13.57
Aperture area, m? 12.60
Solar collector volume, L 10.6
Material Cu pipe /Al plate
Absorber Absorption 0.95
Emission 0.05
. Backside 75 mm mineral wool
Insulation . .
Side 30 mm mineral wool
Cover(s) Atireflex glass(AR:3.2mm)-with/without FEP foil
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Table 2 Geometry parameters of the parabolic trough collectors.

Geometrical parameters for the PTC collector

Absorber tube outer diameter (m) 0.070
Absorber tube inner diameter (m) 0.066
Glass envelope outer diameter (m) 0.125
Glass envelope inner diameter (m) 0.119
Parabola width (m) 5.77
Numbers of modules per row 10
Mirror length in each module (m) 12
Geometric concentration ratio 26.2

Fig. 11 shows the photo of the hybrid solar collector field in Taars. Fig. 12 illustrates
the layout of the flat plate collector field and parabolic trough collector field. The row
distance of parabolic trough collector field and flat plate collector field is 12.6 and 5.67 m,
respectively. The parabolic trough collector field consists of six rows of around 125 m
collector loop. The orientation of parabolic trough collectors is 13.4° towards west from

south. The tilt of flat plate collectors is 50 °.
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3 Model description, measurements and validation

3.1 Empirical models for solar radiation analysis

Dragsted et al. analyzed solar radiation measurements from the climate station at
Technical University of Denmark from 2006 to 2010 [47]. A DTU model was developed
to determine diffuse radiation based on global radiation on the horizontal surface. The
reduced Reindl model (RR model) developed in two steps was used to determine the
diffuse fraction by means of the clearness index and the solar altitude angle [48]. Both the
DTU model and the RR model were used to calculate diffuse radiation on a horizontal
surface.

Five other empirical models (one isotropic model and four anisotropic models) were
used to calculate total solar radiation on the tilted flat plate collector surface. The isotropic
model, also called by “Liu-Jordan model”, was developed by Liu et al. [49]. The isotropic
model assumes that the diffuse radiation from a complete sky dome is distributed
uniformly. Four anisotropic models (HD, HDKR, Perez | and 1) were further developed
by Hay, Davies, Reindl, and Perez, et at. [50]. HD model considered circumsolar diffuse
radiation by using an anisotropy index. HDKR model adds a horizon brightening diffuse
term to HD model. Perez models use empirically derived "reduced brightness coefficients"
to calculate circumsolar, horizon brightening, and isotropic diffuse radiation.
Mathematical description of the models can be found in paper 1.

3.1.1 Solar radiation measurements

A weather station was set up in the Taars plant, as shown in Fig. 13. Global radiation,
DNI, total radiation on the tilted solar collectors were measured from middle of August,
2015.

Sunscanner

-

{ Pyrheliometer

Fig. 13 Used weather station and pyrheliometer of the Taars solar heating plant.
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Fig. 14 Pyranometers and pyrheliometer in Taars plant.

As shown in Fig. 14, four south facing pyranometers with a tilt of 50° were installed
on the top of a flat plate collector plane in the middle of the flat plate collector field. Three
Apogee pyranometers were used as backup sensors to double-check the measured total
solar radiation on the tilted surface. Two of the pyranometers to measure solar radiation on
the horizontal surface and solar radiation on the titled collector plane were Kipp&Zonen
SMP11, see Fig. 14 left. DNI was measured with a PMO6-CC pyrheliometer with the sun
tracking platform Sunscanner SC1 in the weather station next to the solar heating plant,
see Fig. 13.

3.1.2 Model validation on the solar radiation
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Fig. 15 Measured and modelled horizontal diffuse radiation for the period Sep.2015-Aug.2016.

Diffuse radiation was not measured directly in Taars. The diffuse radiation can be
obtained from measured global radiation and DNI indirectly, which is called by “measured
diffuse radiation” in this study. DTU model and classic Reduced Reindl Correlation model
(RR model) in type 16a of TRNSYS were used to calculate the horizontal diffuse radiation
from measured global radiation. Fig. 15 shows the monthly measured and calculated
diffuse radiation by both mentioned models for the period Sep.2015-Aug.2016. Yearly
measured diffuse radiation is 524 kWh/m?. The yearly calculated diffuse radiation of the
DTU model and RR model are 514 kwWh/m? and 490 kWh/m?. It can be concluded that the
DTU model was more accurate than the classic RR model.

Fig. 16 shows the comparison between measured and modelled total solar radiation on
the tilted flat plate collector surface. The calculated total solar radiation on the collector
plane by the isotropic and anisotropic models was based on measured global radiation and
DNI. The calculated monthly total radiation levels according to the isotropic model were
much lower than the measured values compared to the anisotropic models. The measured
yearly total radiation on the collector was 1170 kWh/m?. The monthly total solar radiation
on the tilted surface in November 2015 and January 2016, was around 20 kWh/m?. For the
four anisotropic models, the calculated total radiation on the tilted surface according to the
Perez 1l model and the Perez | model gave results closest to the measured values, with
small average differences, which is similar to the results reported by Andersen E., et al.
[51]. It is suggested that the Perez models were the most suitable models to calculate total
solar radiation on the collector compared to other models.
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Fig. 16 Comparison of measured and modelled total tilted solar radiation from isotropic and anisotropic models based on
measured global radiation and DNI.

To sum up, it is concluded that the DTU model can be used for calculation of diffuse
radiation on horizontal surfaces in Denmark. DNI can be derived from global radiation on
the horizontal surface by means of DTU model, see Chapter 4.1.1. Anisotropic models can
be used to calculate total radiation on tilted surfaces with better accuracy than the isotropic
model under Danish conditions. Anisotropic models together with the DTU model can be
a new method to determine total radiations on tilted surfaces for Danish conditions, see
Chapter 4.1.2. The only input for the mentioned method is global radiation measurement.
The proposed method is very simple, cost-effective and gives relatively accurate total
radiation on tilted surfaces and DNI under Danish conditions.

Further details are given in the attached paper 1.

3.2 Solar heating plant model

(1) Quasi-dynamic model

The quasi-dynamic model was used to simulate the thermal performance of both flat
plate collectors and parabolic trough collectors in this study, as shown in Equation 1 and 2.
The technical parameters of flat plate collector without/with FEP foil and parabolic trough
collector based on aperture area used in the model were shown in Table 3.

AT,

% = 1oKop(0)Gy + 1oKgaGyq — ¢1 (T, — Tp) — 2 (T — Tp)?* — c3 TS (01)
1 °

Kgp(8) = 1— by (———1),0 < 60 (02)
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When @ >60°, the IAM is linearized from the value at 60° to a value of zero at 90° [48].

Table 3 Parameters based on aperture area for the investigated solar collectors [43] [52].

No bo Ked c1, [W/(m2-K)] c2, [W/(m2-K?)] cs, [kd/(m?-K)]
0.839 0.1 0.98 2.596 0.016 7.321 HEATDboost 35/10
0.802 0.1 0.93 2.226 0.010 7.876 HEATSstore 35/10
0.75 0.27 0.038 0.04 0 4.00 PTC

(2) Levelized cost of heat (LCOH)

LCOH not only considers cost of the energy systems, but also take the energy output
of these systems into consideration at the same time [53]. Equation 03 shows the general
definition of LOCH. LCOH was used to evaluate the flat plate collectors and parabolic
trough collectors on the same basis. The results can also be used to compare with fossil
energy systems from an economy point of view. There are two boundary conditions when
the LCOH was used in solar district heating plants. One is that only solar heat and storage
are considered. This is called “Net LCOH” (nLCOH) in this study. The nLCOH can be
expressed as Equation 04. The other one is that not only solar heat and storage are
considered, but also the backup fossil energy systems are included. The latter is called
“System LCOH” (sLOCH) in this study. The sLCOH can be calculated based on Equation
5.

IO_SO+Z?=1M_RV'(1+T)_T

— (1+71)

Leon = ST b (03)
_ Is+Cstorage+Z?=1 Pg:(1+1)7t

nLCOH = St e B (04)

SLCOH = Is+Cstorage+1b+Z{=1(PS+Pb)'(1+T)_t (05)

S (SE+NE)-(1+r)~t

A detailed TRNSYS-GenOpt model was set up to simulate the performance of the
hybrid solar heating plant. TRNSYS is the popular and common dynamic platform for
solar thermal systems [54]. Main components used in TRNSYS can be found in Table 4.
Type 1290 is used to simulate the thermal performance of both the flat plate collector and
parabolic trough collector field. Type 30 is employed to simulate shadows between the
collectors. Type 9 is used to make use of measured heat demand from the district heating
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network. Type 659 is used to simulate the backup natural gas boilers. The type 31 is used
for forward and return pipes for the solar collector field.

Table 4 Main TRNSYS components and parameter settings (default condition).

Name Type Main Parameters Descriptions
Solar radiation mode 1: fixed surface for
North Jutland of
Weather FPC;
Type 15 Denmark, Design
data Solar radiation mode 2: the surface rotates
Reference Year
around a fixed (user-defined) axis for PTC
FPC Type 1290 5960 m? Flat plate collectors without/with FEP foils
PTC Type 1290 4039 m? Parabolic trough collectors
Model 1: row
distance : 5.67 m Model 1: flat plate collectors;
Shadow Type 30
Model 2: row Model 2: parabolic trough collectors.
distance: 12.6 m
Tank Type 4 2430 m3 Short-term storage.
Boilers Type 659 9100 kW Natural gas boiler systems
Pipe Type 31 DN 150 Supply/return pipe
Pump Type 3 Varied parameters -
Measured return temperature and heat load
Return
from the district heating system
Heat load Type 9 temperature and

Heat load

(approximately 850 buildings with about

1900 residents).

22



3.2.1 Measured ambient temperature and heat demand
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Fig. 17 Monthly heat demand and average ambient temperature in the Taars solar heating plant (Sep.2015-Aug.2016).

Fig. 17 illustrates the monthly heat demand of the district heating network and the
average ambient temperature. The coldest weather took place at Jan.2016 with around 0 °C
and the heat demand exceeded 2500 MWh. The yearly heat demand from Sep.2015 to
Aug.2016 is 18460 MWh. The average ambient temperature in summer is between 15°C
and 20 °C, while the heat demand was low.

3.2.2 Model validation on the solar heating plant

Inlet and outlet temperature, flow rate of the flat plate collector field and the parabolic
trough collector field are also measured in the Taars plant to obtain the measured thermal
performance of the plant. Dynamic performance on typical cloudy and sunny days, daily
performances for a full year, and monthly performance for a full year from the model
show a good agreement with the measured data in Taars. Fig. 18 and Fig. 19 show the
comparison between modelled and measured daily solar heat energy output for flat plate
collector field and parabolic trough collector field, respectively. Modelled energy output
of both collector fields have good agreement against the measurements. As there were
defocus of parabolic trough collectors in some sunny days in the period May 2016-August
2016 in order to avoid boiling (decided by the local operator), these periods were excluded
in Fig. 19. By the comparison of Fig. 18 and Fig. 19, it is clearly observed that the daily
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solar heat output of the flat plate collector field cannot exceed 5 kWh/m?. This may be
because the average operation temperature was relatively high, around 60°C during the
studied period due to the oversized collector field and the relatively high collector tilt of
50° results in shadows and relative low radiation on the collectors. The daily solar heat
output of the parabolic trough collector field can be higher than 5 kWh/m?, even if the
field is operating at a high temperature level of around 80 C.

Modelled solar heat of FPC field,kwh/m?2/day
w

y =1.0059x- 0.0
RZ=0.9876

0 1 2 3 4 5

Measured solar heat of the FPCfield (Sep.2015-Aug2016), kWh/m?/day

Fig. 18 Daily modelled solar energy output as a function of daily measured solar energy output of the FPC field for the
period Sep.2015-Aug.2016.
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Fig. 19 Daily modelled solar energy output as a function of daily measured solar energy output of the FPC field for the

period Sep.2015-Apr.2016.

Further details on the validation are given in the attached paper 2.
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4 Yearly solar radiation and thermal performance

4.1 Solar radiation

Accurate solar radiation data is the core information for designers to design solar
energy systems. There are many empirical formulas to split global radiation into beam
radiation and diffuse radiation [55]. DTU has developed empirical formulas for Danish
solar radiation conditions. Five other empirical models (one isotropic model and four
anisotropic models) used to calculate total solar radiation on the tilted flat plate collector
surface were shown in Chapter 3. These empirical formulas were validated by using the
measured hourly data for a full year period in Taars. DNI and total radiation on the tilted
surface are the main inputs to simulate the performance of parabolic trough collector field
and flat plate collector field, respectively. To make sure that the inputs of solar radiation
are reliable, calculated DNI and total radiation on the tilted surface only based on global
radiation on a horizontal surface by means of the selected models are shown in section
4.1.1 and 4.1.2, respectively.

4.1.1 DNI

Global radiation is always available from climate stations of Danish Meteorological
Institute (DMI). But DNI is not measured at climate stations sometimes and only very
seldom in solar heating plants. Moreover, DNI is a very important design parameter for
concentrating collectors, such as the parabolic trough collectors in Taars. As is shown in
section 3.1, diffuse radiation calculated by the DTU model is more accurate than the RR
empirical model under Danish conditions. So the DTU model was used in this section to
predict DNI. The diffuse radiation calculated by the DTU model was used to calculate
DNI and beam radiation. Fig. 20 shows monthly calculated DNI (DTU) and measured
DNI from Sep.2015 to Aug.2016. The calculated total DNI (997 kWh/m?) is about 1%
larger than measured total DNI (990 kWh/m?) for the period from Sep.2015 to Aug.2016,
which is within the measuring accuracy.
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Fig. 20 Measrued and calculated DNI for the period Sep.2015-Aug.2016.

4.1.2 Total solar radiation on tilted surface

As mentioned, normally global radiation from the Danish Meteorological Institute is
available. Total radiation on collector surfaces are measured at most solar heating plants
but with a poor accuracy in some cases. By the DTU model, calculated diffuse radiation
and beam radiation could be obtained only based on measured global radiation on a
horizontal surface. The Perez models were selected as the optimal models based on
calculated diffuse radiation and beam radiations from the DTU model in this section. As
the classic isotropic model is simple and widely used, the isotropic model was also
included in this section. Fig.21 shows the measured and calculated total solar radiation on
a tilted surface from the combined models (the DTU & the isotropic model, the DTU &
Perez | model and the DTU & Perez 1l model) only from the global radiation on the
horizontal surface. The calculated total solar radiation on a tilted surface of the DTU &
Perez models had very good agreements against the measured values.

In the past, in most cases, inexpensive and inaccurate solar radiation sensors have been
used to measure solar radiation on collector planes in solar district heating plants in
Denmark. Few technicians onsite in solar heating plants have paid much attention to the
accuracy of measurements of solar radiation. Poor solar radiation measurements may also
result in wrong control strategies for large solar collector fields, since the flow rate is
determined as a function of solar radiation. Consequently, a decrease of thermal
performance due to poor solar radiation measurements can be the result. The combined
model for accurately modelling total solar radiation on the collector surface can be used to
double-check solar radiation measurements onsite, in a cost-effective and fast way.
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Fig. 21 Measured monthly total radiation and calculated total radiation on tilted surface. The calculations are based on
calculated diffuse radiation and beam radiation (Sep.2015 — Aug.2016: a-DTU model & isotropic model, b- DTU model
& Perez | model, c- DTU model & Perez 11 model.)
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4.2 Thermal performance

Measured and simulated thermal performances of the hybrid solar heating plant for the
first operation year from September 2015 to August 2016 are shown in this section, see
Table 5. The weighted average operation temperature of the parabolic trough collectors is
80 °C. The weighted average operation temperature of the flat plate collector collectors is
in the range of 50 -60 °C.

Table 5 Monthly measured and simulated heat output for the flat plate collector field and parabolic trough collector field (kwWh/m?).

Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug.

2015 2015 2015 2015 2016 2016 2016 2016 2016 2016 2016 2016 Sum

Measured 53.0 228 1.9 0.4 0.9 224 30.2 53.3 76.0 66.8 58.7 61.7 448
FPC

Modelled 51.2 211 2.28 0.4 0.6 229 28.6 523 775 68.6 60.1 62.4 448

Measured 38.3 13.9 151 0.3 15 154 244 57.6 59.3 29.0 54.7 58.2 354
Modelled PTC

without 40.4 15.3 2.01 0.18 0.9 16.7 25.1 60.0 101.8 96.9 64.4 66.8 490

defocus

4.2.1 Flat plate collector field

As is shown in Fig. 22 and Fig. 23, both the flat plate collector field and the parabolic
trough collector field produced not much solar heat from Nov.2015 to Jan.2016, in which
period the backup natural gas boiler systems were main heat sources for the district
heating network. Measured and modelled yearly thermal performances of flat plate
collector field were about 450 kWh/m?. The solar heat of the flat plate collector field in
the summer could be higher than 60 kwh/m? in May, June and August of 2016, as shown
in Fig. 22.
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Fig. 22 Measured and modelled energy output of flat plate collector field for the period Sep.2015-Aug.2016.

4.2.2 Parabolic trough collector field

In the summer of 2016, the heat demand is low and the storage volume is too small.
Therefore, the parabolic trough collectors were defocused in some sunny days, which
resulted in a low energy output for the parabolic trough collector field. The measured
monthly thermal performance and simulated thermal performance without defocus of
parabolic trough collector field can be seen in Fig. 23. The yearly measured thermal
performance of parabolic trough collector field is 354 kWh/m? for the period Sep.2015-
Aug.2016. If there were not defocus, the thermal performance can reach close to 490
kWh/m? in the studied period. The potential monthly energy output of parabolic trough
collector field in the summer can be higher than 90 kWh/m?. Tracking accuracy of the
parabolic trough collector field excluding the defocus period has been determined in the
paper 5.
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Fig. 23 Measured and modelled energy output of parabolic trough collector field for the period Sep.2015-Aug.2016.

4.2.3 Utilized efficiency

®FPC | @PTC ®

Solar heat,kWh/m?/day
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Total solar radiation on the horizontal surface, kWh/m?/day
Sep.2015-Aug.2016

Fig. 24 Measured daily solar heat as a function of daily global radiation for both collector fields.

31



Solar heat,kWh/m?/day

2 3 4 5 6
Total solar radiation on the horizontal surface, kWh/m?/day
Sep.2015-Aug.2016

Fig. 25 Modelled daily solar heat as a function of daily global radiation for both collector fields.

Flat plate collectors utilize total radiation on the tilted collector plane, while parabolic
trough collectors mainly utilize beam radiation on the collector plane. To compare the
thermal performances of both collector technologies on the same basic, solar heat as a
function of global radiation on the horizontal surface for both collector fields was shown
in Fig. 24 and Fig. 25. Fig. 24 shows measured data. Because of defocus of parabolic
trough collectors in some sunny days, the energy output of parabolic trough collectors was
zero, which is indicated by the green dots in the X axis in Fig. 24. Fig. 25 shows the
simulated thermal performance of both collectors, if there was no defocus of the parabolic
trough collectors. It can be seen from Fig. 25 that the parabolic trough collector can
produce more solar heat than the flat plate collector field when the daily solar radiation is
higher than 2 kWh/m?. The maximum daily global radiation on the horizontal surface was
not more than 7 kWh/m? for the period September 2015- August 2016. Daily solar heat of
parabolic trough collectors can be higher than 7 kWh/m?, while the daily solar heat of flat
plate collectors cannot exceed 5 kWh/m? in the studied period.

Further details are given in the attached paper 3.
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5 Optimization

Designing solar heating plants is a multivariable optimization task because many
design parameters should be varied and optimized on a project-specific basis, especially
the area of the collectors and storage size. All the potential benefits of hybrid solar heating
plants can only be experienced if the design, size and the whole integrated system are
consistently optimized [6]. Due to the oversize of the solar collector field in Taars plant,
parabolic trough collectors were therefore often defocused a lot in sunny days during the
summer. The defocus of parabolic trough collectors decreased the performance of the
hybrid solar heating plant significantly. Cost of energy produced by solar energy systems
in district heating networks has been discussed for a long time. The levelized cost of heat
(LCOH) has become the most popular and common criteria to identify the most cost-
effective energy production technologies on a consistent basis. Configuration of solar
collector areas and storage volume of the hybrid solar heating plant based on LCOH was
optimized by means of TRNSYS model. Furthermore, orientation of parabolic trough
collectors and different scenarios of cost in the future were also investigated. Further
details are given in the attached paper 4.

In the validated TRNSYS model, the mass flow control for the solar collector field
was developed with the purpose of having a stable outlet temperature of 95°C. The
maximum outlet temperature of flat plate collector field can reach 80°C at midday. Solar
radiation data of the Design Reference Year (DRY) for North Jutland was used as input.
Half hour time steps was used in the simulations.

5.1 Cost investigation

The heat price from the natural gas boiler system is assumed to be 0.57 DKK/kWh in
this study. The assumed cost of the flat plate collector field with collectors without FEP
foils is shown by Equation 6. The cost of the flat plate collector field with collectors with
FEP foils is assumed to be 7.6% higher than that of the flat plate collector field with
collectors without FEP foils. The cost of the parabolic trough collector field and the
storage tank is expressed by Equation 7 [56] and 8 [57] respectively. The cost per m?
collector of the parabolic trough collector field is 40%-70% higher than the cost of flat
plate collector field depending on the size. The yearly operation and maintenance cost of
the flat plate collector field is assumed as follows: a) 2 DKK/MWh heat produced for
maintenance[58]; b) 1.5 kWh electricity/100 kWh heat produced for operation (2.3
DKK/kWh electricity)[57]. The yearly operation and maintenance cost of the parabolic
trough collector field is assumed to be 0.8% of the initial cost [42].
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Other detailed assumption can be found in paper 4.

5.2 The influence of storage volume
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Fig. 26 The influence of storage volume on the nLCOH in the Taars plant.

Areas of both collector fields and volume of the storage tanks are important design
parameters for the hybrid solar heating plant. The optimal storage volume and solar
collector areas of the solar collector fields depend strongly on each other. The parabolic
trough collectors was defocused in some sunny days in the summer period. On the one
hand, oversize of the solar collector is the reason. On the other hand, it is because the
existing storage volume are too small for solar collector field. Fig. 26 shows the influence
of the storage volume on the nLCOH and solar energy output (excluding heat loss) for the
reference case. The nLCOH of the Taars plant in the DRY is 0.420 DKK/kWh. The
nLCOH almost has the same level of 0.420 DKK/kWh when the storage volume varies
between 2430 m® and 5000 m®. The heat output of the plant delivered to the district
heating network can increase from 422 kWh/m? to 434 kWh/m? in the Design Reference
Year. When the heat storage volume is 7000 m?, the heat output delivered to the district
heating network almost peaks at 438 kWh/m?. For further increased storage volumes, the
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thermal performance is not much increased. 5000-7000 m® could be the reasonable storage
volume for the Taars plant.

5.3 Optimal solar collector areas

11000 0.55
m FPC without FEP . FPC with FEP . PTC

10000

0.50

&—» nLCOH === Solar fraction

9000 0.45

8000

- 0.40

7000

o
i
]

nLCOH, DKK/kWh
Solar fraction

6000

=
w
S

5000

Solar collector area, m?

4000 -+

3000

2000

1000

0

0.00

Taars Scenario 1b Scenario 2b Scenario 3b Scenario 4b
2430m3 5000 m? 7500 m? 10000 m?

Fig. 27 Optimal solar collector areas for different scenarios of storage volume based on the minimum nLCOH.

Fig. 27 shows the optimal collector areas of different collectors for 4 different
scenarios of storage volume based on the aim function of minimum nLCOH. It is
suggested that the optimal collector field should integrate flat plate collectors and
parabolic trough collectors in series to reach minimum nLCOH points with the range
0.367 - 0.400 DKK/kWh in the studied scenarios. The yearly solar fraction of the Taars
plant in the DRY is 21.6%. The yearly solar fractions of the investigated four scenarios 1-
4 in Fig. 27 are placed in the interval from 18% to 23%. The same storage volume of the
Taars plant was used in scenarios 1 in order to determine the optimal solar collector areas
for the studied plant. The comparison of the reference Taars plant and scenario 1 in Fig.
27 shows that the solar collector fields was oversized by at least 20% during the design
phase, which causes that the net LCOH of the Taars plant is higher than that of scenario 1.
The results show that the lowest net LCOH is found with a flat plate collector field of
5750 m? and a parabolic trough collector field of 2050 m? in scenario 1. But the net LCOH
of Taars plant is still lower than the price for natural gas boiler systems (0.57 DKK/kWHh).
In addition, the comparison of Taars plant and scenario 4 in Fig. 27 shows that if there was
a 10000 m® large storage volume, the yearly solar fraction could have increased to 23%
with lower heat price, then the cost-effectiveness of such large-scale solar heating plants
should have increased a lot.
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Fig. 28 Optimal solar collector areas for different scenarios of PTC price based on the minimum nLCOH.

