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ARTICLE INFO ABSTRACT
Keywords: Fresnel lenses are used in a wide range of solar energy applications, primarily due to their reduced material
Fresnel lens usage, low cost, and high optical efficiency. This study presents an investigation of the world’s first full-scale

Dual-axis tracking

Fresnel lens solar collector field. The collector field consists of 144 two-axis tracking solar collectors manufac-
Concentrated solar power

District heating tured by the Danish company Heliac and supplies heat to the local district heating network in Lendemarke,

TRNSYS Denmark. The thermal performance of the solar collector field was determined using the quasi-dynamic test

QDT method. It was found that the peak efficiency was 11% lower compared to a brand-new collector and that heat
losses from the collectors made up half of the total heat losses of the solar field. The reduction in the peak ef-
ficiency was primarily caused by soiling as the collectors were exposed to outdoor conditions for one year
without cleaning. Furthermore, the system’s annual performance was determined using a simulation model
developed in TRNSYS and validated by comparison to measurement data. For 2020, the heat generation was 373
kWh/m? (relative to aperture area) when operating with an outlet temperature of 90 °C and inlet temperature of
50 °C. Additionally, a sensitivity analysis of the annual heat generation was performed, varying the ground cover
ratio, mean collector temperature, and soiling level. The sensitivity analysis showed that the heat generation was
relatively insensitive to changes in the mean collector temperature, demonstrating that the collectors are suitable
for generating heat above 100 °C, unlike flat-plate collectors.

Fresnel lenses represent a promising alternative to mirrors for
concentrating solar collectors, as they are lightweight, robust, noncor-
roding, and cheap to manufacture (Kumar et al., 2015). Solar collectors
based on Fresnel lenses can be divided into two categories: point
focusing collectors — which are suitable for high-temperature applica-
tions but require two-axis tracking — and line-focusing collectors — which
are limited to medium temperature applications but only require one-
axis tracking (Xie et al., 2011).

Within these two categories, many different designs of Fresnel lens
collectors have been proposed. For example, Wang et al. (2018) devel-
oped a point-focusing Fresnel lens collector with a concentration ratio of
500. The optical efficiency of the lens was determined experimentally to
be greater than 71.6%. Lin et al. (2014) investigated the impact of
receiver design for Frenel lens collectors and determined the optical
efficiency of a collector with a triangular and rectangular cavity receiver
to be 69.8% and 61.8%, respectively. Simulations carried out in the

1. Introduction

Similar to conventional lenses, Fresnel lenses function based on the
principle of refraction. However, Fresnel lenses require significantly less
material than conventional lenses, as they utilize many small concentric
or parallel prisms. The sunlight passes through the lens and is refracted
towards the focus point/line as each prism approximates the refraction
angle of a conventional continuous surface lens.

The first documented use of Fresnel lenses was in 1822 as a colli-
mator for a lighthouse by Augustin Jean Fresnel, who is generally
accredited with their invention (Leutz and Suzuki, 2001). However, it
was first with the development of polymer Fresnel lenses by Miller et al.
(1951) that Fresnel lenses achieved widespread usage and research
attention. Since then, Fresnel lenses have been used for a wide range of
applications, including several within the field of solar energy, such as
solar thermal collectors (Perini et al., 2017), concentrated photovoltaics same study were found to overestimate the optical efficiency signifi-

(Yamaguchi et al., 2005), and solar lighting (Tsangrassoulis et al., cantly, partly attributed to simulations not accounting for
2005). manufacturing imperfections of the lens. A comparative study of point-
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Nomenclature

Latin letters

A Collector aperture area [m?3]

a Heat loss coefficient [W/(m? K)]

az Temperature dependence of the heat loss coefficient [W/
(m? K?)]

as Wind speed dependence of the heat loss coefficient [J/ (m®
K]

N Sky temperature dependence of the heat loss coefficient [-]

as Effective thermal capacity [J/(m? K)]

ag Wind speed dependence of the zero loss efficiency [s/m]

a; Wind speed dependence of IR radiation exchange [s/m]

ag Radiation losses [W/(m? K9]

[ Specific heat capacity of heat transfer fluid [J/(kg K)]

E; Longwave irradiance (A > 3 pm) [W/m?]

Gy Direct solar irradiance (beam irradiance) [W/m?]

Gy Diffuse solar irradiance [W/m?]

Ghem Hemispherical irradiance [W/m?]