The high price is the main barrier for the parabolic trough collectors to be applied
widely in the market compared to the flat plate collectors. With the commercial
development of PTC just started in 1970s [59], there is huge decrease potential of the cost
of PTC in the near future. So four PTC price scenarios varying from 0% to -50% reduction
in the current price level were investigated to obtain an overview of the development for
PTC technology in district heating networks in the future. Areas of the collectors, tilt of
the FPC and orientation of the PTC were optimized simultaneously to reach minimum
nLCOH. Fig. 28 shows the optimal design points for all the PTC price scenarios. The
optimal tilt of flat plate collectors is 35". The optimal orientation of parabolic trough
collectors is E — W orientation. The weighted average operation temperature for FPC
without FEP foils, FPC with FEP foils, PTC of these 4 scenarios are 60°C, 70-80°C, 80-
85°C, respectively. All the other variables are kept as in the Taars plant. When the price of
PTC decreases by 50%, the optimal nLCOH of the plant can be reduced from 0.367
DKK/kWh to 0.247 DKK/kWh. It can be found that the design strategy of using both flat
plate collectors and parabolic trough collectors in series is feasible and optimal in order to
reach minimum net LCOH in all the investigated scenarios. It can also be seen that the use
of flat plate collector with FEP foils has less and less proportion in the future scenarios,
which is because the parabolic trough collectors can gradually replace the flat plate
collectors with FEP foils if the parabolic trough collectors can be cheaper in the near
future.
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6 Discussion

The studied plant is the first pilot large-scale solar heating plant with flat plate
collectors and parabolic trough collectors in series for district heating networks in Europe,
even worldwide. The boiling problem for solar district heating plants in the summer is one
of the main factors to limit the size of plants, if there is no seasonal storage. On the one
hand, the application of parabolic trough collectors can easily be defocused to avoid
overheat production, which can increase the flexibility of solar heating plants in the whole
energy system, compared to evacuated tube collectors and compound parabolic collectors.
On the other hand, too much defocus of the parabolic trough collector reduces the cost-
effective competitiveness of the hybrid solar heating plants. The integration of parabolic
trough collectors can also guarantee that flat plate collectors work at relatively low
operation temperature and produce more than the normal solar heating plants. A large
fraction of cheaper flat plate collector without FEP foil can also be used. The
investigations in this study figure out the optimal solar collector areas for all the three
types for the Taars plant.

In addition, Fresnel collectors is another line-focusing collector with increasing interests
in the last decade. Fresnel collectors have a potential cheaper price and higher land use
efficiency than parabolic trough collectors, while it has lower efficiency compared to
parabolic trough collectors. Maybe Fresnel collectors can be developed to be more
attractive than parabolic trough collectors for hybrid solar district heating plants. All in all,
the integration of evacuated tube collectors, compound parabolic collectors, or Fresnel
collectors with flat plate collectors could also be interesting design concepts to investigate
for large-scale hybrid solar district heating plants.
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7 Conclusions

A hybrid solar heating plant with flat plate collectors and parabolic trough collectors
was investigated in detail. The feasibility of parabolic trough collectors in large solar
heating plants was determined in this study. Both measured and simulated annual solar
radiation and thermal performances of the studied plant were presented.

Optimization of the hybrid solar heating field based on LCOH was also carried out.
The advantages of such hybrid solar district heating plants are summarized as follows: 1.
Flat plate collector field in the hybrid solar heating plant can produce more than the
normal existing plants with only flat plate collectors; 2, The plant can provide a constant
high outlet temperature for the district heating networks, which is very important for the
hydraulic and thermal balance of the district heating networks. 3, The defocusing of the
PTC field can increase the safety of the solar district heating field in the whole energy
supply system.

The main objective of this study is to analyze the thermal performance of the hybrid
solar heating plant and determine the feasibility of parabolic trough collectors in the solar
district heating plants, particularly under Danish climate conditions. The main conclusions
can be drawn as followed:

(1) DTU diffuse solar radiation model can be used to split global radiation into diffuse

radiation and beam radiation under Danish conditions. The hybrid DTU model & Perez
models can be used to calculate total solar radiation on tilted surfaces accurately.

(2) The yearly measured performance of the flat plate collector field in this study for Danish

conditions is as expected about 450 kWh/m? with a weighted average operation
temperature range of 50-60 “C. Parabolic trough collector field could have produced much
more solar heat if there was no defocus in the sunny days in the summer. Parabolic trough
collectors with E-W orientation are more attractive than that with N-S orientation for
district heating if the system has limited heat storage volume and low heat demand in the
summer.

(3) Even though Denmark is located at high latitudes, parabolic trough collector can work

effectively if the DNI resource is utilized fully with a precise enough parabolic trough
collector design and accurate solar tracking.

(4) Hybrid solar district heating plants can be technical-economically attractive in Denmark

compared to conventional natural gas boiler systems.

(5) Expert design for large-scale hybrid solar heating plants is needed during the design and

planning phase to avoid oversizing of the collector fields. The optimization of solar
collector area and storage volume to minimize LCOH should be addressed carefully in the
planning and designing phase.
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8 Future work

The main barrier of parabolic trough collectors for application in district heating
networks is its relatively high initial investment cost compared to flat plate collectors.
Parabolic trough collectors with vacuum tubes are normally for high temperature levels in
solar thermal power systems. In hybrid solar district heating plants, cheaper parabolic
trough collectors without vacuum conditions for the absorber could be cost-effective. Such
small sized mass produced parabolic trough collectors might be attractive for district
heating purpose.

Solar heating plants connected to district heating networks are typically designed to
cover about 20% of the total district heating consumption on an annual basis in Denmark,
if there is no seasonal storage. Heat demand for district heating networks is low and solar
radiation is high in the summer. To harvest the thermal performance of parabolic trough
collectors in the summer and achieve high solar fraction on a yearly basis, seasonal
storage for hybrid solar district heating plants should be investigated. Furthermore,
parabolic trough collector fields are especially suitable for large cities with high heat
demands. The larger the parabolic trough collector field is, the lower the LCOH will be,
assuming a high heat demand. Professional and skilled operators and technicians normally
are employed in large energy systems, which also is very important in order to achieve a
high system performance. Hybrid solar heating plants could also be an interesting solution
to cover heat demand of industry processes.

Deep research about such hybrid solar district heating plants in high solar radiation
areas should be done. Integrating solar energy with other renewable energy resources to
achieve high fraction of renewable energy in the whole energy system should be
determined. Focus and defocus of parabolic trough collectors with flexible and accurate
control in hybrid solar heating plants can allow solar heating plants to work as “back up
boilers” in future smart energy systems.
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Nomenclature
Abbreviations

CHP  combined heating and power

CSP  concentrating solar power

DTU  Technical University of Denmark
DNI  direct normal irradiance

DH district heating

DHC district heating and cooling

DKK Danish Krone

DRY  Design Reference Year

EU European Union

E-W  East-West

FEP  Fluorinated ethylene propylene
FPC  flat plate collectors

HE heat exchanger

HD model Hay and Davies model

HDKR model Hay, Davies, Klucher and Reindl model
N-S  North-Sourth

ORC  Organic Rankin Cycle

PTC parabolic trough collectors

IEA International Energy Agency

SHC Solar Heating and Cooling Program
SDH solar district heating

LCOH Levelized Cost of Heat, DKK/kWh

LCOE Levelized Cost of Energy, DKK/kWh
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NLCOH Levelized Cost of Solar Heat, DKK/kWh
Latin symbols

Q useful output power, W

A collector aperture area, m?

Arc  aperture area of flat plate collector field, m?

Apc  aperture area of parabolic trough collector field, m?
Vstorage  VOlume of tank storage, m®

Crpc cost of flat plate collector field, DKK/m?

Chtc cost of parabolic trough collector field, DKK/m?

Cstorage  COSt of diurnal tank storage, DKK/m3

C1 collector heat loss coefficient at (Tm-Ta)=0, W/(m?-K)

C2 temperature dependence of collector heat loss coefficient, W/(m?.K?)
C3 effective thermal capacity of collector, ki/(m?-K)

Gb beam irradiance, W/m?

Gd diffuse irradiance, W/m?

Kob incidence angle modifier for beam radiation,-

Kod incidence angle modifier for diffuse radiation,-

Tm mean solar collector fluid temperature, °C
Ta ambient temperature, °C
dTm/dt time derivative of the mean solar collector fluid temperature, K/s
bo first 1AM coefficient(beam radiation),-
Ct operation and maintenance costs (year t), DKK
Cstorage  Specific costs of the tanks incl. installation (excl. VAT and subsidies), DKK/m?
DEP: asset depreciation (year t), DKK
Et energy generated (year t), kWh
SE specific useful energy delivered by the solar thermal system in the year t (thermal
losses in pipe loop and thermal storage considered), KWh

r discount rate , %
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Is  specific solar thermal system costs incl. installation (excl. VAT and subsidies), DKK/m?
lo specific boiler system costs incl. installation (excl. VAT and subsidies), DKK

NE  heat from the natural gas boiler system, kWh

Ps operation & maintenance expenditures of the solar plant in the year t, DKK

Pb operation & maintenance expenditures of the natural gas boiler system in the year t, DKK

RV residual value, DKK

So subsidies and incentives, DKK
Ta ambient temperture, °C
lo initial investment, DKK

TR corporate tax rate, %
T period of use (solar thermal system life time in years), a

t year within the period of use (1,2,... T)

Greek symbols
no peak collector efficiency, -

0 incident angle of the beam radiation, °
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Abstract: A novel combined solar heating plant with flat plate collectors (FPC) and parabolic trough
collectors (PTC) was constructed and put into operation in Taars, 30 km north of Aalborg, Denmark in
August 2015. To assess the thermal performance of the solar heating plant, global radiation,
direct normal irradiance (DNI) and total radiation on the tilted collector plane of the flat plate
collector field were measured. To determine the accuracy of the measurements, the calculated solar
radiations, including horizontal diffuse radiation, DNI and total tilted solar radiation with seven
empirical models, were compared each month based on an hourly time step. In addition, the split
of measured global radiation into diffuse and beam radiation based on a model developed by DTU
(Technical University of Denmark) and the Reduced Reindl correlation model was investigated. A new
method of combining empirical models, only based on measured global radiation, was proposed
for estimating hourly total radiation on tilted surfaces. The results showed that the DTU model
could be used to calculate diffuse radiation on the horizontal surface, and that the anisotropic models
(Perez I and Perez II) were the most accurate for calculation of total radiation on tilted collector
surfaces based only on global radiation under Danish climate conditions. The proposed method was
used to determine reliable horizontal diffuse radiation, DNI and total tilted radiation with only the
measurement of global radiation. Only a small difference compared to measured data, was found.
The proposed method was cost-effective and needed fewer measurements to obtain reliable DNI and
total radiation on the tilted plane. This method may be extended to other Nordic areas that have
similar weather.

Keywords: Danish climate conditions; solar radiation models; horizontal diffuse radiation; direct normal
irradiance (DNI); total radiation on the tilted surface

1. Introduction

Energy consumption in the building sector accounts for about 40% of society’s energy consumption
in developed countries. Using renewable energy, especially solar energy, for heating and cooling in
the building sector is a promising way to reduce the fossil energy consumption of buildings [1,2].
Solar thermal energy is one of the most commercial renewable energies in the building sector [3,4].
Large solar heating plants connected to district heating networks have been of great success in
Europe, especially in Denmark. Most large scale solar heating plants in Europe, even worldwide,
are constructed in Denmark. Denmark is the first and the only country with a mature commercial
market for solar district heating plants. By the end of 2016, more than 1.3 million m? solar heating
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plants were in operation in Denmark [5]. Real-time solar radiation data is widely used as a basic input
to control large-scale solar collector fields across thousands of square meters during their lifetime.
Furthermore, accurate solar radiation data are very important for designing solar heating systems and
estimating the thermal performance of solar district heating plants. Compared to global irradiance,
the direct beam component shows much more variability in space and time. Global radiation split into
beams and diffuse radiation on the collector plane is important for evaluation of the performance of
different collector types and collector field designs as well. In the past, in most cases, inexpensive and
inaccurate solar radiation sensors have been used to measure solar radiation on collector planes in
solar district heating plants in Denmark. Few technicians onsite in solar heating plants have paid
much attention to the accuracy of measurements about solar radiation. Poor solar radiation may
result in the wrong control strategies for such large-scale solar collector fields, which can influence
the cost-performance of solar heating plants significantly. A simple model for accurately modelling
solar radiation is needed to double-check solar radiation measurements onsite, in a cost-effective and
fast way.

1.1. State of the Art

Generally, climate stations measure global radiation and, only in rare cases, accurate DNI or
diffuse solar radiation on the horizontal surface. Therefore, total irradiation on tilted surfaces and
DNI in most cases is calculated using measured global irradiation by means of empirical models for
general use. Shukla et al. [6] carried out a comparative study of isotropic and anisotropic sky models to
estimate solar radiation incidence on tilted surfaces in India. Demain et al. [7] evaluated 14 empirical
models to predict global radiation on inclined surfaces. A hybrid model from the coupling of three
models under different sky conditions have been developed for Belgium. Khorasanizadeh et al. set
up a new diffuse solar radiation model to determine the optimum tilt angle of surfaces in Tabass,
Iran [8]. Marques Filho et al. carried out observational charaterisation and empirical modelling
of global radiation, diffuse and direct solar radiation on surfaces in the city of Rio de Janeiro [9].
El Mghouchi et al. evaluated four empirical models to predict daily direct diffuse and global radiation
in Tutuan city, north of Morocco [10]. Jakhrani et al. investigated the accuracy of different empirical
models for calculating total solar radiation on tilted surfaces [11]. It was found that the isotopic model
(Liu and Jordan model) was better for the prediction of solar energy radiation in cloudy weather
conditions and could be used to calculate available solar radiation on tilted surfaces in overcast skies
under Malaysian climate conditions. El-Sebaii et al. also calculated diffuse radiation on horizontal
surfaces and total solar radiation on tilted surfaces using empirical models [12]. They [12] also found
that the isotropic model (Liu and Jordan model) could be used to calculate total radiation on tilted
surfaces with good accuracy in Jeddah, Saudi Arabia. Gopinathan investigated solar radiation on
variously oriented sloping surfaces in Lesotho, South Africa, with the isotropic model [13]. Li et al.
carried out estimation of daily global solar radiation in China [14]. Alyahya et al. analysed the new
solar radiation Atlas for Saudi Arabia [15]. Bird et al. developed a simple solar spectral model for
direct and diffuse irradiance on horizontal and tilted planes on the earth’s surface for cloudless
atmospheres [16]. There have also been several studies on the prediction of solar radiation using
machine learning and multivariable regression methods [17,18]. Despotovic et al. [19] investigated the
accuracy of different empirical models in predicting total tilted solar radiation and diffuse horizontal
solar radiation, respectively. Ineichen concluded that the Perez model is slightly better (in terms of
RMSD) than other models in any case, even with synthetic data [20]. Gueymard et al. [21] carried
out a comprehensive evaluation study of the performance of 140 separation models selected from
the literature to predict direct normal irradiance from global horizontal irradiance. The evaluation
was based on measured, high-quality, 1-min data of global horizontal irradiance and DNI at 54
research-class stations from seven continents. Only two models consistently delivered the best
predictions over the arid, temperate and tropical zones and no model performed consistently well
over the high-albedo zone. A comparative study of the impact of horizontal-to-tilted solar irradiance



Energies 2018, 11, 1315 30f 19

conversion in modelling small PV array performance was presented in [22]. A neural network model
was employed to predict daily direct solar radiation in [23]. Frydrychowicz-Jastrzebska et al. compared
selected isotropic and anisotropic mathematical models to calculate the distribution of solar radiation
on the photovoltaic module plane with any spatial orientation for Poland [24].

Mubarak et al. [25] compared five empirical models for PV applications. The authors concluded
that the models of Hay and Davies and Reindl are recommended to estimate tilted irradiance for
south-facing modules in regions with mainly cloudy conditions and when albedo measurements are
not available. The Hay and Davies model is useful for vertical surfaces (e.g., facades and glazing),
whereas the Perez model is recommended for sunny sites and when albedo measurements are available.
Lee et al. [26] investigated solar radiation models to estimate direct normal irradiance for Korea.
The Reindl-2 model was selected as the best among the evaluated ten existing models for Korea.
Different conclusions can be drawn for different locations. Using previous empirical models to convert
global solar radiation data for general use in high latitude areas, such as Denmark, may not give
highly accurate results. Furthermore, limited literature was found on the analysis and prediction of
total tilted solar radiation and DNI at high latitudes. A novel combined solar heating plant with a
4039 m? parabolic trough collector field and a 5960 m? flat plate collector field in Taars was put into
operation in August 2015 [27]. To evaluate the thermal performance of the plant and the accuracy of
the calculated solar radiation, total tilted and horizontal solar radiation was measured in the collector
field. In addition, a weather station was in operation close to the solar collector fields to ensure that the
pyranometers in the plant had correct values to reduce systemic errors and to measure direct normal
irradiance (DNI).

Diffuse radiation influences the thermal performance of the flat plate collector field. In this study,
diffuse horizontal radiation was estimated using the RR model (Reduced Reindl correlation model) [28]
and the DTU (Technical University of Denmark) model [29]. The DTU model was developed based on
measurements from 20062010 at a climate station at DTU [29] and was used in this paper to calculate
diffuse radiation on the horizontal surface with only global radiation as an input. The RR model was
developed by Reindl in 1990 for general use to calculate diffuse radiation on the horizontal surface
with only global radiation as an input [30]. These two models were compared to the measured data
from the Taars plant.

When diffuse radiation on the horizontal surface has been calculated, direct radiation on the
same surface can be derived by the subtraction of beam radiation from global radiation. DNI can then
be determined by dividing by the cosine of the zenith angle indirectly. The last two steps for direct
radiation are exact numerical conversions without calculation error.

1.2. Scope and Objective

The novel contributions of this paper are as follows: (1) A solar radiation model developed for the
Danish climate conditions in the Nordic area was validated; (2) The measured data were from a pilot
solar heating plant, not a laboratory, which is more practical and the whole chain of calculations, up to
the long term performance of the solar collectors, can be validated; and (3) DNI, diffuse radiation on
the horizontal surface and total radiation on the tilted surface during the whole year were analysed.

This paper validated the performance of the DTU model for the derivation of horizontal diffuse
irradiance and beam radiation based on more widely available global horizontal irradiance data under
Danish climate conditions. One isotropic model and four anisotropic models for the calculation of total
titled radiation were also investigated. The difference between measured solar radiation and modelled
solar radiation estimated by the empirical formulas under Danish climate conditions, including DNI,
diffuse horizontal radiation and total titled solar radiation, were shown. MBE, RMSE, MAPE and
RPE were used to assess the feasibility of the investigated empirical models under Danish climate
conditions. Calculated total tilted radiation only based on global horizontal radiation and on both
global horizontal radiation and beam radiation were discussed, which could provide a new method to
calculate total tilted radiation with less measurements under Danish climate conditions and may be
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extended to other Nordic areas that have similar weather. The combined method to calculate total tilted
solar radiation could be a useful tool for design large-scale solar district heating plants, which have
been of great success in Denmark.

The aim of this article was to develop a solar radiation model to predict DNI and total tilted solar
radiation accurately for solar thermal systems under Danish climate conditions.

The structure of the article is summarised as follows: Section 1 is the introduction; Section 2 is
the introduction of the measurements; Sections 3 and 4 present the method and detailed empirical
models used in this study; Section 5 shows the validation of the empirical models; Section 6 shows
the predicted DNI and total tilted solar radiation of the selected models; Section 7 is the discussion;
and Section 8 is the conclusion.

2. Data Collection and Location Description

As is shown in Figure 1, Denmark has six solar radiation zones with different yearly global
radiation, around 1000-1200 kWh/m?2. The Taars plant is located in the first solar radiation zone,
in the northern part of Denmark [31-33]. Figure 2 illustrates the locations of the weather station and
the pyranometers in the flat plate collector field. The weather station is next to a solar heating plant.
There are several pyranometers to measure global solar radiation and total radiation on the tilted plane
of the flat plate collectors in the middle of flat plate collector field (Figure 1). The latitude of Taars is
57.39°N and the longitude is 10.11°E.

As is shown in Figures 2 and 3, four south facing pyranometers with a tilt 50° were installed on
the top of a flat plate collector plane in the middle of the flat plate collector field [35]. Three Apogee
Pyranometer SP-110 are used as backup sensors to double check the measured total radiation, as is
shown in the Figure 3 left. Two of the pyranometers to measure solar radiation on the horizontal surface
and solar radiation on the titled collector plane were Kipp & Zonen SMP11 (see Figure 3), which are
used in this study. DNI was measured with a PMO6-CC pyrheliometer with the sun tracking platform
Sunscanner SC1 in the weather station next to the solar heating plant (see Figures 2 and 4). Tables 1
and 2 show the technical specifications of the Kipp & Zonen SMP11 pyranometer and PMO6-CC
pyrheliometer [36,37]. The measurements, including global radiation, total tilted solar radiation and
DNI, were recorded in 2 minutes intervals from the middle of August 2015.

Globalstraling gggg
OV Location of Tars, Denmark 3850/

6141
Arssum. Gennemsnit for perioden 2001-2010 (M)/m2)

Figure 1. Location of Taars in Denmark [34].
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Figure 2. Location of the weather station and pyranometers (PTC: parabolic trough collector, FPC:

flat plate collector) [27].

| Kipp & Zonen SMP11 | | Apogee sensors (3)

Figure 3. The pyranometers in the middle of the flat plate collector field.

Table 1. Specifications of Kipp & Zonen SMP11 pyranometer.

Parameter Values
Spectral range (50% points) 285 to 2800 nm
Response time (63%) <0.7 s
Response time (95%) <2s
Zero offset A <7 W/m?
Zero offset B <2 W/m?
Directional response (up to 80° with 1000 W/m? beam) <10 W/m?
Temperature dependence of sensitivity (—20 °C to +50 °C) <1%
Analogue output (—V version) OtolV
4to20 mA

Analogue output (—A version)
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(a)

(b)

Sunscanner

il

Pyrheliometer

()

Figure 4. Weather station used and the pyrheliometer of the Taars solar heating plant. (a) Weather

station; (b) the weather sensors including pyrheliometer; and (c) used pyrhelionmeter and sunscanner.

Table 2. Specifications of PMO6-CC pyrheliometer.

Parameter Values

Dimension 80 x 80 x 230 mm

Mass 215kg

Field of view (full angle) 5°

Slope angle 1°

Range up to 1400 W/ m? (or custom design available)
Traceability to WRR <0.1%

Operating temperature range

—25°C to +50 °C

3. Methodology

Figure 5a gives a schematic illustration of this study. Firstly, the DTU model and RR models were
used to calculate horizontal diffuse radiation based on measured global radiation. Five calculation
models for total radiation on tilted surfaces for general use were investigated: one isotropic model

and four anisotropic models. Circumsolar diffuse and horizon-brightening components on the tilted
surfaces were taken into consideration in the anisotropic models, but not in the isotropic model.
Calculated total tilted solar radiation of the empirical models based on measured global radiation and
DNI was derived. Measured total tilted radiation was used to evaluate the suitability of the empirical
models for measuring total tilted radiation in Danish conditions (see the validation cycle in Figure 5a),

as elaborated on in Section 5.
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Figure 5. Schematic illustration of the methodology. (a) Validation cycle; (b) Calculation cycle.

Then, the selected empirical models based on calculated diffuse radiation and beam radiation were
employed to calculate total tilted radiation (Figure 5b), as described further in Section 6. Calculated total
tilted radiation using the DTU model and the investigated empirical models (Perez models) only based
on global radiation showed good agreement with the measured values from September 2015 to August
2016 (Figure 5b). DNI calculated by the DTU model also had good agreement with measured DNI.
In summary, the proposed method to calculate total tilted solar radiation only based on measured

global horizontal radiation (red flow chart) is a new, simple and cost-effective approach to obtain

accurate total tilted solar radiation for Danish conditions, as measuredglobal radiation data is always

available from climate stations. Furthermore, DNI and diffuse radiation measurements are relatively

costly both in terms of equipment and manpower. Accurate long-term data for these variables
are seldom available in most cases. Therefore, accurate calculated DNI, diffuse radiation and total
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tilted radiation based only on measured global radiation using the method proposed in this paper is
very valuable.

4. Empirical Models

DNI, global radiation and total tilted solar radiation on the top of a 50° tilted, south facing collector
were measured with a high time resolution of 2 min. Hourly mean values were calculated based on
the measured values. Calculated solar radiation in this study was based on the mean data of a 1 h time
step. Both the DTU model and the RR model were used to calculate diffuse radiation on the horizontal
surface. Five other empirical models (one isotropic model and four anisotropic models) were used to
calculate total solar radiation on the tilted surface. Ground reflectance or albedo was assumed to be
0.1. This value was a reasonable estimation of ground reflectance when shadows between collector
rows in the solar heating plant were considered.

4.1. Measured Horizontal Diffuse Radiation

Diffuse radiation on the horizontal surface was not measured directly in the Taars plant. However,
diffuse radiation can be derived accurately as the difference between total radiation and beam radiation.
Measured beam radiation was calculated by measured DNI and solar zenith angle using Equation (1).
Measured diffuse radiation on the horizontal surface was determined as the difference between the
measured global radiation and beam radiation components, indirectly, using Equation (2).

Gp = DNI X cos 6, 1)
Gi =G — Gy 2)

4.2. Modelled Horizontal Diffuse Radiation
(1) DTU model

Dragsted et al. measured and analysed solar radiation from a climate station at the Technical
University of Denmark from 2006 to 2010, and developed an empirical model to calculate horizontal
diffuse radiation from global radiation on the horizontal surface for Danish climate conditions [29].
The empirical model is as follows in Equations (3)—(7):

Kr =G/Gy @)

G4/G = —0.60921K7> + 1.9982K 1% — 0.2787K1 +1,0.00 < K1 < 0.29 (4)
G4/G = 3.99K7> — 7.1469K 1% + 2.3996K 1 + 0.746,0.29 < Kt < 0.72 (5)
G4/ G = 288.63Kr* — 625.26K7> + 448.06K 1> — 105.84Kr, 0.72 < K1 < 0.80 (6)
G;/G = 65.89K1* — 210.69K 1> + 222.91K7? — 77.203K 7, 0.80 < K7 < 1.20 )

(2) Reduced Reindl correlation model

The Reduced Reindl correlation model is based on the relationships developed by Reindl et al. [30].
The Reduced Reindl model uses clearness index and solar altitude angle to estimate diffuse radiation
on the horizontal surface. The correlation is given by Equations (8)—(10):

G4/G = 1.020 — 0.254K + 0.0123sina,0 < K1 < 0.3,G4/G < 1.0 )

G;/G = 1.400 — 1.794K1 + 0.177 sinw, 0.3 < Ky < 0.78,0.1 < G;/G < 0.97 )
G;/G = 0.486Ky — 0.182sin,0.78 < K1,0.1 < G;/G (10)
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4.3. Modelled Total Tilted Solar Radiation

(1) Isotropic model

The typical isotropic model was developed by Liu and Jordan (Liu—-Jordan model; Equations (11)
and (12)) [38] and has been used widely in recent decades. The isotropic model assumes that diffuse
radiation is uniformly distributed over the complete sky dome and that reflection on the ground

is diffuse.
cos

Ry = 11
b cos 0, (11)

1 1-—
Gt = GpRy + Gy (—i_COS'B> + Gpg <COSﬁ> (12)

2 2

(2) Anisotropic model
(a) Hay and Davies model (HD model)

The Hay and Davies model (Equations (13) and (14)) accounts for both circumsolar and isotropic
diffuse radiation [39,40]. Horizon brightening is not taken into account. There is an increased intensity
of diffuse radiation in the area around the sun (circumsolar diffuse radiation). An anisotropy index A;
is introduced in the HD model to weight the amount of circumsolar diffuse radiation. The anisotropy
index is used to quantify a portion of the diffuse radiation treated as circumsolar, with the remaining
portion of diffuse radiation assumed isotropic. The circumsolar component is assumed to be from the
sun’s position.

A; =Gy/Gy (13)

2 2
(b) Hay, Davies, Klucher and Reindl model (HDKR model)

Gr = (Gy + GaA)Ry + Ga(1 —A»(”“)Sﬁ) +Gpg(1_“"°’ﬁ> 14)

A horizon brightening diffuse term was added to the HD model by Reindl et al. in the HDKR
model [39]. Horizon brightening is combined with the isotropic diffuse term and the magnitude is
named by a modulating factor v/G/ G, as is shown in the Equation (15).

Gr = (G + G4A})R, + Ga(1 — A;) (Hg(’sﬁ) (1 + % sin3(§)> 1 Gpg<1_§OS'B) (15)

(c) Perez I model

Compared to the other models described, the Perez model is more computationally intensive
and represents a more detailed analysis of isotropic diffuse, circumsolar and horizon brightening
radiation by using empirically derived coefficients [41]. Perez et al. developed the model accounting for
circumsolar, horizon brightening and isotropic diffuse radiation with an empirically derived “reduced
brightness coefficient” [42] in 1988. This is called the Perez I model, and is given by Equations (16)—(21).
The coefficients of the Perez I model are listed in Table 3.

1+ cos a . 1 — cos
Gt = GyRy, + Gy |:(1 — Fl) (2'8) + Pl(z) +F Sln,B:| + Gpg (2'6) (16)
_ Max|0, cos 0]
afe= Max|cos 85, cos 6, A7)
. [1+ @ +1.0410.%] )
© [141.0416,3]
A= Gd (19)

= G
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F = fi1(e) + fi2(e) - A+ f13(e) - 02 (20)
E = foi1(e) + faa(e) - A+ foz(e) - 0, (21)

Table 3. The coefficients of the Perez I model

eBin Upper Limit fore  Cases (%) f1 f12 f13 fan f2 f23
1 1.065 13.6 —0.196 1.084 —0.006 —0.114 0.18 —0.019
2 1.23 5.6 0.236 0.519 —0.18 —0.011 0.2 —0.038
3 1.5 7.52 0.454 0.321 —0.255 0.072 —0.098 —0.046
4 1.95 8.87 0.866 —-0381 —0375 0203 —0.403 —0.049
5 2.8 13.17 1.026 —0.711 —-0426 0.273 —0.602 —0.061
6 4.5 21.45 0.978 —0.986 —0.35 0.28 —0915 —-0.024
7 6.2 16.06 0.748 —-0913 —-0.236 0.173 —1.045 0.065
8 - 13.73 0.318 —0.757 0.103 0.062 —1.698 0.236

(d) Perez Il model

The Perez Il model has the same formulation as the Perez I model [43]. Both models differ only in
the F; and F; coefficients. The method for calculating the detailed parameters g4, ¢, F; and F, in the
Perez I and Perez Il models can be found in Equations (17)—(21). The coefficients of the Perez Il model
are shown in Table 4.

Table 4. The coefficients of the Perez II model.

& Bin i f12 f13 fn fa f23
1 —0.00831 0.58773 —0.06206 —0.05960 0.07212 —0.02202
2 0.12999 0.68260 —0.15138 —0.01893 0.06597 —0.02887
3 0.32970 0.48687 —0.22110 —0.055414 —0.06396 —0.02605
4 0.56821 0.18745 —0.29513 —0.10886 —0.15192 —0.01398
5 0.87303 —0.39204 —0.36162 0.22556 —0.46204 —0.00124
6 1.13261 —1.23673 —0.41185 0.28778 —0.82304 0.05587
7 1.06016 —1.59999 —0.35892 0.26421 —1.12723 0.13107
8 0.67775 —0.32726  —0.25043 0.26421 —1.37650 0.25062

5. Diffuse Radiation and Total Tilted Radiation

5.1. Diffuse Radiation on the Horizontal Surface

Measured diffuse radiation and calculated diffuse radiation based on the DTU and RR models
only using measured global radiation is shown in Figure 6. Yearly measured diffuse radiation and
calculated diffuse radiation according to the DTU model was 524 and 510 kWh/m?, respectively.
Yearly calculated diffuse radiation according to the RR model was 494 kWh/m?. Monthly calculated
results according to the RR model were 6% lower than the measured values on average in Taars.
Diffuse radiation calculated by the DTU model was closer to the measured values than the RR model.
The difference between measured and simulated diffuse radiation according to the DTU model was
about 3% on average. It may be concluded that the DTU model is more suitable for Danish climate
conditions compared to the other universal and classic empirical model.

5.2. Total Radiation on the Tilted Surface Based on Global Radiation and Beam Radiation

Calculated total radiation on the tilted surface by use of the isotropic and anisotropic models
based on measured total horizontal radiation and measured beam radiation from September 2015 to
August 2016 is shown in Figure 7 together with measured values. The surface is facing south with a
tilt of 50°.
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B DTU model
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x40

Figure 6. Calculated and measured diffuse radiation on the horizontal surface (September 2015-August 2016).
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B Measured
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100 ® Isotropic model

Figure 7. Calculated and measured total radiation on the 50° tilted south facing surface (September
2015-August 2016).

The calculated monthly total tilted radiation levels according to the isotropic model were much
lower than the measured values in Figure 7 compared to the anisotropic models. The measured
yearly total radiation was 1170 kWh/m?. The monthly total tilted solar radiation in November 2015,
December 2015 and January 2016, was around 20 kWh/m?2. Contrary to the conclusions derived
under Saudi Arabian and Malaysian weather conditions in past studies [11,12], in the present study,
the anisotropic models were better than the isotropic model under Danish climate conditions. For the
four anisotropic models, the calculated total tilted radiation according to the Perez Il model and the
Perez I model gave results closest to the sum of measured values, with only average differences of
1-2%, which is similar to the results reported by Andersen et al. [44].

5.3. Comparison of the Different Models

Measured data from the Taars solar heating plant were used to evaluate the models. Four statistical
error parameters were introduced to evaluate the monthly results from September 2015 to August 2016
in Figures 6 and 7 to determine the accuracy of the models for Danish climate conditions.

(1) MBE, mean bias error

1& :
MBE = EZ(GEalcultzted - G;\/Ieusureed) (22)
1
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(2) RMSE, root mean square error

1 k i i 9 1/2
RMSE = EZ(GCalculated - GMeusureed) (23)
1

(3) MAPE, mean absolute percentage error

r . .
MAPE = %2 Géfalculat?d — G?VIeusureed (24)
1 Measureed
(4) RPE, relative percentage error
k i i
;(GCalculated o GMeasureed)
RPE = (25)

k.
i
; GMeasureed

Comparisons between measured values and calculated values of diffuse radiation on the
horizontal surface and total radiation on the tilted surface are shown in Tables 5 and 6, respectively.
The lower the MBE and RMSE are, the better the agreement between the measured and calculated
values. For MBE, a positive value means an overestimation of the calculated values and a negative
value means an underestimation of the calculated values. A drawback of MBE is that one positive
value in one calculation step may cancel a negative value in another calculation step. RMSE is always
positive. MAPE is positive and a low MAPE means the model is accurate. A negative RPE means
the proposed model slightly underestimates radiation. Table 5 shows that the DTU model is more
accurate than the RR model for Danish conditions based on the four investigated criteria. The RMSE
of the DTU model and the RR model were 2 and 3 kWh/m?, respectively. The RMSE and MAPE
of the Perez models were much lower than other models, as shown in Table 6. It can be concluded
that the anisotropic models (Perez II model and Perez I model) were the most accurate among the
investigated empirical models and the most suitable for calculations of total tilted radiation under
Danish climate conditions.

Table 5. Measured and calculated MBE (kWh/m?), RMSE (kWh/m?2), MAPE (%) and RPE (%) for
diffuse horizontal radiation.

Items DTU Model RR Model
MBE —-1.3 —25

RMSE 2.0 3.0

MAPE 3.5% 8.1%
RPE —2.9% —5.7%

Table 6. Measured and calculated MBE (kWh/m?), RMSE (kWh/m?2), MAPE (%) and RPE (%) for
monthly total tilted radiation.

Items Perez Il Model PerezIModel HDKR Model HD Model Isotropic Model

MBE —24 -3.4 —-8.4 —10.0 —18.6
RMSE 2.0 2.6 49 5.8 10.0
MAPE 21% 2.8% 5.7% 5.9% 12.0%

RPE —1.2% —1.8% —4.3% —5.2% —9.7%
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6. DNI and Total Tilted Radiation Only Based on Global Radiation

6.1. Measured and Calculated DNI Only Based on Global Radiation

Global radiation data is available from climate stations at the Danish Meteorological Institute
(DMI). DNTI is not measured at climate stations and only seldom in solar heating plants in Denmark.
Moreover, DNI is a very important design parameter for concentrating solar collectors, such as
the parabolic trough collectors in Taars. As was shown in Sections 5.1 and 5.3, diffuse radiation
calculated by the DTU model was more accurate than the RR empirical model under Danish conditions.
Using Equations (1) and (2), diffuse radiation calculated by the DTU model was used to calculate
DNI or beam radiation. Therefore, the DTU model was used as the optimal model in this section to
predict DNI. Figure 8 shows monthly calculated DNI (DTU) and measured DNI from September 2015
to August 2016. The calculated yearly DNI (997 kWh/m?) was about 1% larger than measured yearly
DNI (990 kWh/m?) for the period from September 2015 to August 2016, which was within measuring
accuracy. Monthly DNI can be higher than 100 kWh/m? in the summer season, as is shown in Figure 8.

200 -
180 |+ e=mmgpum \easured DNI
160 +— = <= DNI(DTU model)

140

120 \M
100 —%

80 \
60

w W

kWh/m?

20 >
0 T T T T T T T T T T T 1
\2) \2) ) \) © o © © © © © ©
) M M ) M ™ M M M M > >
B S S S S S P P P S

R O o W @ @ W @’b* S ~
Figure 8. Calculated DNI (DTU) and measured DNI in the Taars solar heating plant.

6.2. Measured and Calculated Total Tilted Radiation Only Based on Global Radiation

As mentioned, normally global radiation from the Danish Meteorological Institute is available.
Total radiation on collector surfaces is measured at most solar heating plants but with a poor accuracy
in Denmark. Using the DTU model and Equations (1) and (2), calculated diffuse radiation and beam
radiation could be obtained based on measured global radiation on the horizontal surface. In addition,
because the isotropic model could be used easily and widely and the anisotropic models (Perez II
model and Perez I model) were closest to the measured values, as described in Sections 5.2 and 5.3,
the isotropic model and the anisotropic models (Perez II and Perez I) were selected to calculate total
radiation on the tilted surface based on calculated diffuse radiation and calculated beam radiation
from the DTU model, which was calculated only from measured global radiation. The calculated
total radiation on the tilted surface using the isotropic model (1070 kWh/m?) was 8% lower than the
measured one (1170 kWh/m?) from September 2015 to August 2016 (Figure 9a). The calculated total
tilted radiation by the Perez I model (1160 kWh/m?) and Perez I model (1169 kWh/m?) was less than
1% different than the yearly measured total radiation (Figure 9b,c). Both of the Perez models had the
best agreement with the measurements of the investigated three empirical models.
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Figure 9. Measured monthly tilted total radiation and calculated tilted total radiation based on

calculated diffuse radiation and beam radiation (September 2015-August 2016: (a) DTU and Isotropic
model; (b) DTU and Perez I model; (¢) DTU and Perez II model).
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Figure 10 shows the daily measured total tilted solar radiation as a function of the modelled
total tilted solar radiation from the DTU and Perez II model. The trend in Figure 10 demonstrates
good agreement between the daily measured and modelled data. It was also found that maximum
daily total tilted solar radiation could be higher than 8 kWh/m?. These results are in good agreement
with conclusions presented elsewhere [44]. From the above results, it was found that the DTU model
together with the Perez II and I models could be used to predict total radiation on tilted surfaces
based only on measured global radiation under Danish conditions very accurately. Furthermore,
the proposed models could be employed to check measured total radiation on tilted flat plate collector
planes in solar district heating plants in Denmark. The proposed method could also be used to
derive solar radiation data for planning solar collector fields based on available horizontal global
radiation measurements.

9

Daily measured total tilted solar radiation, kWh/m?

0 1 2 3 4 5 6 7 8 9
Daily modelled total tiltled solar radiation from DTU & Perez || model, kWh/m?

Figure 10. Daily measured total tilted solar radiation as a function of modelled total tilted solar
radiation from the DTU and Perez II model.

7. Discussion

In general, the anisotropic sky models (Hay and Davies, Reindl, and Perez) provide comparable
estimates of the total radiation on a tilted surface and are recommended for general use [43]. The Hay
and Davies and the Reindl models are computationally simple when compared to the Perez model.
The isotropic sky model under-predicts total radiation on a tilted surface and is not recommended
for general use. The HD and Reindl models were recommended in the mentioned references [25,26].
The HD model has also been selected to predict total tilted solar radiation in Greece [45]. The Perez
models were the best models under Danish climate conditions in this study, which aligns with other
past research [46,47].

8. Conclusions

Measured and calculated monthly horizontal diffuse solar radiation and total tilted solar radiation
from September 2015 to August 2016 (a full year) in a demonstration solar district heating plant in
Denmark were analysed in this study using an hourly time step. The DTU model, developed for the
calculation of horizontal diffuse radiation in Danish climate conditions, was evaluated and validated
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using the measured data. Calculated monthly DNIbased on the DTU model with only measured global
radiation as an input was also investigated with good agreement with measurements. Furthermore,
one isotropic model and four anisotropic models for general use were investigated for the calculation
of total monthly radiation on the tilted surface under Danish climate conditions. From these results,
the following conclusions can be drawn:

(1) It was found that the DTU model could be used for the calculation of diffuse radiation on the
horizontal surface or DNI in Denmark with better accuracy than the other classic empirical model.

(2) Anisotropic models could be used to calculate total radiation on tilted surfaces with better
accuracy than the isotropic model under Danish conditions.

(3) The Perez models together with the DTU model could be a suitable new method to determine
total radiation on tilted surfaces and double-check real-time measured solar radiation for Danish
solar heating plants. The only input for this method was global radiation measurement.

(4) Yearly global radiation and DNI was around 1000 kWh/m? and total tilted solar radiation was
around 1200 kWh/m? in this study.

The proposed method was simple, cost-effective and gave relatively accurate measurements of
total tilted radiation under Danish conditions.
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Abbreviations

DNI Direct normal irradiance, W/m?
MBE Mean bias error, kWh/m?

RMSE Root mean square error, kWh/m?
MAPE Mean absolute percentage error
RPE Relative percentage error

DTU Technical University of Denmark
RR model Reduced Reindl correlation model
PTC parabolic trough collector

FPC flat plate collector

Nomenclature

The ratio of beam radiation on the tilted surface to that on a

Ry horizontal surface at any time

A; Anisotropy index

k Number of calculated values

i Every calculated value

G Mean total radiation on the horizontal surface, W/m?
Gy Mean diffuse radiation on the horizontal surface, W/m?
Go Mean extraterrestrial radiation on the horizontal surface, W/m?
Gr Mean total radiation on the tilted surface, W/m?2

Gy Mean beam radiation on the horizontal surface, W/m?
Gn Mean direct normal beam radiation, W/m?

Kt Clearness index

a/c Weighted circumsolar solid angle
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Gealeulated Calculated solar radiation, kWh/m?
GMeasured Measured solar radiation, kWh/m?
Fq Reduced brightness coefficient (circumsolar)

Fp

Reduced brightness coefficient (horizon brightening)

Greek Letters

B Slope

0 Zenith angle

0 Incident angle

o Solar altitude angle

Og Diffuse reflectance for the total solar radiation

€ Sky clearness parameter

Sky brightness parameter
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ABSTRACT

A quasi-dynamic TRNSYS simulation model for a solar collector field with flat plate collectors and
parabolic trough collectors in series was described and validated. A simplified method was implemented
in TRNSYS in order to carry out long-term energy production analyses of the whole solar heating plant.
The advantages of the model include faster computation with fewer resources, flexibility of different
collector types in solar heating plant configuration and satisfactory accuracy in both dynamic and long-
term analyses. In situ measurements were taken from a pilot solar heating plant with 5960 m? flat plate
collectors and 4039 m? parabolic trough collectors in series in Taars, Denmark from Sep.2015 to
Aug.2016. The simulated thermal performances of both the parabolic trough collector field and the flat
plate collector field have a good agreement with the measured performances. The thermal performance
of the hybrid solar district heating plant is also presented. The measured and simulated results show that
the integration of parabolic trough collectors in solar district heating plants can guarantee that the
system produces hot water with relatively constant outlet temperature. The daily energy output of the
parabolic trough collector field can be more than 5 kWh/m?, while the daily energy output of the flat
plate collector field is less than 5 kWh/m? under Danish climate conditions. The simplified and validated
TRNSYS model can be a useful tool to simulate and optimize thermal performance of solar heating plants
with both flat plate and parabolic trough collectors.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The number of large scale solar heating plants for district
heating increased very fast in Europe during the last couple of
years, especially in Denmark [1], [2]. More than 70% of large scale
solar heating plants for district heating around the world are con-
structed in Denmark so far [3]. Most of the collectors in the existing
plants are flat plate collectors. Due to collector heat losses, the ef-
ficiency of flat plate solar collectors is significantly lower at oper-
ation temperatures of 85°C—95 °C compared to the efficiency at
temperatures of 40°C—60 °C. Parabolic trough collectors typically
have a low heat loss coefficient and are therefore less affected by
the operation temperature level of the collectors. Parabolic trough
collector is the most used technology currently among solar
concentrating power collector technologies [4]. Parabolic trough

* Corresponding author.
E-mail addresses: tianzy0913@163.com, zhiytia@byg.dtu.dk (Z. Tian).

https://doi.org/10.1016/j.energy.2017.09.135
0360-5442/© 2017 Elsevier Ltd. All rights reserved.

collectors are mainly used for electricity production at tempera-
tures of 200—400 °C so far [5], [6]. Industry process temperatures
found in industrial processes are manifold, ranging from low
(T < 100 °C), medium (100 °C < T < 250 °C) to high (T > 250 °C)
operating temperatures [7]. Parabolic trough collector is also suit-
able for these temperature ranges [7]. More and more parabolic
trough collectors have been employed in the industry process heat
production in the recent years [6,8—11]. Most small scale parabolic
trough heating plants are applied for industry processes using
glycol/water as heat transfer fluid in recent years [7]. Parabolic
trough collector also can be used with advantage operated at
temperature range 85—95 °C in solar district heating plants. The
feasibility of parabolic trough collectors in large scale solar heating
plants for district heating has been validated in the pilot Thisted
plant in Denmark in 2013 [12]. A pilot solar collector system with
flat plate collector and parabolic trough collector fields for district
heating networks in series can harvest the advantages of the flat
plate collectors at low temperature levels and the parabolic trough
collectors at high temperature levels. A combined solar heating
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plant with 5960 m? flat plate collectors and 4039 m? parabolic
trough collectors in series for a district heating network was con-
structed in Taars, Denmark in 2015 [13—15]. A general solar col-
lector field model for both flat plate and parabolic trough collectors
would be essential for the evaluation of the combined system.

1.1. Single solar collector model

Many test methods for single solar collectors have been devel-
oped [16—28]. The test methods can be divided into the steady-
—state method, quasi-dynamic method and dynamic method. The
quasi-dynamic method is used in the model in this paper. The
quasi-dynamic test (QDT) method described in most of the com-
mon standards such as EN 12975-2 [16], ISO 9806:2013 [17] and
ASHRAE 93 [18] is an efficient model applicable to both concen-
trating and non-concentrating collector designs, which is firstly
developed by Bengt Perers in 1990s [19—21]. Fischer, S., et al. [22]
also showed that the QDT method can be used to predict the per-
formance of single parabolic trough collector. Some improved dy-
namic methods were developed by Deng ]. and Kong W. et al.
[23—28].

1.2. Solar collector field model

B. Perers [29] had introduced several solar collector models to
MINSUN simulation program, which can simulate the thermal
performance of different collector fields in 1990. The results had
shown that parabolic trough collectors with good optical perfor-
mance had thermal performance comparable to flat plate or evac-
uated tube collectors at high latitudes. B. Perers. et al. also
investigated the application of parabolic trough collectors in a small
scale pilot plant in Thisted, Denmark [12]. This was the earliest
research about the practical application of parabolic trough col-
lectors at high latitudes. Guadalfajara M. et al. developed a simple
method to simulate the performance of central solar heating plants
with seasonal storage [30]. The simple method could give an
overview of the thermal performance of solar heating plant which
can be helpful for pre-design of the large solar heating plants. The
disadvantage of the simple method is that the control strategy is
not taken into consideration. Marco. et al. [31] investigated a
1070 m? flat plate collector field for the industry process heat,
which focused on thermal performance of the solar collector field
by comparing the measured field efficiency with the nominal col-
lector efficiency. Hassine I B. et al. [32] also investigated two about
1000 m? solar heating plants. Control strategy in the primary and
second loop was optimized to have a constant outlet temperature.
Frank E. et al. [33] evaluated the operation performance of two
around 1000 m? parabolic trough collector fields in Switzerland. A
quasi-dynamic simulation model for direct steam generation in
parabolic trough collector loops using TRNSYS was introduced [34].