K Incidence angle modifier for beam irradiance [-]

Ky Incidence angle modifier for diffuse irradiance [-]

Useful power extracted from collectors [W]
t Time [s]

T, Sky temperature (absolute) [K]

Tamp Ambient air temperature [°C]

Tiowara  District heating forward temperature [°C]

T; Collector field inlet temperature [°C]

Trmean Mean temperature of heat transfer fluid [°C]
Tout Collector field outlet temperature [°C]

Treturn District heating return temperature [°C]

u Reduced surrounding air speed [m/s]

Volumetric flow [m3/s]

Greek letters

Nop Peak collector efficiency (at Timean — Tamp = 0 K) based on
beam irradiance G [-]

or Longitudinal incidence angle [°]

Or Transversal incidence angle [°]

p Density of heat transfer fluid [kg/m?]

o Stefan-Boltzmann constant [W/(m? K*)]

focusing and linear-focusing Fresnel lenses was carried out by Imtiaz
Hussain and Lee (2016), who analyzed two collectors with the same area
and found that the point-focusing collector had a 7% higher average
efficiency.

Additionally, the theoretical performance of a linear Fresnel lens
collector was investigated by Ibrahim and Sakhrieh (2016) using ray-
tracing. The study reported a peak efficiency of 77.3%, exceeding that
of typical parabolic trough collectors. More recently, Perini et al. (2017)
constructed and investigated a two-axis tracking Fresnel lens solar col-
lector. The overall efficiency of the collector was less than 20% due to a
poor lens design leading to high optical losses (47% of total losses) and a
low absorptance of the receiver (33% of total losses). In contrast, Zhai
et al. (2010) presented an experimental investigation of a linear Fresnel
lens collector with a peak efficiency of 56.9% and an overall efficiency of
50% at a mean temperature of 90 °C.

While numerous studies have investigated individual Fresnel lens
solar collectors experimentally and theoretically, there have not yet
been any full-scale systems (unlike Fresnel reflector collectors). Thus,
when the world’s first Fresnel lens solar collector field was inaugurated
in Lendemarke, Denmark, in 2018, it created a unique opportunity to
study Fresnel lens solar collectors on a large scale.

This study presents an investigation of the Lendemarke Fresnel lens

collector field and a characterization of the system’s thermal perfor-
mance using the quasi-dynamic test (QDT) method. To analyze the
annual performance of the system, a simulation model was developed
and validated. Additionally, the study presents a sensitivity analysis of
the annual yield with respect to variations in ground cover ratio, soiling,
and mean collector temperature.

The remainder of the paper is structured as follows: Section 2 in-
troduces the methods as well as a detailed description of the plant,
Section 3 presents the results, and Section 4 gives the conclusions of the
study.

2. Methods
2.1. Lendemarke solar field

The Lendemarke solar collector field consists of 144 two-axis
tracking Fresnel lens solar collectors manufactured by the Danish com-
pany Heliac. The solar field spans 1 ha and is located outside the town of
Lendemarke on the island of Mgn, Denmark (latitude: 54.9788°N,
longitude: 12.2666°E). A photo of the collector field during operation is
shown in Fig. 1.

The heat generated from the collector field is supplied to the

Fig. 1. Photo of the Fresnel lens solar collector field in Lendemarke, Denmark during operation. The white spot in the receiver boxes is the focus point of the lenses.
The photo was taken when the field was inaugurated and the pipes have since been insulated.
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Fig. 2. Aerial view of the Lendemarke solar collector field and district heating
plant. Colored lines illustrate the piping network. Image source: the Danish
Agency for Data Supply and Efficiency.

accumulation tank of the local district heating plant (see Fig. 2). In
addition to the solar field, the plant consists of a 2 MW biomass boiler, a
3.7 MW backup oil boiler, and a 400 m® storage tank. The town’s 335
consumers are connected with 13 km of pipes and have an average
annual heating demand of 8900 MWh. Compared to other district
heating plants in Denmark, the plant is relatively small and is atypical in
that it does not generate electricity (i.e., combined heat and power),
which is generally required by law.

The Heliac solar collector, illustrated in Fig. 3, is a point-focusing
collector that concentrates the direct solar radiation by means of eight
Fresnel lenses (approx. 2 m? each). The polymer film Fresnel lenses are
applied to the backside of a float glass and can be made at a very low cost
due to a novel roll-to-roll manufacturing process. The lenses are man-
ufactured using a commercial roll-to-roll process known as extrusion
coating, where a polymer melt is structured by a cooling roller as the
melt is laminated onto a carrier foil. Present equipment allows for foil
production at 5 m2/s, equal to potentially 100 GW a year.