1.3. Scope

The previous studies [ 16—28] mainly focus on simulation or test
on a single collector in the laboratory, direct steam generation [34]
and thermal performance of relatively small scale solar collector
fields (1000 m?) [30—34]. A collector array field may consist of
collectors connected in series and in parallel. Thermal performance
of the total collector array should be determined by both the
number of modules in series and the characteristics of each mod-
ule. Most studies were on the flat plate collector. Currently, the
performances of large scale solar collector fields under real oper-
ation conditions have not yet been widely documented and stan-
dardized. Evaluating thermal performance of large-scale solar
collector fields with good accuracy is still an important topic in the

large scale solar heating industry. Technical parameters from a
standard efficiency test of single collector can be used to simulate
the thermal performance of total solar collector arrays. Compared
to solar collector models, solar collector field model also should
consider row shading, axis orientation, heat losses in pipes. etc. A
simple and practical method to predict thermal performance of
different solar collector fields for general use can increase confi-
dence of large solar heating plants technology in the market. The
quasi-dynamic collector model is applied to simulate thermal
performance of a nearly 10000 m? hybrid solar collector field in
Denmark. The quasi-dynamic collector field model was validated
by the almost annual in-situ measurements of both flat plate and
parabolic trough collector field. The validated quasi-dynamic col-
lector field model could be a very useful tool to optimize the
combined solar heating plant to determine the optimal design
parameters. The novelty of this study is summarized as follows: 1,
The objective is a novel large-scale solar district heating plant with
flat plate collectors and parabolic trough collector in series. 2,
Validation of the quasi-dynamic model for both large-scale flat
plate collector and parabolic trough collector fields was shown; 3,
Both simulated and measured dynamic performances of the novel
hybrid solar collector field were presented; 4, The advantages of the
hybrid solar heating plant were shown, which can introduce a new
design concept of large-scale solar district heating plants to other
places.

2. Taars solar heating plant

The Taars solar heating plant is located in Taars, 30 km north of
Aalborg, Denmark. The solar heating plant is the first demonstra-
tion project with parabolic trough collectors for district heating in
Europe. The plant was put into operation in August.2015, as shown
in Fig. 1. Fig. 2 illustrates the layout of the solar collector field. The
PTC collector field consists of six rows of PTC collectors with
4039 m? aperture area and the orientation of the PTC collectors is
13.4° towards west from south. The flat plate collector field in the
right of Fig. 1 consists of 5960 m? aperture area and the orientation
is south. The tilt of the flat plate collector field is 50°. The row
distances for the parabolic trough collector field and the flat plate
collector field are 12.6 m and 5.67 m respectively. The solar col-
lector fluid of the parabolic trough collector field and the flat plate
collector field is water and mixture of glycol/water (35%) respec-
tively. The FPC field preheats the return water from the district
heating networks to about 75 °C. Then the preheated water from
the FPC field is heated by the PTC field to 95 °C. The system was
measured over a year (Sep.2015—Aug.2016). Two heat storage tanks
(2430 m? in total) were used for the heat storage of several summer
days. Tables 1 and 2 show the geometrical parameters of FPC and
PTC separately [13] [35].

3. TRNSYS model based on quasi-dynamic method

A flat plate collector field and a parabolic trough collector field
model were established in TRNSYS [36]. In the flat plate collector
field, heat exchanger unit, shadows and pipes are included. The
collector arrays consist of collectors connected in series and in
parallel. There are two kinds of flat plate collector with/without FEP
foil between absorber and cover glass used in the flat plate collector
field. The flat plate collector field has 39 rows in parallel. 6 FPC
collectors without foil in series and other 6 FPC collectors with foil
in series in average were used in most rows. In the parabolic trough
collector loop, shadows, supply pipes and return pipes of the solar
collector field are taken into consideration. The thermal perfor-
mance of the total collector array is determined by the number of
modules in series and the characteristics of each module. The
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Fig. 1. Solar collector fields in the Taars solar heating plant [13].

Fig. 2. Layout of the parabolic trough collector and flat plate collector fields [15].

Table 1
Geometrical parameters of the FPC in the Taars plant.

Geometrical parameters for the FPC

Length, m 5.96

Width, m 2.27

Thickness, m 0.14

Gross area, m? 13.57

Aperture area, m? 12.60

Solar collector volume, L 10.6

Absorber Material Cu pipe/Al plate
Absorption 0.95
Emission 0.05

Insulation Backside 75 mm mineral wool
Side 30 mm mineral wool

Cover(s) Antireflex glass (AR:3.2 mm)-with/without

FEP foil

Table 2
Geometrical parameters of the PTC in the Taars plant.

Geometrical parameters for the PTC

Absorber tube outer diameter (m) 0.070
Absorber tube inner diameter (m) 0.066
Glass envelope outer diameter (m) 0.125
Glass envelope inner diameter (m) 0.119
Parabola width (m) 5.77
Numbers of modules per row 10
Mirror length in each module (m) 12
Geometric concentration ratio 26.2

numbers of modules per row of both FPC and PTC are 12 and 10,
respectively. The discretization in the modelling is done inside the
collector and pipe models used. Each collector array is discretized
with nodes. The solar collector field model can simulate an array of
identical solar collectors hooked up in series. The number of nodes
is used to specify how many collectors are hooked up in a series

arrangement (outlet of first collector = inlet of second collector,
etc.) for each parallel flow loop [37].

The type 1290 is used to simulate thermal performance of both
parabolic trough collector and flat plate collector field. The Type
1290 is based on EN12975-2 Dynamic Efficiency Approach (ASH-
RAE IAMs) [37].

The solar collector model equation is given as follows,

% = 1oKgp(0)Gp + 10Kya(0)Gg — €1 (Tm — Ta) — ¢2(Tm — Ta)?
dT,
N
(1)

1 1 2
Keb(ﬁ):l—bo(m—l>—bl<m—l> 9<60°  (2)

When 6 > 60°, the IAM is linearized from the value at 60° to a
value of zero at 90°.

Total radiation G is divided into the beam Gy, and diffuse Gq parts
in this collector model. Incident angle modifiers are used for beam
radiation and diffuse radiation. Kgp(0) is a function of the angle of
incidence of the direct radiation and the constant Kyq for the diffuse
radiation. Thus the collector model can be used to predict the
thermal performance of both the parabolic trough collectors and
the flat plate collectors.

Type 30 was employed to simulate shadows from the solar
collectors for both collector subfields. This component determines
incident radiation upon an array of collectors with shadows from
the row in front of the row in question. There are two possible
modes. Model 1 considers shadows from fixed flat plate collectors
with a tilt. Total, beam, and diffuse radiation are output. Model 2 is
for single axis tracking parabolic trough collectors that utilize beam
radiation only. Type 5 was used to simulate the heat exchanger
connected to the FPC field. Type 31 was used to simulate the pipes.
Measured DNI and global horizontal solar radiation and inlet
temperature etc. are inputs used for model validation. Measure-
ments and uncertainties can be found in section 4. Mathematical
descriptions on the components can be found in Ref. [37].

(1) Flat plate collectors

The flat plate collectors, HTHEATboost 35/10 without FEP foil
and HTHEATstore 35/10 with FEP foil, are produced by Arcon-
Sunmark A/S [35]. Standard parameters for the collectors based on
gross areas can be found in Table 3 [38]. Total radiation on the flat
plate collector is the main input for the flat plate collector field
model. Two separate 1290 type components in series are used to
simulate the thermal performance of the flat plate collector
without and with FEP foil in series.
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Table 3
Efficiency parameters of flat plate collectors.

Mo bo by Koa ¢, [W/(m?-K)] ca, [W/(m?-K?)] cs, [KJ/(m?-K)]

0.779 0.1 0 0.98 2410 0.015 6.798 HEATboost 35/10

0.745 0.1 0 0.93 2.067 0.009 7.313 HEATstore 35/10
Table 4 1100 - - 35
Efﬁciency parameters of parabolic trough collectors. 1000 ——Flow rate PTC ——Flow rate FPC fDNl G tilted ——G horizontal ——Ta

\ 30
Mo bo by Kea o, [WIm*K)] ¢, [W/(m*K?)] ¢, [K]/(m*K)] 20 ‘ /./ANU\“\A\
075 027 0 0038 0.04 0 4 % \

(2) Parabolic trough collectors

Peak collector efficiency ng and the heat loss coefficients c¢; and
¢, for the parabolic trough collectors based on aperture area were
assumed to be equal to the values of the pilot plant in Thisted,
Denmark [14], as shown in Table 4. Beam radiation on the PTC plane
is the main input for the parabolic trough collector field model.

4. Measurements and uncertainties
4.1. Measurements

The solar heating plant system is well equipped with different
accurate sensors. Total solar radiation on the collector’s surface and
global radiation, ambient temperature and wind speed data were
measured. It also had temperature sensor inputs onto which
SIEMENS TS500 thermometer with drilled thermoswell tempera-
ture sensors [39] were connected to measure inlet and outlet
temperatures of both flat plate collector field and parabolic trough
collector field. The volume flow rate of the solar fluid was measured
using Sitrans FM MAG3100 P flow meters from SIEMENS. The TS500
temperature sensors (PT100) have an uncertainty of
+0.30 K + 0.0050%|T [K]| [39]. Sitrans FM MAG3100 P flow meters
had an uncertainty of 1% (maximum).

Two pyranometers (Kipp&Zonen SMP11) are used to measure
the global radiation on the horizontal surface and total radiation on
the tilted flat plate collector [40]. DNI is measured by the PMO6-CC
pyrheliometer [41] with the sun tracking platform Sunscanner SC1
[42], which has high accuracy and automatically cleaning function.
The solar radiation sensors had an good accuracy. All the raw
measurement data was logged at 2 min interval.

4.2. Uncertainties

Measured power output is calculated by eq. (3). Separate un-
certainty of each parameter causes uncertainty of the measured
power. As shown in section 4.1, uncertainty of the flow rate sensor
is 1%. Uncertainties of density and specific heat of water or glycol/
water mixture are estimated as 0.5%. By equation (4), typical un-
certainties of the measured power output of the FPC field and the
PTC field can be calculated. Details can be found in Figs. 5, 7, 10 and
12 in section 5.
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Fig. 3. Global solar radiation, total tilted radiation, DNI, ambient temperature and flow
rates on the sunny day (May 7, 2016).

5. Validation

Section 5.1 shows dynamic comparisons of measured and
modelled performances of the flat plate collector field and the
parabolic trough collector field on a cloudy and a sunny day. Section
5.2 illustrates daily and monthly comparisons of measured and
modelled performances based on the quasi-dynamic model. The
time step of all the calculations is 1 min. All the performances per
m? are based on aperture area. Inlet temperature and volume flow
rate of both the FPC and the PTC field in simulation are taken from

the measurements from the Taars plant.

5.1. Dynamic performance in typical days

One typical sunny day (May 7, 2016) and one typical cloudy day
(August 14, 2016) were selected to analyze the thermal perfor-
mance and validate the developed model. Figs. 3 and 8 show that
weather conditions, such as ambient temperature, DNI, global ra-
diation and total radiation on the south-oriented tilted collector
plate (50°) and flow rates on both days, respectively. The measured
and simulated outlet temperature and power output of the FPC
field shown in this section are the values of the secondary water
loop of the FPC field including the heat exchanger.

5.1.1. Sunny day (may 7 of 2016)

As shown in Fig. 3, May 7 in 2016 was a typical sunny day. The
maximum of global radiation on the tilted surface was about
1000 W/m? and the max DNI was about 800 W/m?. The ambient
temperature peaks at around 30 °C. Measured volume flow rates of
both the FPC and the PTC fields are shown in Fig. 3. Since the PTC
field tracked the sun from sunrise to sunset during the daytime, the
operation period of the PTC field is longer than that of the FPC field.

2 2 2 2
5@ = ¢ (19.5) + (22:5)"+ (250) + (225 ) +

2
s (4)
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Fig. 4. Inlet temperature, measured and modelled outlet temperature of the FPC field
on the sunny day.

On the sunny day, the flow rate of PTC field was almost constant.
The volume flow rate of the FPC field varied with the solar radiation
and was largest at noon.

1) FPC field on the sunny day

Fig. 4 shows measured inlet and outlet temperature and simu-
lated outlet temperature of the FPC field in May 7, 2016. Fig. 5
shows measured and modelled power output of the FPC field in
May 7, 2016. The maximum power output of the flat plate collector
field is close to 600 W/m? at noon in May 7, 2016. The modelled and
measured outlet temperature, the modelled and measured power
output have good agreements in Figs. 4 and 5.

2) PTC field on the sunny day

Fig. 6 shows measured inlet and outlet temperature and simu-
lated outlet temperature of the PTC field in May 7, 2016. Fig. 7 il-
lustrates the comparison between measured and modelled power
output of the parabolic trough collector field in May 7, 2016. The
modelled results have similar fluctuations as the measured results.
As shown in Fig. 7, the measured and modelled thermal perfor-
mances of the PTC field had a good agreement. Compared to the
thermal performance of the FPC field at noon, the thermal perfor-
mance of the PTC field was a bit higher before and after noon. That
was because of tracking the sun. It also can be seen in Fig. 7 that
there was an increase of power output after sunset. That was due to
discharge of the heat stored in the receiver. The low heat losses of
the parabolic trough collectors means that this can be done even
after sunset. It is also found that the outlet temperature of the PTC
field is relatively constant, which is very important for the hydraulic
balance of the district heating network.
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Fig. 5. Measured and modelled power output of the FPC field on the sunny day.

120

100

wl f

—c

D T
/ Tout Measured PTC .‘
® 60
Tout Model PTC
Tin PTC
20 +—#
20
0
20 20 : 0 20 KM 20 KN ) i
% : { ? s : { : ) }
XN AL o7 6% 6V 6P 6 o o o
PR A LN LN Lt S SNt o A ¢ SN o I gt Sl 3
LS L L LS| AN | A Y S| | i

Fig. 6. Inlet temperature, measured and modelled outlet temperature of the PTC field
on the sunny day.
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Fig. 7. Measured and modelled power output of the PTC field on the sunny day.
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Fig. 8. Global solar radiation, total tilted radiation, DNI, ambient temperature and flow
rates on the cloudy day.

5.1.2. Cloudy day (August 14 of 2016)

August 14 in 2016 was a cloudy day. As shown in Fig. 8, the
maximum of DNI and global solar radiation was larger than 800 W/
m?. Fig. 8 shows the fluctuation of weather from 9:30 a.m. to 19:30
p.m. in August 14, 2016. Both the DNI and the global solar radiation
fluctuated dramatically during the daytime. The total solar radia-
tion on the tilted flat plate collector was larger than that on the
horizontal surface. The largest total radiation on the tilted solar
collector in short periods exceeded 1200 W/m?. On the cloudy day,
the flow rates of both collector fields fluctuated along with the solar
radiation.
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Fig. 10. Measured and modelled power output of the FPC field on the cloudy day.

1) FPC field on the cloudy day

Fig. 9 shows measured inlet and outlet temperature and simu-
lated outlet temperature of the FPC field in August 14, 2016. Fig. 10
shows measured and modelled power output of the FPC field in
August 14, 2016. The modelled and measured power outputs had
very similar fluctuation trends.

2) PTC field on the cloudy day

Fig. 11 shows measured inlet and outlet temperature and
simulated outlet temperature of the PTC field in August 14, 2016.
Fig. 12 shows the measured and modelled power output of the PTC
field on a cloudy day (August 14, 2016). The maximum of power
output in August 14, 2016 was higher than 500 W/m? The
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Fig. 11. Inlet temperature, measured and modelled outlet temperature of the PTC field
on the cloudy day.
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Fig. 12. Measured and modelled power output of the PTC field on the cloudy day.

modelled power output has almost the same fluctuating change as
the measured power output.

The daily energy output of the FPC and PTC fields are shown in
Table 5. The modelled and measured energy outputs present a good
agreement on both cloudy and sunny days. The measured energy
output of the PTC field is a bit lower than the modelled values on
both the cloudy and the sunny days. That may be due to dirt on the
mirror of the parabolic trough collectors because the mirrors have
not been washed yet since August 2015. Furthermore, compared to
the energy output of the FPC field, the PTC field produced about 40%
more solar heat than the FPC field on the sunny day.

5.2. Daily and monthly performance

Calculations of daily and monthly performances of both solar
collector fields are based on 1 min time step. The daily and monthly
thermal performances of the parabolic trough collector field and
the flat plate collector field during year-around operation are pre-
sented in Figs. 13—16.

1) Flat plate collector field

Fig. 13 shows that the measured and the modelled thermal
performances are strongly linear related. Overall, the modelled
results have a fine match with the measured data. The max daily
solar heat production of the flat plate collector field was below
5 kWh/m?/day.

As shown in Fig. 14, the flat plate collector field produced small
heat quantities in November—]January. The FPC field produced more
and more heat from January to April. The FPC field produced more
than 50 kWh/m? in April. The measured and simulated monthly
solar heat productions show a good agreement from Sep.2015 to
Aug.2016.

2) Parabolic trough collector field

Daily and monthly measured and modelled energy outputs of
the PTC field (Sep.2015—Apr.2016) are shown in Figs. 15 and 16. In
Fig. 15, a single point represents a daily result (Septem-
ber.2015—April.2016). There is a strong linear correlation between
the measured daily thermal performance and the modelled daily
thermal performance in Fig. 15, which shows the modelled values
have good agreement with the measured values. Due to the over-
sized flat plate collector field and low heat load in the summer, the
parabolic trough collector field was defocused on several sunny
days in the summer. Therefore, only thermal performances of the
parabolic trough collector field without defocusing during the
period from Sep.2015 to Apr.2016 was presented in this section to
verify the TRNSYS model. The maximum daily thermal perfor-
mance of the parabolic trough collector field can be higher than
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Table 5

Z. Tian et al. / Energy 142 (2018) 130—138

Sum of daily solar radiation, and daily solar energy outputs of the FPC and PTC fields, May 7 and August 14 of 2016.

Hgeam (p1c), KWh/m?  Hritted (rrc)y KWh/m?  Measured, kWh/m?  Modelled, kWh/m?  Difference, kWh/m?  Deviation
Sunny day (May 7, 2016) 8.59 7.67 3.65 3.69 0.04 1.10% FPC
5.19 5.34 0.15 3.00% PTC
Cloudy day (Aug. 14, 2016)  5.37 5.90 2.63 2.59 —0.04 —1.70% FPC
2.72 2.82 0.1 3.90% PTC
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Fig. 13. Daily modelled solar energy output as a function of daily measured solar
energy output of the FPC field.
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Fig. 14. Monthly measured and modelled energy output of the FPC field
(Sep.2015—Aug.2016).

5 kWh/m?/day, while the max daily thermal performance of the flat
plate collector field is below 5 kWh/m?/day. The thermal energy
output of both the flat plate collector field and parabolic trough
collector field in November, December, January is quite low because
of the low solar radiation in winter. From February, the thermal
energy output of the parabolic trough collector array increased
dramatically because of more sunny days and the PTC field pro-
duced more solar heat than the FPC field.

6. Discussions

The flat plate collector field preheats return water from 45 °C up
to about 75 °C, and then the preheated water is heated to 95 °C by

Fig. 15. Daily modelled solar energy output as a function of measured solar energy
output of the PTC field.
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Fig. 16. Monthly measured and modelled energy output of the PTC field.

the parabolic trough collector field in the Taars plant. The design
strategy that the PTC field produces the high temperature water
also guarantees that the FPC field has better performance and
higher efficiency due to relatively low operation temperature
compared to normal flat plate collector fields. In addition, section 5
shows that the TRNSYS models of the FPC field and the PTC field
have quite good agreement with measurements. The PTC field was
defocused sometimes in the quite sunny days in summer (May-
—August) because the flat plate collector field was oversized and
the heat load of the district heating networks in summer was low.
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So Figs. 15 and 16 only show the measured results from
Sep.2015—Apr.2016. The PTC field would have higher energy output
than the measured values, if the parabolic trough collectors were
not defocused on sunny days in the summer. On the other hand, the
defocusing of the PTC field can avoid boiling problems of the solar
collector field in the summer season.

7. Conclusions and future work

The quasi-dynamic simulation model of both large parabolic
trough collector field and flat plate collector field was validated by
the measured thermal performance of the Taars solar heating plant
in Denmark. Dynamic performance on two typical days was
selected for the detailed validation. The simulated and the
measured daily and monthly performances of the solar heating
plant were also compared. The following conclusions can be drawn:

(1) The quasi-dynamic method with the technical parameters
from the standard test report based on single collector can be
used to predict the thermal performance of both parabolic
trough collector and flat plate collector fields.

(2) The daily energy output of the parabolic trough collector
field can be more than 5 kWh/m?, while the daily energy
output of the flat plate collector field is less than 5 kwh/m?
under Danish climate conditions in this study.

(3) The integration of parabolic trough collectors can increase
the flexibility of solar district heating plants. The parabolic
trough collectors can be easily defocused in the summer to
avoid the overheat production. The flat plate collectors only
work at low temperature range in the hybrid solar heating
plant in order to increase the thermal performance of the flat
plate collectors, compared to normal existing solar heating
plants. A relatively constant and high outlet temperature of
the hot water is easily achieved in the hybrid solar district
heating plants.

In summary, the validated solar collector field model in this
study is able to model reliable dynamic performances with a time
step of 1 min. The proposed model is cost-effective, reasonable
accurate and requires low computational time. The validated model
may be a useful tool to analyze long-term performance, optimize
design parameters and evaluate control strategy of large solar
heating plants for district heating.
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Symbols

Q Useful output power, W

A Collector array area, m>

c1 Heat loss coefficient at (Tm-Ta) = 0, W/(m?-K)

C Temperature dependence of the heat loss coefficient, W/
(m?-K?)

C3 Effective thermal capacity, kJ/(m?-K)

Gp Beam radiation, W/m?

Gq Diffuse radiation, W/m?

Kop Incidence angle modifier for beam radiation, -
Koq Incidence angle modifier for diffuse radiation, -
Tm Mean fluid temperature, °C

T, Ambient temperature, °C

Mo Peak collector efficiency, -
dTm/dt Time derivative of the mean fluid temperature, K/s

0 Incident angle of the beam radiation, °

bo IAM coefficient(beam radiation), -

by IAM coefficient(beam radiation), -

Giited  Total solar radiation on the tilted plate, W/m?

Gh Global solar radiation on the horizontal surface, W/m2

Hpeam (prc) Daily beam radiation on the parabolic trough collector
aperture, kWh/m?
Hrilted (Fpcy Daily total radiation on the flat plate collector aperture,

kWh/m?
Tout Outlet temperature, °C
Tin Inlet temperature, °C
P Density, kg/m>
Cp Specific Heat Capacity, J/(kg-°C)
\% Volume flow rate, m>/s
S Uncertainty of specific parameters
Abbreviation

Parabolic trough collector PTC

Flat plate collector FPC

Heat transfer fluid HTF

Incidence angle modifier IAM
Direct normal irradiance DNI

Heat transfer fluid HTF
Concentrating solar power CSP
Quasi-dynamic test QDT
Fluorinated ethylene propylene FEP
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HIGHLIGHTS

® A novel hybrid large-scale solar district heating plant was introduced.

e Annual thermal performance of the hybrid solar heating plant was investigated.
® Potential of parabolic trough collectors at high latitudes was shown.

® The novel design concept provides a design basis for solar heating plants.

ARTICLE INFO ABSTRACT

Flat plate collectors have relatively low efficiency at the typical supply temperatures of district heating networks
(70-95 °C). Parabolic trough collectors retain their high efficiency at these temperatures. To maximize the ad-
vantages of flat plate collectors and parabolic trough collectors in large solar heating plants for a district heating
network, a hybrid solar collector field with 5960 m? flat plate collectors and 4039 m? parabolic trough collectors
in series was constructed in Taars, Denmark. The design principle is that the flat plate collectors preheat the
return water from the district heating network to about 70 °C and then the parabolic trough collectors would
heat the preheated water to the required supply temperature of the district heating network. Annual measured
and simulated thermal performances of both the parabolic trough collector field and the flat plate collector field
are presented in this paper. The thermal performance of both collector fields with weather data of a Design
Reference Year was simulated to have a whole understanding of the application of both collectors under Danish
climate conditions as well. These results not only can provide a design basis for this type of hybrid solar district
heating plants with flat plate collectors and parabolic trough collectors in the Nordic region, but also introduce a
novel design concept of solar district heating plants to other high solar radiation areas.

Keywords:

Solar district heating plants
Parabolic trough collectors
Flat plate collectors
Thermal performance

1. Introduction

Building energy consumption currently accounts for about 40% of
the total society energy consumption in developed countries [1-4].
Different energy system configurations were optimized and the results
showed that solar collector fields should be included in the energy
supply system to achieve both the economic and environmental opti-
mization [5]. Multi-objective optimizations on central solar heating
plants with seasonal storage were carried out [6]. The results showed
that the central solar heating plant led to significant environmental and
economic improvements compared to the use of a conventional natural
gas heating system. Overall, solar heating plants for district heating can
reduce the fossil energy consumption in the building sector [7].
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1.1. State of the art

In the early 1980s, the first several large solar collector arrays was
built to connected to the district heating networks in Sweden. Then the
market of large solar heating plants has increased fast in Denmark [8],
Germany [9], Austria [10], Spain and Greece [11]. In 2016, 37 large-
scale solar thermal systems were installed compared to 21 new in-
stallations in 2015 in Europe. Within these installations, 31 systems
were installed in Denmark, 1 system in Sweden, 1 system in France and
4 systems in Germany [11]. Moreover the collector area of 5 existing
Danish plants was extended in 2016. An online platform was estab-
lished for almost all the solar heating plants in Denmark [12]. More
than 1.3 million m? solar heating plants were in operation in Denmark
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Nomenclature

Q useful output power, W

A collector aperture array area, m>

[ heat loss coefficient at (Tm-Ta) = 0, W/(m>K)

Co temperature dependence of the heat loss coefficient, W/
(m>K?)

C3 effective thermal capacity, kJ/(m3*K)

Gy beam radiation, W/m?

Gq diffuse radiation, W/m?

Kop incidence angle modifier for beam radiation, —

Koa incidence angle modifier for diffuse radiation, —

Tm mean fluid temperature, °C

T, ambient temperature, °C

Mo maximum efficiency, —

dTm/dt time derivative of the mean solar collector fluid

temperature, K/s

0 incident angle of the beam radiation, °

bo first IAM coefficient (beam radiation), —
b, second IAM coefficient(beam radiation), —
PTC parabolic trough collector

FPC flat plate collector

DNI direct normal irradiance

DTU Technical University of Denmark

DRY Design Reference Year

1AM incidence angle modifier

HE heat exchanger

DH district heating networks

IEA International Energy Agency

SHC Solar Heating and Cooling Programme
SF solar fraction

by the end of 2016 and 270 thousand m? solar heating plants are being
planned, as shown in Fig. 1. Several large solar heating plants have
been constructed in Denmark [13], such as in Vojens (70,000 m?),
Marstal (33,360 m?), Gram (44,000 m?), Silkeborg (156,694 m?), etc.
Denmark is the frontrunner not only in Europe but also worldwide for
both large-scale systems installed as well as capacity installed in solar
district heating sector. Denmark is also the only example of a mature
and commercial solar district heating market around the world, which
can provide references for other places. Solar collectors are the most
important components for the large solar district heating plants. Most
solar collectors used in the normal solar heating plants are ground
mounted flat plate collectors (FPC).

2016
PIanEnergi'

1.2. Parabolic trough collectors

Most parabolic trough collectors (PTC) have previously been used to
produce electricity. With the requirements of energy conservation in
industry, more and more parabolic trough solar collectors have been
employed to provide heat for industrial processes in recent years. [EA-
SHC TASK 49 [15] has focused on the application of solar collectors in
the industry sector. Frank et al. [16] investigated the thermal perfor-
mances of parabolic trough collectors in two solar heating plants in
Swiss dairies and found that the thermal performance of both the solar
collector fields could be high under Swiss climate conditions. Silva et al.
[17, 18] did simulations and thermo-economic design optimization on

New plants &

Planned new & expansions expansions in operation
# |Plant Collector area (m2) # |Plant Collector area (m2)
13 |Strandby (8019)+4000 17 |Tarring (7284)+8467
33 3 (19024)+11189 28 |Svebplle-Visking.|(7035+3000)+1000
42 |Vojens (17500+52492)+5000 35 |Helsinge (4733+14855)+3276
68 |Legstor (15208)+7000 54 |Toftlund (11000)+15000
79 |Hjallerup (21546)+2500 73 |Bredsten - Balle |7800
80 |Hundested (14465)+1200 74 |Egtved 12000
86 |L (9699+5576)+36000 75 |Fugleb 12000
107 [Haslev (6010)+70000 84 |Kglkaer 2873
114 |Lpkken (12096)+3000 86 |Log (9699)+5576
115 |Nykgbing Mors |(16708)+8000 88 |Padborg 13961
134 |Vivild 7000 92 |[Stege 14515
135 |Hobro 50000 93 |[Tommerup 15000
139 |Smgrum 10000 97 |@rum 6375
140 |Kloster 2300 99 |@ster Toreby 20000
ldllR'mge 35000 101 |Als (Mariagerf.) |5947
142 |@. Bronderslev |5000 103 [Ejsing 1800
14SlLem 12000 104 |Farsg 15120

106 |H hej  |6000
107 |Haslev 6010
108 |Hed, d 11000
109 [Holsted 12500
110 [Jelling 15290
111 |Jyderup 9239
112 |Lagstrup 7031
B 114 |Lgkken 12096
Q 115 [Nykgbing Mors [16708
116 |Silkeborg 156694
117 [Skarup (Sydfyn) 5418
120 |Trustrup-Lyngby |7245
124 [Veddum (VSV) |5500
125 |Spll d 4701
129 |Voersa 2873
131 |Aalestrup 24129
133 |Gedser 4000
137 |Brgnd 26929
138 |Havdrup 2569

Total collector area (in operation): 1302 331 m?

. In operation

. Planned / planned expansion | Total collector area (planned): 269 189 m?

Fig. 1. Solar heating plants in Denmark [14].
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parabolic trough collectors for heat production for industrial processes.
LCOE (Levelized Cost Of Energy) of 5 c€/kWh and a PBT (payback
time) of 8 years could be achieved at the base scenario conditions
considered. Hassine et al. [19] investigated the control strategy of two
1000 m? solar heating plants (in Austria and Italy). Some design faults
of the collector loop controller were found in the first operation period.
Based on measurements and simulations with dynamic models, the
potential improvements of low-level control algorithms were suggested
for the two solar heating plants.

Larcher et al. [20] presented experimental investigations on a
parabolic trough collector under development for process heat appli-
cations. Results of quasi steady state efficiency measurements on
parabolic trough collectors were shown. Kizilkan et al. [21] proposed a
parabolic trough solar collector-based integrated system for an ice-
cream factory in Turkey and discussed the thermal performance. The
payback period of the proposed integrated system was found to be
8.5 years. The payback period was almost the same as reported by Silva
[17, 18]. An experimental investigation on a small-sized parabolic
trough solar collector for hot water in cold areas was carried out and
showed great anti-freezing property of the proposed collector [22].
These investigations show that the application of parabolic trough
collectors for high temperature heat production can be economical and
feasible if the systems are designed reasonably.

A preliminary case study of parabolic trough collectors for district
heating at high latitudes with low solar radiation resources was carried
out in 2000 [23]. The economic comparison indicated that parabolic
trough systems could be competitive with flat plate collectors, but few
practical projects with parabolic trough collectors for district heating
were undertaken in the following decades. On the other hand, it is
found that most present research of parabolic trough collectors has
been on applications with 500-1500 m? collectors for industrial pro-
cesses [16-21] or steam and electricity production [24-33]. Limited
reports with detailed measurements of the in situ annual thermal per-
formance of large-scale solar heating fields with flat plate collector and
parabolic trough collectors for district heating networks are available.

The operation temperature of solar collectors in solar heating plants
in Denmark is in the range from about 40 °C to 95 °C. The efficiency of
flat plate collectors decreases significantly in the range 70-95 °C, while
parabolic trough collectors maintain relatively high efficiency in this
range. To exploit the advantages of both flat plate collectors and
parabolic trough collectors in large solar heating plants for district
heating networks, a new concept for a hybrid solar heating plant con-
sisting of flat plate collectors and parabolic trough collectors in series
has been proposed. The basic principle is that the flat plate collector
field preheats the return water from the district heating network from
40 °C to 70 °C and then the parabolic trough collector field heats the
preheated water from 70 °C to 95 °C. Feasibility of application of the
parabolic trough collector technology in Denmark has been primarily
investigated by Aalborg CSP A/S [34] and Technical University of
Denmark (DTU) [35] since 2013.

Applied Energy 205 (2017) 417-427

1.3. Scope

A demonstration hybrid solar district heating plant based on the
mentioned principle was constructed in Taars of Denmark and put into
operation in August 2015. The hybrid solar heating plant consists of
5960 m? flat plate collectors and 4039 m? parabolic trough collector in
series. The aim of this work is to demonstrate the application of the
hybrid solar heating pant with parabolic trough collectors and in-
troduce a novel design concept for the new solar heating plants. The
novelty of this paper is stressed as follows: (1) The studied solar heating
plant is the first hybrid large scale solar heating plant (9999 m?) de-
veloped for the domestic district heating network in the Nordic area, or
even around the world, which integrates the PTC and FPC technologies;
(2) Parabolic trough collectors with water as the heat transfer fluid in
the novel combined solar heating plant are used to provide hot water
for the district heating network, while parabolic trough collectors with
oil as the heat transfer fluid are normally used for electricity produc-
tion; (3) The idea of the hybrid solar heating plant is that the flat plate
collectors only work at the low operation temperature level and the
parabolic trough collectors work at relatively high temperature level;
(4) The integration of parabolic trough collectors can increase the
flexibility of the solar heating plants significantly in the whole district
heating networks due to the possibility of defocusing; (5) Potential and
feasibility of the PTC technology in the hybrid solar heating plant under
the Danish climate conditions with low solar radiation resource was
shown, which can provide a design basis for the development of con-
centrating solar power technologies in the Nordic area in the near fu-
ture.

Annual measured and simulated thermal performances with a va-
lidated TRNSYS model of the hybrid solar heating plant during its first
operation year from September 2015 to August 2016 are shown in this
paper. The rest of the paper is organized as follows: the 2nd section
introduces the Taars solar heating plant briefly, The 3rd section shows
the methods, including measurements and validated TRNSYS in this
study. The 4th section presents meteorological data and heat demand.
The 5th section presents annual thermal performance of Taars solar
heating plant, including both measured and modelled energy output,
solar fraction and utilized efficiency. The 6th section shows the typical
performance of the Taars plant in Design Reference Year and illustrates
the potential of the hybrid plant under Danish climate conditions.
Finally, the 7th section is the conclusions and future work.

2. Taars solar heating plant
2.1. Overview

Figs. 2 and 3 show the hybrid solar heating plant with a 5960 m>
flat plate collector field and a 4039 m? parabolic trough collector field
in series in Taars, Denmark (latitude: 57.39 °N, longitude: 10.11 °E,
altitute:48 m). The plant was put into operation in August 2015 [34,
35]. Technical data on the solar collector field can be found in Tables 1
and 2. Fig. 4 briefly illustrates the basic principle of the solar heating

Fig. 2. Picture of the Taars solar heating plant.
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Table 1

Fig. 3. Layout of the solar collector field.

Parameters of the PTC collector in the Taars plant.

Geometrical parameters for the PTC collector

Absorber tube outer diameter (m)
Absorber tube inner diameter (m)
Glass envelope outer diameter (m)
Glass envelope inner diameter (m)
Parabola width (m)

Numbers of modules per row
Mirror length in each module (m)
Geometric concentration ratio

0.070
0.066
0.125
0.119
5.77
10

12
26.2

Table 2
Parameters of the FPC collectors in the Taars plant.

Geometrical parameters for the FP collector

Length, m 5.96

Width, m 2.27

Thickness, m 0.14

Gross area, m> 13.57

Aperture area, m? 12.60

Solar collector volume, L 10.6

Absorber Material Cu pipe /Al plate
Absorption 0.95
Emission 0.05

Insulation Backside 75 mm mineral wool
Side 30 mm mineral wool

Cover(s) Atireflex glass(AR:3.2 mm)-with/without FEP

FPC: 5960 m?

40°C

Table 3
Parameters of the investigated solar collectors.

No bo b1 Keg ¢ W/ cy [W/ cs [kJ/

(m*K)] (m*K?)] (m*K)]
0779 01 0 0.98 2410 0.015 6.798 HEATboost 35/
0745 01 0 093 2067 0.009 7.313 II{(I)EATstore 35/
075 027 0 0.038 0.04 0 4 ll)gc collector

plant. The solar collector fluid of the parabolic trough collectors is
water, while that of FPC is a glycol/water mixture (35%). The return
water from the district heating network is heated up to 65-75 °C by the
heat exchanger connected to the flat plate collector field. Then the
preheated water from the flat plate collector field is heated to the re-
quired temperature by going through the parabolic trough collector
field. The orientation of parabolic trough collectors was 13.4° towards
west from south. The parabolic trough collectors track the sun from east
to west when the collectors work during the whole day. There are six
rows of parabolic trough collectors and the row distance is 12.6 m. The
length of each row parabolic trough collector loop is about 125 m. The
orientation of flat plate collectors is south and the collector row dis-
tance is 5.67 m. The tilt of the flat plate collectors is 50°. The parabolic
trough collectors are delivered by Aalborg CSP A/S. The flat plate
collectors consist of two types of the flat plate collectors, namely
HTHEATboost 35/10 and HTHEATstore 35/10, manufactured by
Arcon-Sunmark A/S [36]. Half of the flat plate collector field is made of
HTHEATboost 35/10, while the other half is HTHEATSstore 35/10. The
backup heat resource consists of two natural gas boilers (9.1 MW in

Fig. 4. Schematic illustration of the Taars solar heating
plant.
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L. 72
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180 Fig. 5. DNI in the Taars solar heating plant (Sep. 2015-Aug. 2016).
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180 Fig. 6. Global radiation on the horizontal surface in the Taars solar
heating plant (Sep. 2015-Aug. 2016).
160

3000 20 Fig. 7. Monthly heat demand and average ambient tem-
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total). Two tanks with a total volume of 2430 m> are used as heat To avoid overheating issues in the summer, the parabolic trough col-
storage for several days in the summer. lectors are sometimes put out of focus. Feed forward control is used to
keep a constant outlet temperature by the flow control in the parabolic

trough collector field.
2.2. Control strategy

The plant is oversized for the heat demand in the summer months.
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Table 4
Sums of DNI, global radiation and heat demand of the Taars solar heating plant (Sep.
2015-Aug. 2016).

Items Values
DNI, kWh/m? 990
Global radiation on the horizontal surface, kWh/m? 980
Heat demand, MWh 18460

3. Methods

The efficiency expressions and the incidence angle modifier of the
investigated solar collectors are given by Egs. (1) and (2). The para-
meters of the parabolic trough collectors based on the aperture area
were determined by the Technical University of Denmark [37]. The
technical parameters of flat plate collectors based on the gross area
were determined by SP Technical Research Institute of Sweden [38],
which are available in the reference [39]. The parameters of the in-
vestigated solar collectors can be found in Table 3.

dr,

Q 1K (0)Gy + 1yKea(€) Gumty (Ty—To) s (Ty—ToY—c3

A (€8]

1 1 2
Koy (0) = 1-by| ——-1 |-by| ——-11,6 < 60°
() °(cose ) 1(cose ) @

when 6 > 60°, the IAM is linearized from the value at 60° to a value of
zero at 90°.

3.1. Measurements

The system is well equipped with different accurate sensors and the
monitoring data are automatically transferred to the computers. Global
solar radiation on the horizontal surface and total radiation on the tilted
flat plate collectors are measured with Kipp & Zonen SMP11. DNI is
measured with a PMO6-CC pyrheliometer with the sun tracking plat-
form Sunscanner SC1. The inlet and outlet temperatures of the collector
fields are measured with SIEMENS TS500 temperature sensors, flow
rates of both the FPC field and the PTC field are measured with Sitrans
FM MAG3100P flow meters - SIEMENS. Measured thermal performance
is calculated based on the measured parameters.

3.2. Trnsys model

A Trnsys model was set up to simulate the thermal performance of
both the flat plate collector and the parabolic trough collector field. The
TRNSYS model was based on the quasi dynamic method. TRNSYS type
1290 was used to simulate the thermal performance of the collector
fields. Type 3b was used as the pump unit in the collector fields. Type

120
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5b was the heat exchanger unit in the FPC field. Type 30 simulated the
shadows between the collector rows. Type 4 was used to simulate the
tanks. The TRNSYS model was validated by the measurements and was
accurate enough to predict the thermal performances of both solar
collector fields. Detailed information and validation of the TRNSYS
model and uncertainties of measurements are given in [40, 41].

4. Meteorological data and heat demand

Figs. 5 and 6 show measured monthly DNI and global solar radiation
in the Taars heating plant. Obviously, solar radiation from November 1
to January 31 was low in Denmark. Fig. 7 shows monthly average
ambient temperature from Sep. 2015 to Aug. 2016 and the heat demand
of the Taars district heating network. The average ambient temperature
in Jan. 2016 was —0.3 °C, which was the lowest during the studied
operation period. The average monthly ambient temperature in both
June and July of 2016 was about 18 °C, which was the highest. Table 4
shows the sums of DNI, global radiation on the horizontal surface and
heat demand from Sep. 2015 to Aug. 2016. DNI and global radiation
were 990 and 980 kWh/m? respectively. Heat demand of the Taars
district heating network from Sep. 2015 to Aug. 2016 was 18,460 MWh.

5. Annual thermal performance

All the measured and modelled thermal performances given per
square meter solar collector field are based on the aperture area of the
solar collectors. The time step was 1 min in the calculations. The inlet
temperature and volume flow rate of both the FPC and the PTC col-
lector field in simulation were taken from the measurements.

5.1. Thermal performance of FPC collectors

Fig. 8 shows monthly measured and modelled thermal performances
of the flat plate collector field from Sep. 2015 to Aug. 2016. The
thermal performance of the flat plate collector field was low during the
winter because of the low solar radiation. The max monthly thermal
performance of the flat plate collector field was higher than 70 kWh/m?
in May 2016. Both measured and modelled yearly total thermal per-
formances of the flat plate collector field were 2670 MWh for the period
Sep. 2015 -Aug. 2016.

5.2. Thermal performance of PTC collectors

As shown in Fig. 9, the parabolic trough collector field did not
produce much heat during the winter because of low DNL But in the
spring and summer, the parabolic trough collector field performed very
well. The parabolic trough collector field should have worked best in

Fig. 8. Monthly thermal performance of FPC field (Sep. 2015-Aug.
2016).
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120 Fig. 9. Monthly thermal performance of PTC field.
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/\ Annual thermal performance of the Taars plant (Sep. 2015-Aug. 2016).
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2
Fig. 10. Heat demand and thermal performance of Taars solar heating plant per m? solar Measured solar heat. FPC + PTC 410 kWh/m
collector aperture area, Sep. 2015-Aug. 2016 Modelled solar heat. FPC + PTC with defocus 412 kWh/m?
Modelled solar heat. FPC + PTC without defocus 465 kWh/m?
the summer, when the solar radiation was high. However, the parabolic Measured solar fraction 22.2% -
trough collector field was defocused sometimes on the sunniest days of Modelled solar fraction (PTC with defocus) 22.3% -
Modelled solar fraction (PTC without defocus) 25.2% -

summer (such as in May-August) because the flat plate collector field
was oversized and the heat demand in the summer was low. The si-
mulated thermal performance in Fig. 9 illustrates that the potential
monthly thermal performance of the parabolic trough collector field is
higher than 90 kWh/m?/month if the parabolic trough collector field
could continue to operate without defocusing. The measured thermal
performance of the parabolic trough collector field for the period Sep-
tember 2015-August 2016 was 354 kWh/m?, while the modelled value
with defocus was 359 kWh/m?. The simulated thermal performance of

the parabolic trough collector field without defocus was 490 kWh/m?
for the period Sep. 2015-Aug. 2016. That is: a reduction of 136 kWh/m?
was calculated due to defocusing of the parabolic trough collector field.

5.3. Solar fraction

The Taars district heating network consists of approximate 850
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Fig. 12. Measured daily solar heat as a function of total radiation on
the flat plate collectors.
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6 Fig. 13. Measured daily solar heat as a function of daily beam ra-
diation on the parabolic trough collectors.
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8 Fig. 14. Measured daily solar heat as a function of daily
global radiation for both collector fields.
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buildings with about 1900 consumers. Measured heat load and total was sunny, see Fig. 11. As the solar radiation in the winter was low,
thermal performance of the solar collector fields per collector area from both the flat plate collector and the parabolic trough collector field
Aug. 2015 to Sep. 2016 can be found in Fig. 10. The solar fraction, produced low quantities of solar heat and the solar fraction in the
defined as the ratio between the solar heat and the heat demand, was winter was close to 0, which is normal for the Nordic area. Table 5
very high in the summer when the heat load was low and the weather shows a summary of annual thermal performance of the Taars plant.
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Fig. 15. Modelled daily solar heat as a function of daily
global radiation for both collector fields.
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Table 6
Weather parameters measured in Taars (Sep. 2015-Aug. 2016) and in the DRY.

DNI, kWh/m? 990 Sep. 2015-Aug. 2016
1150 DRY

Total radiation on tilted FPC plane, kWh/m? 1170 Sep. 2015-Aug. 2016
1295 DRY

Global horizontal radiation, kWh/m? 980 Sep. 2015-Aug. 2016
1030 DRY

Heat demand, MWh 18460 Sep. 2015-Aug. 2016
21660 DRY

The measured total energy output of the solar heating plant was 4100
MWh and total heat load was 18,460 MWh during Sep. 2015 to Aug.
2016. The solar fraction of the solar heating plant was 22.2% from Sep.
2015 to Aug. 2016. As shown in Figs. 10 and 11, if the parabolic trough
collectors were not defocused, the parabolic trough collectors could
have a better thermal performance in the summer. Furthermore, only in
June the simulated thermal performance is higher than the heat de-
mand if the parabolic trough collector field was not defocused. By ap-
plying large heat storage tanks, the parabolic trough collector field
could work normally without defocus in the summer, even in June. In
this way solar fraction would have been close to 100% in the months
from May to August. The yearly thermal performance of the combined
solar collector field without defocusing of parabolic trough collectors in

Fig. 16. Monthly global radiation in the Taars plant and in the DRY.

the summer can reach 4650 MWh and the solar fraction would increase
from 22.2% to 25.2%. 550 MWh solar heat was lost because of defo-
cusing of parabolic trough collectors in the sunny days in the summer.

5.4. Utilized efficiency

Fig. 12 shows the measured daily solar heat of the flat plate col-
lector field as a function of the total radiation on the tilted flat plate
collectors. According to the fitting curve, the average daily efficiency of
the flat plate collector field is about 0.48. Max daily solar heat pro-
duction of flat plate collector field is below 5 kWh/m?.

The parabolic trough collectors were not put into defocus from Sep.
2015 to Apr. 2016. Fig. 13 shows the measured daily solar heat without
defocusing as a function of the beam radiation on the parabolic trough
collectors from Sep. 2015 to Apr. 2016. The fitting curve illustrates that
the average daily efficiency of the parabolic trough collector field based
on the beam radiation on the parabolic trough collectors is about 0.66.
If the parabolic trough collectors work without defocusing in the
summer, the daily efficiency in the summer would increase to about
0.70 and the parabolic trough collector field would produce more than
5 kWh/m? per day in the sunny days.

Both beam radiation and diffuse radiation influence thermal per-
formance of the flat plate collector field, while the thermal performance
of the parabolic trough collector field is mainly influenced by the beam
radiation. To compare performances of both collector fields in a fair
way, global radiation was chosen as a benchmark. Fig. 14. shows
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Fig. 17. Measured monthly heat demand (average value

per day) as a function of average ambient temperature of

Taars solar heating plant (Aug. 2015-Aug. 2016).
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Table 7

Calculated annual thermal performance of Taars solar heating plant
in the DRY for Northern Jutland.

Item Value

Solar heat.FPC field 510 kWh/m?
3040 MWh

Solar heat.PTC field 530 kWh/m?
2140 MWh

Heat demand 21590 MWh

Solar fraction 24%

measured daily solar heat for both collector fields as a function of the
global radiation on the horizontal surface. The thermal performance of
the parabolic trough collector field without defocus was modelled to
investigate the maximum potential of parabolic trough collector field,
as shown in Fig. 15. It is seen that the thermal performance of the
parabolic trough collector field was zero mainly because of defocus
while the weather was sunny in Fig. 14. In Fig. 15, it is found that when
the daily global radiation was lower than about 2 kWh/m?, the para-
bolic trough collector field did not perform better than the flat plate
collector field. Furthermore, the parabolic trough collector field pro-
duced more heat than the flat plate collector field, when daily global
radiation was higher than about 2 kWh/m?.

6. Discussions

The Taars solar heating plant is the first large hybrid solar heating
plant, which integrates both flat plate collectors and parabolic trough
collectors to provide heat for a district heating network. The oversize of
the flat plate collector field and low heat demand in the summer were
the main reasons why the parabolic trough collectors were defocused in
summer periods. Potential of the Taars plant in the DRY (Design
Reference Year [42]) is shown in this section.

Fig. 16 shows monthly measured global radiation on horizontal in
the Taars plant and global radiation of the DRY of Northern Jutland
[42]. Table 6 shows the summary of weather conditions in Taars (Sep.
2015-Aug. 2016) and in the DRY. The measured global radiation in the
Taars solar heating plant from Sep. 2015 to Aug. 2016 is 980 kWh/m?,
while that of DRY is 1030 kWh/m?. It is found that there was less sun
shine from Sep. 2015 to Aug. 2016 compared to DRY.