A square receiver is positioned at the focus point of each Fresnel lens.
The lenses, receivers, and piping are mounted on a two-axis solar
tracker, which continuously aligns the collector normal to the sun. The
solar trackers are pile-founded and feature two slewing drives and a
control unit, which calculates the solar position with an accuracy of 0.1°.
The trackers have a full tilt range (0-90°) and azimuth range of 285°.
Each collector has a total aperture area of 16.55 m?, a maximum height
of 3.5 m, and a maximum operating temperature of 110 °C.

Each receiver measures 24 by 24 cm, resulting in a concentration
ratio of 36. The receivers are coated with a high-temperature refractory
paint with an absorptivity of 97% and made of stainless steel to with-
stand the high temperatures occurring at the focus point. To limit heat
losses, the backside of each receiver is insulated, and the front is
enclosed by a cover glass. Both sides of the receiver cover glass and the
front side of the float glass are treated with an anti-reflective coating.
Heat is transferred to a heat transfer fluid, which is circulated through
the receivers. The eight receivers are serially connected with insulated
stainless steel pipes.

As early versions of the Fresnel lens had a lifetime of less than a year,
all lenses were changed to an improved version in May 2020. The new
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Fig. 3. Illustration of the Heliac concentrating solar collector. Fresnel grooves
are enhanced for visualization.

version of the lens has an expected lifetime of more than five years.
Research is ongoing to further extend the lifetime, partly by carrying out
accelerated UV tests to elucidate the lens degradation. The receivers and
cover glass had not been replaced since the plant’s construction in 2018
and therefore had been exposed to outdoor conditions for three years.
The receiver with the cover glass is shown in Fig. 4.

The solar collectors are organized in a square layout, meaning there
is an equal distance (8 m) between the trackers in the row and the col-
umn directions. This layout arrangement corresponds to a ground cover
ratio (GCR) of 0.26. The field deviates slightly from the aforementioned
configuration, as it was necessary to increase the distance between some
trackers to maintain a safe distance to an underground wastewater pipe
that runs through the field. An illustration of the field piping is shown in
Fig. 2. The cold heat transfer fluid enters from the edges of the field and
flows through six collectors connected in series. This way, the piping
that carries the hot fluid is minimized.

2.2. Measurement equipment

The heat generated from the solar collector field, Q, can be calculated
as:

Q = V(Tout - Tin)cp P (l)
where V is the volume flow rate, c, is the specific heat capacity, and p is
the density of the heat transfer fluid. T;;, and T,y are the inlet and outlet
temperatures measured after and before the heat exchanger on the pri-

mary side, respectively.

Fig. 4. Close-up photo of the receiver box.
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The flow rate and temperatures were measured in the pump house
shown in Fig. 2. The flow rate was measured with a Woltman flow meter
manufactured by GWF MessSysteme AG with a stated uncertainty of less
than 1%. The temperatures were measured using PT100 immersion
sensors. The uncertainty of the relative temperature measurement (be-
tween the inlet and outlet) is estimated to be 0.2 K. The specific heat
capacity is evaluated at the mean temperature, whereas the density is
evaluated at the outlet temperature as the flow meter is mounted in the
outlet pipe. Due to the use of glycol, the combined uncertainty of the
heat generation is estimated to be 4%.

The direct normal irradiance (DNI), also called beam irradiance, was
measured using a Kipp & Zonen SHP1 Class-A pyrheliometer. The pyr-
heliometer was mounted on a Kipp & Zonen RaZON + solar tracker. The
uncertainty of the pyrheliometer was estimated to be less than 0.5% by
comparison to the World Standard Group during the 13th International
Pyrheliometer Comparison (IPC-XIII) in 2021 in Davos, Switzerland.

Wind measurements from the site were made at a height of 5 m,
using a WS50 cup anemometer with an estimated uncertainty of 1.5 m/s.
The air temperature at 2 m was obtained from ECMWF’s ERA5 rean-
alysis dataset (Hersbach et al., 2018), as the local air temperature
measurements were affected by solar radiation. The ERAS5 dataset
combines model data obtained from weather forecast models and ob-
servations. The accuracy of the air temperature retrieved from ERA5 was
assessed by comparison to measurements for 2020 from the nearby
meteorological station Vindebak Kyst operated by the Danish Meteo-
rological Institute (DMI). The comparison showed an excellent agree-
ment, with ERA5 exhibiting a small bias of 0.27 K and a root mean
square deviation (RMSD) of 1.2 K.

The system pressure was measured before and after the heat
exchanger and after the pump. The pressure measurements were made
in the pump house using piezoresistive pressure sensors (Danfoss MBD
3200) with an uncertainty of 1%.

2.3. The QDT equation

Concentrating solar thermal collectors are generally characterized
using the quasi-dynamic test (QDT) method, as prescribed by the in-
ternational standard ISO 9806 (International Organization for Stan-
dardization, 2017). While the method was developed for testing
individual collectors, it can also be applied to collector fields with slight
modifications (Sallaberry et al., 2019).

The QDT method describes the expected heat generation (Quodeied)
as:

ande[ed _

A o Ko(OL,07)Gy + Ka 1y, Ga

= a1 (Toean — Tamb)

— > (Toean — Tams)”

—as u-(Tmmn - Tamb)

+ay (EL —0 T4)

—as dT yean/dt
—de u Ghem
—ag M- (EL — 0 Tj)

- aS(Tm('(m - Tamb)4 (2)

where G, and G, are the beam and diffuse irradiances, respectively, A is
the collector aperture area, and v’ is the reduced wind speed. Tieqn is the
mean collector fluid temperature, T, is the ambient air temperature,
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and dTpmeqn/dt is the time derivative of Tpmean. Kp(0r,07) is the incidence
angle modifier for the direct irradiance, which can be set to one as the
tracker is always maintained normal to the sun. For a detailed descrip-
tion of the variables, the reader is referred to ISO 9806.

Parameters 7, ;,, Ky, K4, and a; through ag are constants that describe
the heat gain and loss characteristics of the specific collector or system,
normalized by the collector area. For collectors with a concentration
ratio greater than 20, which is the case of the Heliac collector, the co-
efficients as, as, as, as, a;, and K; may be set to zero. The relevant co-
efficients are determined by statistical least-square fitting of Eq. (2) to
measurement data. Measurements from 10 days between March 15th
and April 10th, 2021, were used, as the plant operated continuously
during this period, and DNI measurements were available. For com-
parison, the results will be compared to the coefficients of a single Heliac
collector, which were derived under controlled conditions and docu-
mented in (Jensen, 2020).

2.4. Modeling

To investigate the annual performance of the collector field, a
simulation model was developed since the plant had not been operating
continuously for a full year due to multiple periods where it was taken
out of operation for service. The simulation model was created using the
TRNSYS simulation program, and a schematic of the model is shown in
Fig. 5. The collector field was modeled using TESS Type 1290, which
models the solar collector field similarly to Eq. (2). In addition to the
field performance coefficients, Type 1290 requires the input of the
ambient temperature, wind speed, incident irradiance, and inlet
temperature.

There are two options for specifying the solar collector field flow
rate: using Type 1290’s built-in flow controller or passing in the flow
rate externally. For the validation of the model, the measured flow rate
was supplied to the collector component, whereas for the annual sim-
ulations, the flow rate was determined using the built-in flow controller.

The built-in flow controller modulates the flow rate in order to keep
the outlet temperature as close as possible to the desired setpoint,
though within the range of the specified minimum and maximum flow
rates. Additionally, the controller turns off the collector (zero flow) if
heat is lost, corresponding to defocusing of the collectors. The minimum
flow rate was set to 9 m®/h to avoid overheating, and the maximum was
set to 32 m>/h, corresponding to the maximum flow rate of the pump.

The model also accounts for the interconnection of the solar collector
field with the district heating plant through a heat exchanger located in
the pump house. The heat exchanger is a counter-flow plate heat
exchanger with an effective heat transfer area of 66.6 m? and an overall
heat transfer coefficient of 2859 W/(m? K).

Shading of the solar collectors due to self-shading was accounted for
using the algorithms from Jensen et al. (2022). The field layout was
specified with a GCR of 0.26, a counterclockwise rotation of 22°, an
aspect ratio of one, and an offset of zero. For a detailed description of
field layout parameters, the reader is referred to Cumpston and Pye
(2014). The shading fraction for each time step was determined, taking

—_—
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Fig. 5. Schematic of the simulation model in TRNSYS.
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into account second-order neighboring collectors.

The annual simulation was carried out for 2020, as this was the most
recent complete year. The ambient temperature, T,,;, was acquired
from ERA5, and modeled irradiance data was obtained from the CAMS
Radiation Service (Qu et al., 2016). A validation study of the CAMS
Radiation Service by Wald and Lefévre (2018) showed that the bias of
the hourly direct normal irradiance was between —7% and 2.5% for the
12 investigated sites, and the RMSD ranged from 8.2% to 14.1%. A
simulation time step of 15-min was used. The return temperature from
the heating network, Treum, was assumed to be 50 °C for the entire
period, and the setpoint outlet temperature from the solar collector field
was set to 90 °C.