Fig. 17 shows the relation between monthly heat demand (average
value per day) and average ambient temperature from Sep. 2015 to
Aug. 2016. The heat demand in the DRY in Table 7 is calculated by the
fitting curve in Fig. 17 and the average ambient temperatures of the
DRY. The heat demand of the Taars solar heating plant in the DRY is a
bit higher than measured values from Sep. 2015-Aug. 2016.
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Table 7 also shows calculated annual thermal performance of the
Taars solar heating plant in the DRY, calculated by DTU Excel tool
(Dragsted and Furbo, 2012) [42]. Mean solar collector fluid tempera-
tures of the flat plate collector field and the parabolic trough collector
field were assumed to be 55 °C and 80 °C respectively based on the
measurements. The parabolic trough collector field is assumed to work
without defocus. The potential thermal performance of the Taars solar
heating plant in the DRY is 5180 MWh, while the heat demand in the
DRY is 21,590 MWh. Furthermore, the solar fraction is 24%. Table 7
also illustrates that the thermal performance of flat plate collectors can
be higher than 500 kWh/m? under Danish climate conditions when the
flat plate collectors work at low operation temperatures like 55 °C in
such a combined solar heating plant.

The investigations have shown that it is very important to size the
collector areas of both the flat plate collectors and parabolic trough
collectors in such a way that oversizing is avoided, so that the parabolic
trough collector field is not put out of focus in the summer. An increase
of the heat load of the district heating network in the future can in-
crease thermal performance of the plant. Furthermore, a large heat
storage could also be helpful to harvest the advantages of parabolic
trough collectors in the summer. The advantages of the hybrid solar
heating plants are that the flat plate collector field produces about 60
kWh/m? one year more than the normal solar heating plants with only
flat plate collectors, and the defocus of the parabolic trough collectors
increases the flexibility of the solar heating plants in the whole energy
supply system. This study not only demonstrates the feasibility and
potential of the hybrid solar heating plants at the high latitude with low
solar radiation resource, but also introduces a novel design concept of
higher efficient solar heating plants for the high solar radiation area

7. Conclusions and future work

Both measured and simulated annual thermal performances of the
Taars solar heating plant were analysed for the whole year from
September 2015 to August 2016. The thermal performance of the Taars
solar heating plant in the DRY for the northern part of Jutland was also
investigated. These findings can be used in the design of new large-scale
solar district heating plants in the near future. The conclusions are as
follows:

The solar fraction of the Taars solar heating plant was 22.2% during
the period from Sep. 2015 to Aug. 2016. If the parabolic trough col-
lector field had not been defocused, the total thermal performance
would have increased from 4100 MWh to 4650 MWh, that is from 410
kWh/m? to 465 kWh/m? and the solar fraction would have reached
25.2%.

Potential annual thermal performance of the Taars solar heating
plant in the DRY for northern Jutland could reach 5180 MWh (518
kWh/m?) and a solar fraction of 24% if defocusing of the parabolic
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trough collectors is avoided.

Further studies on the optimization of the thermal performance and

control strategy of the hybrid solar district heating plant are required to
formulate comprehensive design rules for such hybrid solar heating
plants.
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Large-scale solar heating plants for district heating networks have gained great success in Europe, particularly in
Denmark. A hybrid solar district heating plant with 5960 m? flat plate collectors and 4039 m? parabolic trough
collectors in series was built in Taars, Denmark in 2015. The solar heating plant was used as a reference case in
this study. A validated TRNSYS-GenOpt model was set up to optimize the key design parameters of the plant,
including areas of both collector types, storage size, orientation of the parabolic trough collectors and so on. This
study introduces a generic method to optimize the hybrid solar district heating systems based on levelized cost of
heat. It is found that the lowest net levelized cost of heat of hybrid solar heating plants could reach about 0.36
DKK/kWh. The system levelized cost of heat can be reduced by 5-9% by use of solar collectors in the district
heating network in this study. The results also show that parabolic trough collectors are economically feasible for
district heating networks in Denmark. The generic and multivariable levelized cost of heat method can guide

engineers and designers on the design, construction and control of large-scale solar heating plants.

1. Introduction

Solar energy is widely used in the building sector to supply space
heating and cooling. Rad et al. [1] reviewed solar community heating
and cooling systems with borehole thermal energy storage and gave
suggestions about the development of borehole storage. Hazami et al.
[2] simulated two domestic hot water systems with flat plate collectors
and evacuated tube collectors separately and compared two systems by
means of TRNSYS. Deng et al. [3] investigated a solar space heating
system coupled with air source heat pump in TRNSYS. Kemal et al. [4]
revealed the influence of the size of the storage tank on the performance
and usability of solar water heating systems. Kacan et al. [5] found that
the actual optimum values for independent parameters have a vital
importance for design engineer with respect to select the proper system
component for solar heating system. Li et al. [6] discussed the opera-
tional strategy of a combined solar and ground source heat pump
system for an office building in TRNSYS. Bellos et al. [7] did energetic
and financial evaluation of solar assisted heat pump space heating
systems with TRNSYS. Pardo Garcia et al. [8] studied district heating
configurations with photovoltaic thermal hybrid solar collectors for a
central European multi-family house. Ramos et al. [9] also used
TRNSYS to study a combined heating, cooling and power provision in
the urban environment. Bava et al. [10] developed a numerical model
to investigate the flow distribution in different operation conditions for

* Corresponding author.

solar district heating plants in Denmark. Bava et al. [11] also in-
vestigated pressure drop and flow distribution in a solar collector with
horizontal U-connected pipes with this numerical model. Bava et al.
[12] developed a detailed TRNSYS-Matlab model to simulate the
thermal performance of large solar collector fields for district heating
applications based on developed numerical model. Wang et al. [13]
carried out energy, exergy and environmental analysis of a hybrid
combined cooling, heating and power system utilizing biomass and
solar energy. The vision of the Solar Heating and Cooling Programme of
the International Energy Agency is “By 2050 a worldwide capacity of 5
kWy, per capita of solar thermal energy systems installed and significant
reductions in energy consumption achieved by using passive solar and
daylighting: thus solar thermal energy meeting 50% of low temperature
heating and cooling demand (heat up to 250 °C)” [14]. Large-scale solar
heating plants for district heating networks have developed fast in the
last decades, and are one of the most successful applications of solar
energy for the building sector.

1.1. Solar district heating plants

In the northern European countries, district heating networks have
supplied both space heating and domestic hot water to many residents
for many years. In the early 1980s, several large solar heating plants
were installed in Sweden, which is the first country to apply large solar
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Nomenclature G monthly global radiation, kWh/m?
I specific solar thermal system costs incl. installation (excl.
Abbreviations VAT and subsidies), DKK/m?
I, specific boiler system costs incl. installation (excl. VAT
DH district heating and subsidies), DKK
DKK Danish Krone NE heat from the natural gas boiler system, kWh
DRY design reference year P operation & maintenance expenditures of the solar plant in
DNI monthly direct normal irradiance, kWh/m? the year t, DKK
E-w east-west P, operation & maintenance expenditures of the natural gas
FEP fluorinated ethylene propylene boiler system in the year t, DKK
FPC flat plate collector Qe yearly energy output of the parabolic trough collector
HX heat exchanger field, kWh/m?
IEA International Energy Agency Qppe yearly energy output of the flat plate collector field, kWh/
LCOH  levelized cost of heat, DKK/kWh m?
LCOE levelized cost of energy, DKK/kWh Qoss yearly heat loss in solar loop pipe and thermal energy
nLCOH net levelized cost of heat, DKK/kWh storage, kWh
N-S north-south Qo yearly energy output of the whole collector field, kWh/m?
PTC parabolic trough collector r discount rate, %
SHC solar heating and cooling RV residual value, DKK
SLCOH  system levelized cost of heat, DKK/kWh SE specific useful energy delivered by the solar thermal
TES thermal energy storage system in the year t (thermal losses in pipe loop and
thermal storage considered), kWh
Latin symbols So subsidies and incentives, DKK
T, ambient temperature, °C
Ape aperture area of the parabolic trough collector field, m? Iy initial investment, DKK
Ape aperture area of the flat plate collector field, m? TR corporate tax rate,%
Cpic cost of the parabolic trough collector field, DKK/m? T period of use (solar thermal system life time in years), a
Chpe cost of the flat plate collector field, DKK/m? t year within the period of use (1, 2, ... T)
cy heat loss coefficient at (Tm —Ta) = 0, W/(m%K)
() temperature dependence of the heat loss coefficient, W/ Greek symbol
(m*K?)
C3 effective thermal capacity, J/(m>K) no optical efficiency, —
C; operation and maintenance costs (year t), DKK
Cstorage  Specific costs of the tanks incl. installation (excl. VAT and Subscript
subsidies), DKK/m?
DEP, asset depreciation (year t), DKK th thermal
E, energy generated (year t), kWh

collector arrays into district heating networks [15]. Recently, the
number of large solar district heating plants has increased very fast in
Denmark, Germany and Austria [16]. Fisch et al. [17] reviewed all the
large-scale solar heating plants in Europe in 1998. IEA-SHC Task 7, 45
and 55 have focused on the application of large solar heating plants in
district heating networks [14].

De Guadalfajara et al. [18] evaluated the potential of large solar
heating systems with seasonal storage for 10 typical climate conditions
in Spain. The system included a 2854 m? solar collector field. It was
found that the estimated cost of the heat produced in large solar heating
systems with seasonal storage with a solar fraction of 50% can be
competitive with the heat cost of traditional domestic heat boilers in
Spain. Bauer et al. [19] reviewed central solar heating plants with
seasonal heat storage in Germany. Experiences from construction and
operation of the research and pilot plants has led to technical im-
provement, higher efficiencies and cost reduction. Olsthoorn et al. [20]
reviewed optimization methods on integration of renewable energy into
district heating. The optimization method consists of a multi-objective
method, sensitivity analysis, thermodynamic-economic analysis, and
genetic algorithm. Tulus et al. [21] did multi-objective optimizations on
central solar heating plants with seasonal storage in Spain. The results
showed that central solar heating plants with seasonal storage led to
significant environmental and economic improvements compared to
the use of conventional natural gas heating systems. Life cycle assess-
ment for economy and environment was carried out to optimize central
solar heating plants. Guerreiro et al. [22] carried out the investigations

93

on efficiency improvement and potential levelized cost of energy re-
duction with a linear Fresnel concentrator plant with storage. LCOEs
showed that there was an enormous potential for the investigated plant.
Sartor et al. [23] did simulations and optimizations of a CHP biomass
plant and district heating network. The contribution presented a syn-
thetic way to achieve such a task using only simple models on ther-
modynamic, combustion process, heat transfer and finance. The solar
district heating system combined with borehole thermal energy storage
(BTES) in Drake Landing Solar Community in Canada has managed to
provide 96% of the community's annual space heating demand with
solar heat for the period 2012-2016 [24].

Large solar district heating plants have gained great success in
Denmark recently [25]. More than 1.3 million m? collectors are in
operation in solar heating plants in Denmark by the end of 2016 [26].
Flat plate collectors have been used widely in the large-scale solar
district heating plants in Denmark. Flat plate collectors have a bit lower
efficiency at high temperature levels compared to evacuated tube col-
lectors [27], Fresnel collectors and parabolic trough collectors [28].
Parabolic trough collectors are the more cost-effective at high tem-
perature ranges such as 80-200 °C among these collectors [28]. Para-
bolic trough collectors are mainly used for solar power plants with oil
or molten salt as heat transfer fluid. Parabolic trough collector with
water as heat transfer fluid for direct steam generation also is an at-
tractive option in electricity generation or industrial process [29].
Leiva-Illanes et al. [30] analyzed a solar poly-generation plant with
parabolic trough collectors for electricity, water, cooling and heating in
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high direct normal irradiation conditions. More and more small-scale
parabolic trough collectors are optimized to supply heat to industrial
process [31] and hot water production. A preliminary case study of
parabolic trough collectors for district heating networks at high lati-
tudes with low solar radiation resources was first carried out in 2000
[32]. The economic comparison indicated that parabolic trough col-
lector systems could be competitive with flat plate collectors. But few
practical projects with parabolic trough collectors for district heating
are found during the last decades. The Danish company Aalborg CSP A/
S [33] and Technical University of Denmark (DTU) [34] started in 2013
to investigate the feasibility of parabolic trough collectors for district
heating networks in large solar heating plants supported by the Danish
Energy Agency through the Energy Technology Development and De-
monstration Program (EUDP). A hybrid solar heating field with both
flat plate collectors and parabolic trough collectors in series has been
constructed and connected to the existing district heating network in
Taars [35]. It was found that the flat plate collector field was oversized.
To avoid too high temperature in the system, the parabolic trough
collectors therefore were often defocused in the summer [36]. This
reduces the cost efficiency of the plant dramatically. All the potential
benefits of the hybrid plant can only be experienced if the design, size
and operation of the whole integrated system is consistently optimized
[37]. The optimization of such hybrid solar district heating plants with
different solar collector technologies is a major issue for large solar
heating plants.

1.2. Levelized cost of heat

Designing solar heating plants is a multivariable optimization task
because many design parameters should be varied and optimized on a
project-specific basis, especially the area of the collectors and storage
size. Cost of application of solar energy systems in district heating
networks has been discussed for a long time. The levelized cost of en-
ergy (LCOE) has become the most popular and common criteria to
identify the most cost-effective energy production technologies on a
consistent basis [38]. The LCOE not only considers the cost of the en-
ergy systems, but also depends on the energy production of the in-
vestigated system simultaneously. Levelized cost of heat (LCOH), de-
rived from LCOE, is used to evaluate the solar heat from the solar
district heating plants in this study. The LCOH concept can be used as a
tool to help to make decisions on systems planning and design based on
the optimization routine [39].

4
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1.3. Scope

Based on a comprehensive literature survey and data collected from
detailed country reports from IEA-SHC over the past decades, the pre-
vious literatures were mainly focused on small solar heating systems
[16,40], including domestic hot water systems for single-family homes
and multi-family homes, small combined hot water and space heating
systems. Only a limited number of publications on both energy and
economic optimizations of large-scale solar district heating plants in-
cluding natural gas boilers simultaneously in detail were found [41].

The novelty of this study is summarized as followed: (1) The opti-
mized objective is a hybrid 9999 m? solar district heating plant with
both flat plate collector and parabolic trough collector technologies,
which is a novel design concept for solar district heating systems; (2)
Two kinds of boundary conditions for LCOH optimization are compared
in this study. The main goal of this study is to investigate ways to re-
duce the cost of the installation and increase the thermal performance
of large solar heating plants simultaneously. Optimal area of different
collectors for hybrid solar district heating plants in this study were
figured out. Sensitivity analysis on storage size, orientation of PTC,
different heat demands, fuel price trend and PTC price trend in the
nearby future, are also investigated. This study could provide in-
formation on the optimal design of such combined solar district heating
plants with both flat plate collectors and parabolic trough collectors.

2. Method

TRNSYS-GenOpt model, objective functions and cost investigations
are introduced in this section.

2.1. TRNSYS-GenOpt model

A TRNSYS model on hybrid solar district heating plants has been
developed in the TRNSYS 17 and validated [42]. Dynamic simulated
daily (typical cloudy and sunny days) and monthly energy outputs of
the hybrid solar heating plants have good agreements with the mea-
sured data. The TRNSYS model includes flat plate collectors, parabolic
trough collectors, the storage tanks, natural gas boilers and so on. The
quasi-dynamic model was used to simulate the energy output of both
collector fields. Fig. 1 shows the basic process flow of the investigated
plant in TRNSYS 17. GenOpt, developed by Lawrence Berkeley National
Laboratory [39], was used to carry out the multivariable optimization.
The general methodology of TRNSYS-GenOpt is summarized in Fig. 2.
When the simulation results reach maximum or minimum objective
value, the model will stop, such as minimum LCOH or maximum energy

PTC Field

HX

Pump

Fossil /'\
Back up 4 \

o«

0000+
0000

FPC Field

Pump

<

DH Network

A Pump

Fig. 1. Simplified process flow diagram of the hybrid solar heating plant model.
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| Optimal solution |

J
| End |

Fig. 2. Flow-chart of the TRNSYS-GenOpt model.

output. The flat plate collector field consists of two types of flat plate
collectors without/with foils in series. The main components in the
TRNSYS model can be found in the Table 1.

2.2. Objective functions

Two different kind of objective functions for optimizations are
shown. In addition, two different boundary conditions of levelized cost
of heat are also discussed.

2.2.1. Energy output

The energy output of the hybrid solar heating plant is expressed as
Eq. (1). The maximum energy output per square meter of the plant can
be used to determine the most efficient solar heating plant during the
optimization. The energy output of the solar heating plant per m>
aperture area in this study is the solar heat generated by the hybrid
solar collector field minus heat loss from pipe loops and heat storages.

QO = (thc X Aptc + prc X Apr_Qloss)/(Aptc + Afpc) (1)

2.2.2. Levelized cost of heat

Levelized cost of heat (LCOH) was used in this study. For end-use
consumers, the final and optimal heat price which consumers would
pay for the district heating is interesting for the commercial market.

Table 1
Main TRNSYS components and parameter settings (default condition) [43].

Energy Conversion and Management 165 (2018) 92-101

LCOH is a fair index to use both for parabolic trough and flat plate
collectors in large solar heating plants for district heating networks. The
general Equation of LCOH can be found in Eq. (2) [44].

T  Cp(1-TR)— DEP-TR
IO_SO + z[=1 ‘ (1+r)’ -

S Ee(L+ 1) @

—RV-(1+r)T
LCOH =

Two boundary conditions are applied for calculations of LCOH for the
solar district heating plants in this study. One boundary condition is
elaborated only for the solar collector fields and heat storage. The other
boundary condition not only includes the solar collector fields and heat
storage, but also takes conventional heat supply into consideration at
the same time. The former is called by net LCOH and the latter is called
by system LCOH respectively in this study. The DEP, and TR are re-
garded as zero in the residential sector [39]. The simplified approach
(Egs. (3) and (4)) is derived from the exhaustive approach (Eq. (2)), by
making a series of assumptions in the optimization; There is no residual
value; There are no incentives; Operation and maintenance costs do not
change from year to year; The yearly heat generation remains constant
throughout the lifetime of the system [45].

1. Net LCOH (nLCOH)

Eq. (3) can be used to determine nLCOH. The lifetimes of both flat
plate collector and parabolic trough collector field in Denmark are as-
sumed as 30 years. Assumption of calculation discount rate is 3% [41].
With the increase or decrease of discount rate, the LCOH will increase
or decrease slowly.

T _
Is + Cstorage + Zt:l Ps(l + r) t

nLCOH = o
thl SE-(1 4+ r)*t 3)

2. System LCOH (sLCOH)

The conventional natural gas boiler system is existing and quite
common in Denmark. The integration of solar heating plants in existing
district heating networks is a more and more common practice in
Denmark. The system LCOH including the natural gas boiler system is
expressed as Eq. (4). The lifetime of natural gas boilers is assumed as
30 years. The main operation cost of the backup boiler systems is re-
garded as the operation cost of the fuel consumption.

T _
I+ Cstnrage + 1+ Zt:l (Ps + Pb)'(l + r) !

sLCOH = =
ey SE + NE)-(1 + 1) 4

2.3. Cost investigations

The heat price from the natural gas boiler system is assumed to be
0.57 DKK/kWh in this study. The assumed cost of the flat plate collector
field with collectors without FEP foils is shown by Eq. (5). The cost of

Name Component type  Main Parameters Descriptions

Weather data  Type 15 North Jutland of Denmark, Design Reference Tracking model 1: fixed surface for FPC; Tracking model 2: the surface rotates about a fixed
Year (user-defined) axis for PTC

FPC Type 1290 5960 m* Flat plate collectors without/with FEP foils

PTC Type 1290 4039 m? Parabolic trough collectors

Shadow Type 30 Model 1: row distance: 5.67 m; Model 2: row Model 1: flat plate collectors; Model 2: Parabolic trough collectors.
distance: 12.6 m

Tank Type 4 2430 m* Short-term storage.

Boilers Type 659 9100 kW Natural gas boiler systems

Pump Type 3 Varied parameters -

Heat load Type 9 Return temperature and Heat load Measured return temperature and heat load from the district heating system (approximately

850 buildings with about 1900 residents).
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the flat plate collector field with collectors with FEP foils is assumed to
be 7.6% higher than that of the flat plate collector field with collectors
without FEP foils. The cost of the parabolic trough collector field and
the storage tank is expressed by Eq. (6) [46] and (7) [40] respectively.
The cost of parabolic trough collector field is 40-70% higher than the
cost of flat plate collector field regarding of the size. The operation and
maintenance cost of the flat plate collector field every year is assumed
as follows: (a) 2 DKK/MWHh heat produced for maintenance fee [47]; (b)
1.5 kWh electricity/100 kWh heat produced for operation (2.3 DKK/
kWh electricity) [40]. The operation and maintenance cost of the
parabolic trough collector field every year is assumed to be 0.8% of the
initial cost [33].

2400 DKK/m? for 500 m? < Ag,. < 1000 m?

Cpe = {2300 DKK/m? for 1000 m* < Ape < 3000 m?
<

2180 DKK/m? for 3000 m? < Ap, < 10,000 m* 5)

The cost function of the parabolic trough collector field is as Eq. (6)
[46]

A —0.17

Cpre = 13925 X Ape 6)
The cost function of the tank is assumed as Eq. (7) [40]
Citorage = (11680 X Viprond® + 130) X 7.44 @)

3. Case study

A hybrid solar district heating plant with flat plate collectors and
parabolic trough collectors is used as the reference case in the optimi-
zation. Details about the hybrid solar heating plants, climate data and
heat demand are shown in Sections 3.1 and 3.2.

3.1. Taars solar heating plant

Taars plant with flat plate collectors and parabolic trough collector
was constructed in August 2015. The hybrid plant is supported by the
Danish Energy Agency through the Energy Technology Development
and Demonstration Program (EUDP). Main design and technical para-
meters for the plant can be found in Tables 2 and 3 respectively. The
solar collector field consists of flat plate collectors and parabolic trough
collectors in series. In the flat plate collector subfield, on average half of
the collectors are without FEP foils (HTHEATboost 35/10) and the
other half of the collectors are with FEP foils (HTHEATSstore 35/10).
The flat plate collectors are delivered by Arcon-Sunmark A/S [48]. The
collectors without the foils are placed first in the rows, while the col-
lectors with the foils are placed last in the rows. The tilt of flat plate
collectors is 50°. The return water from the district heating network is
preheated by the flat plate collector field. Then the preheated water is
heated up to a required temperature by the parabolic trough collectors.
The parabolic trough collectors were delivered by Aalborg CSP A/S
[33]. The orientation of parabolic trough collectors is N-S orientation
with 13.4° towards west. The existing natural gas boilers are the backup
systems for the district heating network. The efficiency parameters of
the investigated solar collectors based on the aperture area can be
found in Table 4.

dT,

Q
i 7yKep (6)Gyp + UoKed(e)Gd—Cl(Tm—Ta)—Cz(Tm—E)z—%? @)

2
Kan(©) = l_bo(colse_l)_bl(colse_l) » s )
When 0 (incident angle) > 60°, the IAM is linearized from the value at
60° to a value of zero at 90°. Where, Q is energy output, W; A is aperture
area, m% K is incidence angle modifier; G, is beam radiation on the
collector plane, W/m?; Gq is diffuse radiation on the collector plane, W/
m?% T, is mean temperature, degrees Celsius; dT,/dt is the time
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derivative of T,,, K/s.
3.2. Climate data and heat demand

Fig. 3 shows the monthly global radiation, DNI and average ambient
temperature in the Design Reference Year (DRY) of Northern Jutland of
Denmark [49]. Yearly DNI and global radiation in the DRY are 1150
and 1030 kWh/m? respectively. The district heating network consists of
approximate 850 buildings with about 1900 consumers. The typical
design heat demand of the district heating network is shown in Fig. 4.
The heat demand was measured from the district heating network as
the typical design parameter for the hybrid solar heating plant during
the planning stage. The total heat demand is 20,167 MWh per year. The
heat demand is quite low in the summer and high in the winter.

4. Results

Influence of storage size, orientation of PTC, different heat de-
mands, fuel price trend and PTC price trend in the nearby future, are
investigated and analyzed in this section.

4.1. The influence of storage volume

Areas of both collector fields and volume of the storage tanks are
important design parameters for the hybrid solar heating plant. The
optimal storage volume and solar collector areas of the solar collector
fields depend strongly on each other. Fig. 5 shows the influence of the
storage volume on the nLCOH and solar energy output in the reference
case. The nLCOH of the Taars plant is 0.420 DKK/kWh. The nLCOH
almost has the same level of 0.420 DKK/kWh when the storage volume
varies between 2430 m® and 5000 m®. The energy output of the plant
delivered to the district heating network can increase from 422 kWh/
m? to 434 kWh/m? When the heat storage volume is 7000 m®, the
energy output delivered to the district heating network almost peaks at
438 kWh/m?. For further increased storage volumes, the thermal per-
formance is not much increased. 5000-7000 m® could be the reasonable
storage volume for the Taars plant.

4.2. Area of both collector fields

It appears from Fig. 5 that a larger storage tank not only can in-
crease the energy output of the plant, but also keeps the nLCOH at a low
constant level. So optimal areas of the collector fields based on four
heat storage scenarios, including 2430 m® — scenario 1a/b, 5000 m® —
scenario 2 a/b, 7500 m> - scenario 3a/b and 10000 m>-- scenario 4a/b,
are investigated and compared to the reference case. In the whole
scenarios, the tilt of the flat plate collectors and the orientation of the
parabolic trough collectors are also optimized to reach the minimum
nLCOH. The optimal tilt of the flat plate collectors is 35° and the op-
timal orientation of the parabolic trough collectors is E-W orientation in
the scenarios la-4a and 1b-4b. The areas of both flat plate collector
field and parabolic trough collectors are between 100 and 10000 m? in
the optimizations. Fig. 6 shows the optimal collector areas of different
collectors based on the objective function of maximum energy output

Table 2
Main design parameters of the Taars plant.

Parameters Taars (Denmark)
Latitude 57.39 °N
Longtitude 10.11 °E
Altitute 48 m

Parabolic trough collector field (Aperture area) 4039 m?

Flat plate collector field (Aperture area) 5960 m?

Fossil backup -Natural gas boilers 9.1 MW

Storage tank (2) 2430 m®
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Table 3
Main technical parameters of the collector fields.

Parameters PTC FPC
Solar collector fluid Water 35% propylene glycol/water
Collector row distance, m 12.6 5.67
Azimuth, ° —-13.4 0
Tilt, ° - 50
Table 4
Parameters of the investigated solar collectors.
Mo bo b1 Koa ¢, [W/ ¢y, [W/ cs, [kJ/
(m*K)] (m*K?)] (m*K)]
0.839 0.1 0 0098 2.596 0.016 7.321 HEATboost
35/10
0.802 0.1 0 093 2226 0.010 7.876 HEATstore 35/
10
0.75 0.27 0 0.038 0.04 0 4.00 PTC
180 G mmm DN] ==& Average ambient temperature 30
160 25
~ 140
: 120 20
=
z
=100 15 o
& 80 0=
E 60
o 5
40
20 0
0 5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 3. Monthly global radiation, DNI and average ambient temperature in the DRY
(Northern Jutland, Denmark).

delivered to the consumers. It is suggested that the optimal collector
field should consist of mainly parabolic trough collectors without flat
plate collectors for four scenarios. Fig. 7 shows the optimal collector
areas of different collectors based on the objective function of minimum
nLCOH. 1t is suggested that the optimal collector field should integrate
flat plate collectors and parabolic trough collectors in series to reach
minimum nLCOH points with the range 0.367-0.400 DKK/kWh. The
solar fraction of the Taars plant is 21.0%. The solar fractions of the
investigated four scenarios 1b-4b in Fig. 7 are placed in the interval
from 18% to 23%. The comparison of Taars plant and scenario 1b in
Fig. 7 shows that the solar collector fields was oversized during the
design phase, which causes that the net LCOH of the Taars plant is
higher than that of scenario 1b. But the net LCOH of Taars plant is still
lower than the price for natural gas boiler systems. In addition, the
comparison of Taars plant and scenario 4b in Fig. 7 shows that if there
were a 10000 m® large storage volume, the optimal solar fraction could
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have increased to 23% with lower heat price, then the cost performance
of such large-scale solar heating plants increases a lot.

Based on the results in Figs. 6 and 7, it is seen that quite different
conclusions appear from different objective functions for the 4 sce-
narios. Various target groups would use different objective functions to
benefit from the results. On the one hand, parabolic trough collectors
are more efficient than flat plate collectors for high temperature levels.
On the other hand, the price of parabolic trough collectors is higher
than the price of flat plate collectors for high temperature levels. From
the scenarios 1-4 in Fig. 7, it is shown that the combination of flat plate
collectors and parabolic trough collectors in series can increase the cost-
performance of the solar district heating plants, which is interesting for
the commercial market and end-use consumers.

4.3. Orientation of the parabolic trough collectors

The orientation of the PTC fields affects the way of tracking and the
received beam radiation. The N-S orientation is always regarded as the
optimal orientation of concentrating solar power plants [50]. The ty-
pical E-W and N-S orientations are compared in Fig. 8. Fig. 8a and b
shows the reference case (the Taars plant) and the optimal case of
scenario 1 with both typical orientations in Fig. 7 respectively. The
comparison between Fig. 8a and b indicates that the parabolic trough
collectors are defocused a lot from May to August in the reference case.
The defocus of the parabolic trough collector field causes a low heat
production of the plant and a high nLCOH. Furthermore, Fig. 8 shows
that the PTC field with N-S orientation produces higher heat in the
summer months than the PTC field with E-W orientation. As shown in
Fig. 4, the heat demand of the district heating network in the summer is
very low. The PTC field with N-S orientation may cause excess heat
production if the PTC works normally in the summer. It can be seen that
in Fig. 8b that the monthly energy output of the PTC field with N-S
orientation can be higher than 100 kWh/m?. So the PTC field with N-S
orientation has to be defocused a lot in sunny days in the summer. On
the contrary, the PTC field with E-W orientation produces lower heat in
the summer due to large incidence angle losses. In addition, the PTC
field with E-W orientation produces more solar heat in the spring, au-
tumn and winter seasons while the heat demand is also high during the
peroid. In order to avoid the heat overproduction of the PTCs in the
summer and harvest the thermal performance of the PTC in spring and
autumn, E-W orientation is the suggested orientation for the PTC field
for the district heating network in this study.

4.4. Heat demand

The heat demand of the district heating network influences the
operation strategy of the solar heating plant directly, especially in the
summer. Larger heat demand could improve the operation of parabolic
trough collectors in the summer. Seven heat demand scenarios varying
from 0% to 60% extra demand compared to the demand in Taars are
shown in Table 5. All the other variables are kept constant as in the

5000
4000
Z 3000
2000
1000

0

0 20 40 60 80

==o==Daily average heat demand

100 120 140 160 180 200 220 240 260 280 300 320 340 360

Days

Fig. 4. Typical daily average heat demand of the district heating network [33].
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Fig. 5. The influence of the storage volume on net LCOH and yearly solar energy output of the Taars plant (All the other variables are kept constant as in the Taars plant).

Taars plant. Compared to existing flat plate collector plants in Den-
mark, the energy output of the flat plate collector field in Taars pro-
duces higher solar heat. That is due to the fact that the flat plate col-
lectors work at relatively low operation temperature in the hybrid solar
heating plant. With the increase of the heat demand, the energy output
of the flat plate collector field increases slowly. But the energy output of
the parabolic trough collector field increases sharply with larger heat
demand. That is because the parabolic trough collector field is defo-
cused and not used fully in the summer in the reference case. When the
heat demand increases by 60%, the yearly output of the PTC field can
increase from 418 kWh/m? to 528 kWh/m? and the nLCOH can be
reduced from 0.420 to 0.363 DKK/kWh. So the collector field is over-
sized and should be smaller based on the heat demand in Taars. An-
other solution for the reference case is that a larger storage tank should
be used, as indicated in Fig. 5.

4.5. Fuel price trend

The price of natural gas for household consumers in Denmark

fluctuates a lot year by year, even month by month [25,26]. Four in-
creased fuel price scenarios varying from 0% to 30% price increase are
shown in Table 6 to determine the system LCOH. The system LCOH of
the Taars plant is 0.54 DKK/kWh. The system LCOH is 5-9% lower than
traditional natural gas boiler systems because of the application of the
solar heating collectors in Table 6.

4.6. Price trend of parabolic trough collectors

The high price is the main barrier for the parabolic trough collectors
to be applied widely in the market compared to the flat plate collectors.
With the commercial development of PTC just started in 1970s [51],
there is huge decrease potential of the cost of PTC. So four PTC price
scenarios varying from 0% to —50% reduction in price were in-
vestigated to obtain an overview of the development for PTC tech-
nology in district heating networks in the future. Areas of the collectors,
tilt of the FPC and orientation of the PTC were optimized simulta-
neously to reach minimum nLCOH. Fig. 9 shows the optimal design
points for all the PTC price scenarios. The optimal tilt of flat plate

10000 30%
9000 mmm FPC without FEP s FPC with FEP i PTC@— Solar fraction
- 25%
8000
& 7000
E\ - 20%
©
2 6000 g
: AN :
£ 5000 15% &
= k!
2 4000 @
(1]
o - 10%
8 3000 ’
2000
- 5%
1000
0 T T 0%
Taars Scenario la Scenario 2a Scenario 3a Scenario 4a
2430 m? 5000 m? 7500 m? 10000 m?

Fig. 6. Optimal solar collector area and solar fraction of the investigated scenarios 1a-4a based on the objective function of maximum energy output (All the other variables are kept

constant as the Taars plant).
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Fig. 7. Optimal solar collector area, net LCOH and solar fraction of the investigated scenarios 1b-4b based on the objective function of minimum nLCOH (All the other variables are kept

constant as in the Taars plant).

. Table 5
=@=N-S orientation nLCOH based on different heat demands.
100
=@—E-W orientation Annual energy output, kWh/m? nLCOH, DKK/
kwh
80 Heat demand FPC field PTC field The whole plant
E excluding heat loss
§ 60
] 0 (Taars) 449 418 422 0.420
20 +10% 454 447 437 0.405
+20% 458 472 449 0.395
+30% 460 487 457 0.388
20 +40% 463 506 466 0.380
+50% 465 521 474 0.374
o0 4 i i . . . . . . . . - +60% 467 528 478 0.363
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
a: Taars Table 6
120 SLCOH based on different fuel fees.
160 A =@=N-S orientation Price of the fuel, DKK/kWh sLCOH, DKK/kWh
\ =@—E-W orientation 0.57 (Taars) 0.54
80 0.63 0.59
0.68 0.63
a 0.74 0.67

0 - T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

b: Scenario 1b

Fig. 8. The influence of typical orientation on the energy output of the parabolic trough
field (a: the reference Taars plant; b: Scenario 1b- optimal case for Taars plant).

collectors is 35°. The optimal orientation of parabolic trough collectors
is E — W orientation. All the other variables are kept as in the Taars
plant. When the price of PTC decreases by 50%, the optimal nLCOH of
the plant can be reduced from 0.367 DKK/kWh to 0.247 DKK/kWh. It
can be found that the design strategy of flat plate collectors and para-
bolic trough collectors in series is feasible and optimal in order to reach
minimum net LCOH in all the scenarios.
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5. Discussion

The studied plant is the first pilot large-scale solar heating plant
with flat plate collectors and parabolic trough collectors in series for
district heating networks in Europe, even worldwide. The boiling pro-
blem for solar district heating plants in the summer is one of main
factors to limit the size of plants, if there are not seasonal storage. On
the one hand, the application of parabolic trough collectors can easily
be defocused to avoid the overheat production, which can increase the
flexibility of solar heating plants in the whole energy system, compared
to evacuated tube collectors and compound parabolic collectors. On the
other hand, the defocus of the parabolic trough collector reduces the
cost-effective competitiveness of the hybrid solar heating plants. The
integration of parabolic trough collectors can also guarantee that flat
plate collectors work at relatively low operation temperature and pro-
duce more than the normal solar heating plants. The investigations in
this study figure out the optimal solar collector areas for the Taars
plant.

In addition, Fresnel collectors is another line-focusing collector,
which arouses increasing interests in the last decade. Fresnel collectors
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Fig. 9. Minimum nLCOH and optimal design collector areas based on different prices of the PTC.

have cheaper price and higher land use efficiency than parabolic trough
collectors, while it has lower solar-to-power efficiency. If the ad-
vantages of Fresnel collectors were enough strong to the low efficiency,
the Fresnel collectors could be an optional alterative collector type to
parabolic trough collectors for such hybrid solar district heating plants.
All in all, the integration of evacuated tube collectors, compound
parabolic collectors, or Fresnel collectors with flat plate collectors due
to the cheaper price could also be interesting to investigate for large-
scale hybrid solar district heating plants in the future work.

6. Conclusions and future work

Analyses based on levelized cost of heat for large scale solar district
heating plants have been carried out. An optimization approach based
on TRNSYS-GenOpt was introduced. Multi variable and function opti-
mizations of a hybrid solar heating plant were carried out. The LCOH of
hybrid solar heating plants for different scenarios in the near future was
also figured out. The following conclusions can be drawn:

The net LCOH of the Taars plant is 0.42 DKK/kWh. The lowest net
LCOH of the optimized hybrid solar heating plant is much lower than
the average price of heat from the natural gas boilers (0.57 DKK/kWh).
The use of parabolic trough collector in the solar district heating sys-
tems is cost effective.

The system LCOH of the Taars plant can be reduced by about 5-9%
by using solar collectors in district heating networks in this study.

For the investigated district heating network, parabolic trough
collectors with E-W orientation are more suitable than that with N-S
orientation due to the high solar fraction during the summer. The low
heat demand/collector area ratio limits the potential of parabolic
trough collectors as long as the plant is not equipped with large heat
stores. Heat stores with large volumes are needed in order to fully
utilize the parabolic trough collectors.

The concept with flat plate collectors and parabolic trough collec-
tors in series for district heating networks is technical-economic feasible
in Denmark compared to the heat price of conventional natural gas
boiler systems. The optimization of area of the collectors and storage
size based on the heat demand should be addressed in the planning and
design phase of hybrid solar heating plants. The results not only can
provide useful recommendations to designers, but also result in the
lowest heat price for the end-use domestic consumers.
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Abstract. The solar tracking system is a device which orientates solar concentrating systems in order to allow the focusing
of the solar radiation on the receiver along the day. The accuracy of the solar tracker is a key parameter when compared to
the acceptance angle of the concentrator in order to maximize the optical efficiency. The Taars solar heating plant was put
into operation in Denmark in summer 2015 with a PTC solar field. The accuracy of the tracking system of the 6 PTC rows
has been studied.

INTRODUCTION

Denmark is the country with the highest use of solar plants for district heating applications[1]. Most of the
collectors used in existing large solar heating systems are flat plate collectors (FPC). Meanwhile, parabolic-trough
collectors (PTC) are the most mature and prominent technologies for solar thermal power plants. A novel solar heating
plant was put into operation in July 2015 in Taars, Denmark, combining 4039 m? of parabolic-trough collectors (PTC)
with 5960 m? of flat plate collectors (FPC). Previous studies show the performance of the plant, both the PTC and

FPC collectors [2-4].
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FIGURE 1: Scheme of the tracking error analysis



In the present study only the PTCs were studied. Many studies done in the last decade have already characterized
the PTC efficiency [5-8], but few on site efficiency studies focused on the tracking error estimation of the PTC trackers
[9-11]. Fig. 1 presents a summary of the acceptance angle as described in [11] as the angle until which the tracking
errors do not have a significant impact on the PTC efficiency.

Previous studies also give the state-of-the-art of the methodologies available to characterize the tracking error of
concentrating-tracking collectors and its influence on the solar collector efficiency [12-13].

The acceptance angle is a key parameter of the concentrator. The suitability between the acceptance angles with
the tracking angles was checked and the tracker was determined to be accurate.

MATERIAL

A solar heating plant with 4039 m? PTC, in series with FPC collector field, has been constructed by Aalborg CSP
AJS in Taars, in the northern part of Denmark [3,4] (longitude 10.11°E, latitude 57.39°N). This study analyses the
tracking error of this PTC solar field. See Fig. 2 for a general view of the plant and the PTC collectors. The PTCs are
manufactured by Aalborg CSP A/S, using receiver tubes manufactured by Archimede Solar Energy [14], and reflectors
manufactured by Rioglass [15]. The receiver model is the product name HCEOI-12, with a nominal length of the
receiver tube of 4060 mm (at ambient temperature); an absorber tube outer diameter of 70 mm, and a glass tube
thickness of 2 mm. The reflector type is Mirror Type LS-3. Each collector length is 12 m, each row length is 124.457
m, and the collector aperture width is 5.774 m (See Fig. 2 for a view of the collectors and Table 1 for more
specifications).

FIGURE 2. Schematic view of the plant; (b) View of the Taars plant (Denmark)

The PTCs track the sun in the transversal direction of the tube, and are oriented close to North-South direction.
The orientation of the PTCs is slightly deviated from the North-South direction by 13.35°-13.37°. The exact orientation
of each PTC row was estimated by topography study with a precision of £0.001°. The inclinometer used to measure
the PTC rotation is manufactured by Gemac. The data for the position of each of the 6 collectors were registered every
2 minutes by an inclinometer, positioned on the collector structure at the drive station in the center of the row.

TABLE 1. Geometrical parameters for the PTC collector

Parameters Value
Absorber tube outer diameter d (m) 0.070
Absorber tube inner diameter (m) 0.066
Absorber tube solar absorptance (%) 96.0
Glass tube with anti-reflective solar transmittance (%) 96.5
Glass envelope outer diameter (m) 0.125
Glass envelope inner diameter (m) 0.119
Parabola width w (m) 5.77
Reflectors reflectance (%) 94,5

Numbers of modules per row 10

Mirror length in each module (m) 12

Geometrical concentration ratio Cgeo =w/(n d) 26.24




METHODOLOGY

This study presents an analysis of the accuracy of six single-axis solar trackers of the PTC field in a solar plant for
district heating.

First, the estimation is based on the measurement of inclinometers & mounted on the collector structure, as defined
in Standard IEC 62862-3-2 [17]. The data analyzed are for more than one year (10/08/2015 to 17/11/2016) with a
large range of incidence angles. For all data points the transversal and the longitudinal angles were calculated based
on the sun position using the algorithm given by Blanco-Muriel [18]. A filter was applied to select the daily data (solar
elevation hs>0°;, o >-100°; #r<20° DNI >0 W/m?).

In order to check the accuracy of the solar tracker with a solar concentrator a definition of the acceptance angle
should be defined. As for an ideal concentrating system, all the solar radiation entering with an incident angle smaller
than this acceptance angle goes directed towards the receiver; whereas in a real solar collector, some optical losses
exist due to optical properties, imperfections of materials, the size of the sun, the intercept factor, and the geometric
imperfections. For this reason, using an accurate enough solar tracker is of high interest for the solar concentrator. The
beam radiation 1AM Kp(&r) crosses a limit threshold when exceeding the acceptance angle 6. The theoretical
acceptance angle 6, is defined for a PTC as described in Eq. 1, where @ is the rim angle of the parabola and Cgeom iS
the geometric concentration ratio [19]. The defocus angle & is defined as the limit angle at which all the rays will
miss the receiver, and is calculated by Eq. 2

0, - sin(®,) )
ﬂcgeom
2-tan(g)
0, =sin™ 2 (2)

geom

Thus, the dependency of tracking error angle on the optical efficiency has also been determined by ray-tracing
simulations. A ray-tracing model was implemented in the software Tonatiuh, previously presented and validated
experimentally [20]. Thus, the transversal and longitudinal incidence angle modifier 1AM, Ky(6r,4), are estimated
using a ray-tracing program. See Fig. 3 for a view of the PTC of the collector and its model in Tonatiuh.

FIGURE 3. Picture and simulation of the PTC collector in Tonatiuh

In the ray-tracing program developed, the geometry of the solar concentrator is described by discrete elements
with triangular surfaces. In this program four kinds of surfaces have been introduced: specular surfaces, opaque
surfaces, interface surfaces (to implement glasses) and absorber surfaces (the receiver). The program calculates ray
trajectories from one source (called the sun window) that emits to all the surfaces of the system, and only beam
radiation is taken into account. The angular size of the sun has been modeled according to the Buie equations [21],
and Fresnel effects are handled using a Monte Carlo approach. This program can calculate the optical efficiency and
the radiation flux distribution on the absorber.



For the estimation of the optical efficiency of the collector, first angle dependencies of optical properties are
considered. The collector is simulated fixing the longitudinal angle and changing the transversal angle, in order to see
how these dependencies affect the efficiency. The angular dependencies of the optical properties are calculated with
the next expressions. The transmittance of the cover 7( ) dependence curve of the incidence angle is according to [22],
and the normal value according to manufacturer 7(0°)=0.99, as in Eq. 3.

Leo) =1- tan“(gj
7(0°) 2 3)
The reflectance of the reflectors dependence curve of the incidence angle is according to [23], and the normal

value according to manufacturer p(0°)=0.94. The absorptance of the receiver dependence curve of the incidence angle
is according to [24], and the normal value according to manufacturer «(0°=0.94, as in Eq. 4.

a(0) _ 1-0 og[#]w
a(0°) ' cosé @)

The collector behaviour is simulated for angles from 0° to 90° in intervals of 10° in the longitudinal angle axis and
from 0° to 2° in intervals of 0.2° in the transversal angle axis and the simulation is made with 10 million rays per
iteration. The results are calculated with the information about photons that intersect with the receiver.

The optical efficiency is calculated with Egs. 5 and 6:

nopt - IDincident (el) ( )
Pincident (Q) =G- AG ’ COS(Hi) (6)

The 1AM for any incidence angles, transversal and longitudinal Ky(6r,&), is calculated with Eq. 7:

Kb(eT,HL): Uopt(eTigL) (7)

Mo (0°,0°)
RESULTS

From the PTC dimensions, and according to the theoretical formulas Egs. 1 and 2, the acceptance angle 6, is 3.8
mrad (0.22°) and the defocus angle 6y is 6.1 mrad (0.35°). The distribution of different incidence angles
(tracking/transversal angle versus longitudinal angles) are presented in Fig. 4 with green dots, and the acceptance
angle and defocus angle are shown with un-continuous lines. The longitudinal incidence angle change along the day
from values from 0° to more +/-80°.

As seen in Fig. 4, the green dots are within the limit of the defocus angle lines, which means that for the 6 trackers,
the tracking error (transversal angle) are mostly within the defocus angle 64 (0.35°). However, some tracking errors
higher than 64 and up to 1° were observed (in the part top left of each graph inside the red ellipse). But those points
were detected to be for days before 18/09/2015 when some tracking adjustment were done. It was observed that the
behaviour of trackers n°® 1-4 was similar, and that the trackers n® 5 and 6 had a similar behaviour too. Comparing to
previous studies [16, 24], the tracking error lower than 0.5° is in line with normal PTC trackers behaviour.
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FIGURE 4. Tracking error distribution for the six solar trackers




Table 2 gives an overview of the maximum, minimum, mean and standard deviation of the tracker error along the
day. From the standard deviation, it is seen than the tracking error is mostly lower than +0.5°.

TABLE 2. Summary of tracking error for the 6 PTC trackers

Tracker n° Min 6r [] Max 6r [] Mean 6r [] Stand. dev. 6r [°]
1 -0.55 0.48 -0.25 0.47
2 -1.47 1.30 -0.26 0.31
3 -0.49 0.67 -0.23 0.49
4 -0.53 0.20 -0.24 0.49
5 -0.51 0.87 -0.22 0.52
6 -0.62 0.50 -0.25 0.50

From the optical simulation with Tonatiuh, the values of IAM of different longitudinal and transversal angles were
calculated and shown in Fig.5.

IAM is represented as functions of the longitudinal and transversal angle independently for a clearer view of the
1AM variation.
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FIGURE 5. (a) 3D view of the longitudinal and transversal IAM obtained by ray-tracing (b) View of the IAM as function of
transversal incidence angle for different longitudinal angles

The simulated transversal IAM Kpy(6r) is presented in Fig. 5b and it can be seen that it decreases for transversal
angles &r between 0.5° and 1°, which is a much larger range than the theoretical defocus angle calculated from Eq. 2.
From this curves and the value from Fig. 4 it is estimated that the optical losses due to tracking error would be
neglected.

Fig. 6 shows the power flux diagram on the perimeter of the receiver tube. It is seen in Fig. 6b how the distribution
of the flux is moving around the tube perimeter while the transversal incidence angle is increasing.
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CONCLUSIONS

Six PTCs rows with solar tracker used for district heating in Denmark were analyzed. The IAM was determined

by optical simulation, in particular for transversal incidence angles in order to estimate the impact of the missfocusing
of the tracker on the collector efficiency. The results show that the tracking error was most of the time lower than
+0.2° which is lower than the theoretical defocus angle of the concentrator. But, in some cases, the tracking error
reaches more than 1°, which could cause some optical losses reducing the PTC performance.
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ARTICLE INFO ABSTRACT

This paper proposes a simple method for estimating annual thermal performance of parabolic trough collectors
(PTCs) based on a linear relation with annual DNI for a certain latitude. A case study with simulations for a novel
concentrating solar collector in 316 locations for three operating temperature scenarios worldwide was carried
out and showed promising results for the latitudes and continents investigated. For a certain latitude and mean
operating temperature, the annual yield of a PTC was found to be linearly proportional to yearly DNI. The
proposed method will serve as a simplified alternative to the steady-state and quasi-dynamic methods already
used. Estimating performance based on yearly DNI can be used by design engineers to do quick preliminary
planning of solar plants. Customers can also use this method to evaluate existing solar collector installations. A
TRNSYS/TRNSED tool that uses a steady-state model has been developed to carry out the simulations and it has
been validated against a PTC array at Technical University of Denmark (DTU). The results show that the sim-

Keywords:

Simplified methods
Parabolic trough collectors
DNI

Annual yield

plified method can give reliable estimates of long-term performance of parabolic trough collectors.

1. Introduction

The building sector consumes about 40% of the total society energy
in the developed countries [1]. Space heating and domestic hot water
systems account for more than 50% of the energy consumption in the
building sector. Solar thermal energy systems are one of the most
promising ways to reduce the fossil energy consumption. Large-scale
solar collector arrays gain more and more interest in the district heating
networks or industry processes. Small-size concentrating solar collec-
tors with high efficiency is suitable for these applications.

Sweden was the first country to apply large solar collector arrays
into district heating systems in the 1980s. Then solar district heating
plants gained success in Denmark [2], Germany, and Austria. Denmark
is presently the front-runner worldwide in the solar district heating
plants [3]. By the end of 2016, more than 1.3 million m? of solar col-
lectors were in operation in Denmark. China is an emerging market for
large-scale solar thermal plants, reducing the air pollution in the winter.

Most solar collectors in existing plants are ground-mounted flat
plate collectors and previous research is mainly on flat plate collector
arrays. Parabolic trough collectors have shown more and more ad-
vantages in the low temperature level 70-150 °C [4]. The heat loss of

* Corresponding author.
E-mail addresses: tianzy0913@163.com, zhiytia@byg.dtu.dk (Z. Tian).

https://doi.org/10.1016/j.enconman.2018.08.008

concentrating solar collectors is much lower than the flat plate collec-
tors so higher temperature heat can be produced with good efficiency.
This guarantee better performance in industry applications and char-
ging of heat storages compared to flat plate collector arrays.
Traditionally, complicated procedures or expensive software is used to
calculate the performance of the parabolic trough collector array. To make
qualified assumptions on the thermal performance of a PTC array, it is
important to simulate the performance in a quick and cost-effective way.

1.1. Previous simulation work

TRNSYS is used widely in solar thermal energy systems simulation
[5]. Most users of TRNSYS are researchers, focusing on the research
purpose [6]. Bava et al. [7] developed a MATLAB-TRNSYS model on
large solar collector fields for district heating networks. Kong et al.
[8,9] proposed a new transfer function method for flat plate collectors.
Deng et al. [10-12] developed a second-order transfer function model
for dynamic test on the flat plate collectors. Tian et al. [13-15] applied
the quasi-dynamic model to simulate the short and long-term perfor-
mance for both large-scale flat plate collector fields and parabolic
trough collector fields.
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Nomenclature

Variables Description Unit

Parameters Description Unit
F (ta) zero loss efficiency of the collector for beam radiation, at
normal incidence angle [-]

Q/A collector yield per area [W/m?] Kep (6L, 61) incidence angle modifier (IAM) for beam solar radia-
Gy beam solar radiation in the collector plane [W/m?] tion. This can be generalized to Kg,(6;) in the case of a
Gy diffuse solar radiation in the collector plane [W/m?] tracking concentrating collector with north to south tracking axis [-]
T mean fluid temperature (T, + Toy)/2 [°Cl by incidence angle modifier coefficient [-]
T. ambient temperature close to collector (in the shade) [°C] Koa incidence angle modifier for diffuse solar radiation [-]
Oy, Or biaxial incidence angles for beam radiation onto the col- c heat loss coefficient [W/(m?2-K)]
lector plane in longitudinal (L) and transversal (T) direc- [ temperature dependence in heat loss coefficient [W/
tion from the normal [°] (m2K?)]
Vela Solaris [16] has developed a commercial simulation tool for 2. Methods

designing engineers and energy consultancies that is called Polysun.
The RISE Research Institutes of Sweden has developed a user-friendly
standardized open source tool for calculating the annual energy output
for solar collectors available in the market — ScenoCalc [17]. The tool is
now being used within the Solar Keymark, the quality labeling of solar
thermal products in Europe for calculating certified annual collector
output. The tool was developed within the EU-project Quality Assurance
in Solar Thermal Heating and Cooling Technologies (QAIST) and uses a
Microsoft Excel interface. Even though ScenoCalc is further developed
by Berberich et al. [18], one drawback of ScenoCalc is that the shadow
between the collector rows, in a field, is not taken into consideration.
Many existing publications on the parabolic trough collectors are on
the detailed optical models and heat transfer models [19,20]. Reddy
et al. [21] did sensitivity studies of thermal performance characteristics
based on optical parameters for direct steam generation from parabolic
trough collectors. Xu et al. [22] developed a numerical model to
quantify several important factors affecting heat losses, and reveal the
relationship between heat losses and the overall performance of para-
bolic trough solar collectors under various boundary conditions. Monte
Carlo Ray Tracing method (MCRT) and Finite Volume Method have
been widely used to determine optical performance or thermal perfor-
mance of parabolic trough collectors [23-28]. ANSYS - Fluent was also
widely used by the researchers to calculate the performance of para-
bolic trough collectors [29-32]. These research may be useful to de-
velop single parabolic trough collector components for the manu-
factures. However, publications on the accurate and quick estimation of
the performance of large PTC arrays are limited, as far as we know. A
simple model is necessary for the solar industry and end-users to
guarantee the thermal performance of parabolic trough collectors.

1.2. Scope

Parabolic trough collectors mainly use the beam radiation to pro-
duce heat [33]. This study proposes a simple prediction model of an-
nual performance of large parabolic trough array based on a linear
relation to yearly DNI, at a certain latitude worldwide. That model
makes it possible also for non-experts to plan and evaluate collector
fields since annual DNI data is easily accessible for most locations, e.g.
through Global Solar Atlas [34]. It enables solar companies and en-
gineers to speed up their preliminary planning of solar thermal plants.
It also enables end-users around the world to better understand the
potential of implementing solar energy.

This study aims to verify the hypothesis of linearity between annual
output and total yearly DNI by running a big set of simulations, 316
locations under three operating temperature scenarios (948 cases). The
simulations are done using a self-developed and validated TRNSYS/
TRNSED simulation tool.
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The methods of this study can be divided into two parts. The first
one is to get simulated data based on the solar collector model. This
includes both developing a TRNSYS/TRNSED tool for multiple simu-
lations and validation against measured collector data. The second part
is comparing the annual output with the yearly DNI to test the hy-
pothesis of linearity.

2.1. Solar collector model

The solar collector modelling, testing and simulation methodologies
can be divided into steady-state (SST), quasi-dynamic (QDT) and fully
dynamic (DT) methods. The method of modelling and performance was
carefully analyzed in [35] which is the fundamental basis for the si-
mulation tool used in this paper. The basic collector model concept was
analyzed and validated for a full operating season by Perers [36].

The simplified SST model for collector yield used in this study can
be expressed as Egs. (1)-(3) [37].

Q/A = F (ta)Kep (Br, 61)Gp + F (1) Kog Ga—c1 (= To)—2 (Tn=T, )

€]
where
Kap (81, 01) = Koy (61)Kep (B1) @

and

Fig. 1. Concentrating solar collector Absolicon T160 [40].

Table 1
Dimensions of T160 collector unit [41].
Length 5.490 m
Width 1.056 m
Absorber area 0.44 m? (specified by Absolicon)
Gross area 5.8 m? (measured by RISE)
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Fig. 2. Validation of the simulation tool used
versus measured data for a four troughs-array at
DTU in Copenhagen Denmark. Measurements
during July to mid-September 2017. Green dots
represent measured performance and purple rings
is simulated performance with the tool used in this
study. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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In this paper, the collector is tracking the sun with the tracking axis
aligned north to south so that K(61) = 1.0. When the 6, approaches 90°,
the IAM (Kg,(61)) decreases. Since the IAM reaches zero before
6. = 90°, negative IAM values were set to 0.

80 T T T T T T T

Latitude

dI x Simulatedweatherstations] .

60 \ . . . . . .
-150 -100 -50 0 50 100 150

Longitude

Fig. 3. The locations where the performance was simulated is shown with red
crosses. More locations were chosen on some latitudes due to easier access to
accurate weather data. Locations where interpolated annual DNI can be ob-
tained from e.g. Global Solar Atlas [34] are indicated in black. The investigated
latitudes are marked with blue lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

The simplified SST model was used to get very fast annual simula-
tions since many locations and three operating temperatures were to be
investigated. The sky radiance and wind terms was assumed to be zero
[37] since the PTC used here is covered with glass which makes those
terms small. The capacitance term was neglected since one-hour re-
solution data was used and capacitance is insignificant on that time
resolution [38]. The simplification without thermal capacitance term is
also chosen in the ScenoCalc tool [17] used in the Solar Keymark.

The principle of TRNSYS Type 30 [39] was used to simulate the
shadows between the solar collector troughs in an array. The collector
length was assumed to be infinite, hence only shadowing between rows
were accounted for.

2.1.1. Validation of solar collector model

The Absolicon T160 collector, see Fig. 1, was used in both simula-
tions and validation of the collector model. T160 is a tracking con-
centrating collector with parabolic mirrors and a selective absorber
tube placed in the focal line position. It is covered with glass that also is
part of the mechanical structure. The design is optimized and adapted
to fast robot manufacturing.

Table 2
Collector parameters from preliminary SPF test results for Absolicon T160 [25].
The parameters are based on aperture area.

Parameter Value Unit

F () 0.7661 -]

bo 0.210 -]

Kad 0.08586 -1

G 0.3677 [W/(m*K)]
cy 0.003224 [W/(m?*K?)]
Aperture width 1.056 [m]
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Fig. 4a-h. Simulated values for annual T160 collector yield compared to DNI around latitudes 70°, 60°, ..., 0°. Collector yield simulations based on a mean operating
temperature of 85 °C. A linear regression is shown with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5a-e. Simulated values for annual T160 collector yield compared to DNI around latitudes —10°, —20°, ..., —50°. Collector yield simulations based on a mean
operating temperature of 85 °C. A linear regression is shown with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. Energy output per DNI plotted against latitude. Collector yield simula-
tions based on a mean operating temperature of 85 °C.

In the basic installation design, the tracking axis is horizontal and
can be installed in any azimuthal direction depending on local condi-
tions like available roof or ground area direction. Load distribution over
the day and year is also a factor.

The dimensions of T160 parabolic trough collector are listed in
Table 1. The troughs are quite short so that the collector can have
tracking axis tilt, which has been found to increase the annual perfor-
mance significantly, especially at higher latitudes.

The solar collector model used for the simulations in this paper was
validated in a case study against measurements for an array of 4 troughs
at DTU in Copenhagen. The measurements lasted for 2.5 months
starting July 2017. The parameters of T160 collector has been tested
(QDT) at RISE (Research Institutes of Sweden) during 2016 [41] and
the test results from RISE was used in the collector model when vali-
dating against measured data at DTU, see Fig. 2.

Fig. 2 gives a solid indication that the simulations in this paper
should be realistic and give accurate long-term performance results.
The measured and simulated energy outputs have good agreements in
both sunny and cloudy days.

2.2. Simplified model based on DNI

The hypothesis was that the annual collector array performance
would depend linearly on annual DNI, as expressed in Eq. (4)

Q = k; X DNI 4)

where Q is the annual yield, k; is a constant and DNI is the yearly DNI.
A significant latitude effect was found for a horizontal north-south
tracking axis so the formula was elaborated to Eq. (5) as

Q = k (latitude) x DNI 5)

where k;is dependent on the latitude. This is a very simple relation that
can be used quickly if just the local DNI and latitude is known.

There is also an operating temperature dependence in k;. The full
basic formula should then be Equation (6)

Q = k; (latitude, T,,) X DNI 6)
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where k; is dependent on both latitude and mean operating tempera-
ture, Tp,.

2.2.1. Verification of simplified model

To confirm the hypothesis described above (Egs. (4)-(6)), a set of
862 climate conditions was generated as typical meteorological years
(TMY) from weather stations (non-interpolated data) in TRNSYS 17
[42]. The time resolution of the climate files was one hour. Climates
closer than = 2° to latitudes —50°, —40°, ..., 60°, 70° was selected to
define k; for all 13 latitudes worldwide. Due to lack of weather stations
at some latitudes the number of climates selected for each latitude
varied between 1 (at latitude —50°) and 100 (at latitude 40°), see
Tables 3-5. The climate at —50° was kept even though it was the only
one for the latitude. It was done to see whether it followed the pattern
of decreasing k; at higher or lower latitudes.

Totally 316 climate stations were selected and investigated to con-
firm the hypothesis of the simplified model. The selected climate lo-
cations are indicated with red crosses in Fig. 3.

Simulations were done with the TRNSYS/TRNSED tool for a T160
array of 20 collectors for three mean operating temperatures (7,,), 85 °C,
120 °C and 160 °C. The TRNSYS/TRNSED tool was validated in Section
2.1.1. The collectors were tracking the sun movement from east to west
with a horizontal north to south tracking axis. The center to center row
distance of the troughs was 1.4 m and their azimuth angle (deviation
from south) was 0°. The collector parameters used is from preliminary
test results at SPF [43] for the latest T160 model and can be seen in
Table 2.

The simulated yield for each weather station and operating tem-
perature was grouped by latitude and compared to DNI. Linear re-
gression then gave k; in Eq. (6).

2.3. Offset at zero DNI

When the simplified model was developed there was a discussion
about whether to include an offset term, related to the heat losses from
the collector array. The normal Input-Output curves have such an offset
[44] if daily values are plotted. The motivation to make the analysis
without offset is that the collector heat losses are very small for a
concentrating collector and the annual operating time will also vary
systematically with available annual solar radiation, DNI in this case
[35]. Therefore, in a tentative zero DNI case, the operating time and
thereby the heat losses would also be close to zero and the offset will
not be a relevant parameter in the model.

Previous studies of this kind of very simple annual performance
relations, for flat plate and vacuum tube collector’s performance [45],
indicated a negative zero offset when applying a similar collector
model. They plotted annual collector output versus global horizontal
radiation instead of DNI. In that case the variation in global radiation
was due to small changes among different real years and different lo-
cations. The heat losses of the concentrating collectors studied in this
paper are in the range of 5-10 times lower (around 0.5-1.0 W/(m?2K)
for a medium concentrating collector, compared to 3-4 W/(m?K) for a
typical flat plate collector) than for flat plate collectors so the
offset should be very small. Collector test parameters including heat
losses for various collector types, can be found in the Solar Keymark
Database [46].

A full verification of the zero-offset assumption cannot be done by
statistical methods as there are no locations with climates that has even
close to zero annual DNI on earth. Therefore, it was decided to make a
model design freeze for the simplified tool at this level and constrain
the model to pass the origin.
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Fig. 7a-h. Simulated values for annual T160 collector yield compared to DNI around latitudes 70°, 60°, ..., 0°. Collector yield simulations based on a mean operating
temperature of 120 °C. A linear regression is shown with a blue line. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8a-e. Simulated values for annual T160 collector yield compared to DNI around latitudes —10°, —20°, ..., —50°. Collector yield simulations based on a mean
operating temperature of 120 °C. A linear regression is shown with a blue line. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. Energy output per DNI plotted against latitude. Collector yield simula-
tions based on a mean operating temperature of 120 °C.

3. Results and discussions

Plots of the results for mean operating temperature 85 and 120 °C,
divided by latitude, is displayed in Figs. 4-9 in this section. Plots for
T, = 160 °C can be seen in Appendix. All the results indicate a strong
linearity around all investigated latitudes except at —50° where no
conclusions can be drawn due to lack of data. The biggest difference
between the mean operating temperatures is the lower k; and the slight
increase in model error at higher temperature. Both are most likely due
to the increased heat loss. T,, = 85°C and T,, = 120 °C will here be
discussed more in detail.

3.1. Strong linearity

3.1.1. Mean operating temperature 85 °C

At 40° north (Fig. 4d) there were 100 weather stations available.
The simplified model predicts an annual yield of 43.7% of available DNI
there. As shown in the Fig. 4d the root-mean-square error (RMS) of the
prediction was + 26.2 kWh/(m? y). Most locations at the latitude were
in the span of DNI 1100-1600 kWh/(m?y) and in that range the error
was even smaller.

The widest span of DNI was found around 30° north and that is also
where the RMS error was biggest, = 30 kWh/(m? y). Fig. 4e indicates
that the linearity holds over the whole span. Since the annual yield
ranges from about 200-1300 kWh/(m? y), an RMS error of + 30 kWh/
(m?y) represents a relative error of 2.3-15% depending on whether the
DNI was low or high on the location.

The longer from the equator, the lower the DNI, k; and hence the
yield. At 50° north most of the 82 weather stations received DNI in the
range of 500-1000 kWh/(m? y) and k was found to be 0.360. The si-
mulated yield was between 200 and 400 kWh/(m? y). An RMS
of + 23.3kWh/(m? y) then represent 5.8-11.7% relative error. As one
can see in Fig. 4c, the variation around the regression line was bigger at
higher DNI so the relative error was smaller where most of the 82
stations are.

There are fewer weather stations at the south of the equator, as
shown in Fig. 8a-e. The simulations based on the data available
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indicates strong linearity.

Fig. 6 shows the slope (k) of the regression lines for latitudes —50°
to 70° and the very systematic variation with latitude. The slope is
steepest at the equator and goes down towards the polar regions like a
cosine curve. The relation is also quite symmetrical between north and
south of the equator.

3.1.2. Mean operating temperature 120 °C

The linearity between annual energy output and total yearly DNI is
clear at this temperature scenario as well, see Figs. 7 and 8. The de-
viation from the linear regression is slightly bigger compared to the
results in Section 3.1.1. The biggest RMS error is + 40.5 kWh/(m?y)
and is here found at latitude 20° north.

The model is underestimating the yield at higher DNI at this mean
operating temperature and is even more clear in the results for
T, = 160 °C in Appendix if the results for latitude 40° north in Figs. 4d,
7d and 10d are compared.

Figure 9 summarizes the slopes in the plots above and the same
decrease when moving away from the equator can be seen here as in
Fig. 6. The trends are similar in Figs. 6 and 9, but the size differs a bit
due to decreased efficiency at the higher temperature.

3.2. Error analysis

The models displayed in Figs. 4, 5 and 7, 8 is summarized in Tables
3 and 4 respectively. The t-ratios indicate that the relation between
annual yield and DNI is well described by the linear model for all the
investigated T,, and latitudes, except for —50° where no conclusions can
be drawn due to lack of data. The slopes of the regression lines are
steepest close to the equator as one would expect as the tracking axis is
horizontal. The mean residuals of the regressions for T,, = 85 °C were
below 7% for all latitudes.

Comparing Tables 3 and 4 gives a signal on how the efficiency from
DNI to Q (k) decreases with increasing T,,. It also indicates the in-
creasing difficulty of modelling collector yield at higher mean operating
temperatures. Even so, the mean residual for T, = 120 °C is still below
9% and for Ty, = 160 °C it is below 12.5% (see Appendix).

4. Conclusions and future work

The simulation tool used in this study has been validated against
long-term measurements on a small T160 collector array installed and
carefully monitored at DTU in Denmark. DNI measurements were
available at the test installation at DTU and the whole chain of calcu-
lations was validated. The thermal performances of the studied para-
bolic trough collector array with 316 climate station conditions in 13
latitudes worldwide for three temperature scenarios were simulated
based on the validated tool. These conclusions may be drawn:

(1) The hypothesis of a linear relation between annual PTC yield and
DNI for a certain latitude was confirmed on 12 of the 13 in-
vestigated latitudes under three temperature scenarios. For the 13th
latitude, 50° south, only one weather station was found so no
conclusions can be drawn there. The general conclusion is that the
annual performance of a tracking concentrating collector of type
Absolicon T160 can be predicted quite accurately based on the
proposed simplified model. Within accuracy 7% for T, = 85 °C, 9%
for Ty, = 120°C and 12.5% for T, = 160 °C, annual thermal per-
formance can be calculated based on only latitude and total yearly
DNI. Simulation values like the ones listed in Table 3 could easily be
used to determine collector performance and to do quick estimates.
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Table 3
Results and error analysis of the linear models describing annual yield based on annual DNI for a certain latitude and a mean operating temperature, T,,, = 85 °C. Note
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that for latitude —50° only one climate was simulated.
Figure Latitude ( £ 2°) Kk Number of weather stations RMS error [kWh/(m?y)] Mean residual [%] t-ratio
4a 70 0.247 4 19.9 6.92 35
4b 60 0.299 25 23.9 6.34 70
4c 50 0.360 82 23.3 4.81 149
4d 40 0.437 100 26.2 3.02 261
4e 30 0.493 35 29.9 2.61 197
4f 20 0.532 13 29.6 1.89 124
4g 10 0.554 21 18.6 1.87 206
4h 0 0.550 11 17.6 1.36 144
5a —-10 0.549 4 23.2 2.56 78
5b -20 0.529 6 19.2 0.80 240
5¢ -30 0.492 10 28.5 2.08 125
5d —40 0.434 4 29.3 3.42 43
Se -50 0.329 1 0.00 0.00 oo

Table 4

Results and error analysis of the linear models describing annual yield based on annual DNI for a certain latitude and a mean operating temperature, T,, = 120 °C.
Note that for latitude —50° only one climate was simulated.

Figure Latitude ( = 2°) Kk Number of weather stations RMS error [kWh/(m>y)] Mean residual [%] t-ratio
7a 70 0.197 4 20.0 8.95 28
7b 60 0.246 25 21.8 7.08 63
7c 50 0.298 82 25.5 6.14 117
7d 40 0.381 100 29.6 3.87 207
7e 30 0.439 35 37.4 3.88 149
7f 20 0.477 13 40.5 2.53 84
78 10 0.491 21 25.1 2.93 141
7h 0 0.489 11 21.6 2.17 107
8a -10 0.491 4 18.9 2.27 85
8b -20 0.475 6 13.3 1.35 171
8¢ -30 0.443 10 35.8 2.95 91
8d —40 0.376 4 32.3 4.34 34
8e -50 0.270 1 0.00 0.00 oo

(2

—

There is a possibility to save both time and money by continuing
developing simple prediction models that can be used in various
manners where an accuracy of 12.5% is enough. All kinds of
modelling based on normal years involve uncertainties, both tra-
ditional solar collector model simulations and this simple predic-
tion model. The real year DNI is for example expected to deviate in
the range of + 8 to + 15% according to [34].

Based on the plots for T, = 160°C in Appendix one can argue
whether it was a good decision to constrain the model to pass the
origin. There is a trend that signals an offset in the plots. Higher
mean operating temperatures increases the heat losses and hence
undermine the arguments for keeping the constraint. In future work
one should again consider whether an offset is needed, especially if
even higher temperatures are modelled. It seems that at higher Tp,,
the model now tends to underestimate at high DNI and over-
estimate at low DNIL.

304

At present, only the case of horizontal north-south axis direction has
been investigated. But the relatively small collector array module de-
sign, is also suitable for application with tilt of the tracking axis and
change of the azimuth according to local weather and installation
conditions. This can be investigated by simulations in the future and
preliminary simulations indicates a large performance improvement
potential. It will therefore be of future interest to construct similar
models that can handle tilts and rotations of collector fields.

The cosine behavior of k;, see Figs. 6, 9 and 12, will also be analyzed
more in future work. The spans around latitudes are likely to cause a
minor scatter in the model. This could be minimized by analyzing the
cosine behavior in detail.
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Appendix

See Figs. 10-12 and Table 5
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Fig. 10a-h. Simulated values for annual T160 collector yield compared to DNI around latitudes 70°, 60°, ..., 0°. Collector yield simulations based on a mean
operating temperature of 160 °C. A linear regression is shown with a magenta line. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 12. Energy output per DNI plotted against latitude. Collector yield simulations based on a mean operating temperature of 160 °C.

Table 5
Results and error analysis of the linear models describing annual yield based on annual DNI for a certain latitude and a mean operating temperature, T,, = 160 °C.
Note that for latitude —50° only one climate was simulated.

Figure Latitude ( + 2°) Kk Number of weather stations RMS error [kWh/(m?y)] Mean residual [%] t-ratio
10a 70 0.140 4 18.8 12.3 22
10b 60 0.185 25 19.1 8.53 54
10c 50 0.227 82 27.8 8.30 86
10d 40 0.311 100 34.4 5.52 150
10e 30 0.369 35 45.8 6.26 106
10f 20 0.406 13 54.1 4.10 54
10g 10 0.409 21 32.3 4.56 94
10h 0 0.411 11 26.0 3.65 76
1la -10 0.415 4 13.4 1.64 102
11b -20 0.403 6 19.2 2.35 105
1lc -30 0.379 10 43.2 4.24 65
11d -40 0.305 32.6 5.36 27
1le -50 0.205 1 0.00 0.00 oo
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Denmark has the most successful market worldwide for large solar district heat-
ing plants. It is interesting to analyse the potential of parabolic trough collectors
in solar district heating plants in Denmark. The focus of this PhD study is on hy-
brid solar heating plants with flat plate collectors and parabolic trough collectors.
The investigations show that hybrid solar district heating plants are technical-
economically attractive in Denmark.
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