The flow rate on the district heating side of the heat exchanger
(secondary side) was determined using a feedforward controller. The
controller calculates the flow rate based on Eq. (1), where the Q is taken
as the heat generation of the solar field at the previous time step. This is
achieved using the Type 93 delay component. Ty, is, in this case, the
forward temperature, Tfnarg, to the district heating grid and is set to 10
K less than the collector field outlet temperature.

The collector field heat generation is relatively small compared to
the district heating load. For this reason, the remaining system was not
modeled as it was assumed that the heat produced by the collector field
could always be supplied directly to the district heating network.

2.5. Sensitivity analysis

A sensitivity analysis was carried out to investigate how the annual
heat generation is affected by key parameters. The analysis was
accomplished using the developed simulation model and assessing the
impacts of variations in soiling level, outlet temperature, and ground
cover ratio on the annual heat generation. The soiling level was varied
between 0% (clean) and 11%, the solar collector outlet temperatures
between 70 and 110 °C, and ground cover ratios between 0.1 and 0.35.
The GCR values were chosen to cover the range of common field layouts.

3. Results
3.1. Field performance

An example of the system performance during the course of one day
is shown in Fig. 6, including the heat generation, measured and modeled
DNI, system temperatures, and flow rate. From the irradiance profile, it
is evident that the day was cloud-free. Direct irradiance was detected
around 6:10, whereas sunrise was at 4:54. Heat generation first started
around 6:50, before which the system was heating up, as seen from the
increasing temperatures in the third subplot.

Generally, the temperatures were relatively stable throughout the
day, except for a spike between 9 and 10:30 am. The spike in temper-
ature was caused by an increase in the temperature on the secondary
side, as the biomass plant was also running and the tank was fully
charged. This, in turn, lowered the heat transfer in the heat exchanger
and increased the temperature in the collector field. Otherwise, small
variations in the solar collector outlet temperature are noticeable.
However, when comparing the outlet temperature on the secondary side
(Tforward), it can be seen that the temperature variations are eliminated
due to the flow control on the secondary side.

Another important parameter to consider is the system pressure
drop, which is shown as a function of flow rate in Fig. 7. Erroneous data
and periods of unstable operation have been filtered out; otherwise, all
hours between February and September 2021 are shown.

For comparison, the pressure drop of six Heliac collectors in series
based on Jensen (2020) is also shown by the red curve in Fig. 7. The
measured pressure drop of the collector field is approximately 1.5 times
higher than the pressure drop of just the collectors, meaning two-thirds
of the pressure drop is due to the collectors. The remaining third is due to
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pressure drop for one hour.

the piping between collectors and piping between the collector field and
pump house.

The pressure drop is an order of magnitude larger than similar-sized
flat-plate collector fields. For example, a 3024 m? flat-plate collector
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field in Hgje Taastrup, Denmark, had six collectors in series and a
pressure drop of 0.6 bar at 25 m3/h (Bava et al., 2017). The large
pressure drop in the collector field is a significant drawback, as it limits
the number of collectors that can be connected in series and increases
the electricity consumption of the pump.

Approximately 40% of the pressure drop in the collector occurs in the
receivers. However, a new receiver design has been proposed with a
20% reduction in pressure drop and a smaller size to reduce heat losses.
The new receiver design will be used for future systems, including a new
plant of 144 trackers currently under construction in Hgrsholm,
Denmark. Additionally, most pipes in the new plant will be smooth pipes
leading to a lower pressure drop, whereas the pipes used in Lendemarke
were primarily corrugated.

3.2. Performance coefficients

The QDT characterization of the solar collector field resulted in a
peak efficiency of 53.5%, a heat loss coefficient of 1.62 W/(m? K), and
an effective thermal capacity of 11.5 kJ/(m? K). The values and their
standard errors are listed in Table 1. As previously mentioned, only some
of the coefficients in Equation (2) are applicable for concentrating col-
lectors. Additionally, not all of the applicable parameters, e.g., ag, were
found to be statistically significant and were set to zero; thus, they were
not included in Table 1.

For comparison, the performance coefficients derived for a single
Heliac collector in (Jensen, 2020) are also presented in Table 1. It should
be noted that these values are for a brand-new collector with water as
the heat transfer fluid. The coefficients do not account for connecting
pipes and soiling, as the tested collector was cleaned regularly during
the testing period. The peak efficiency is expected to be lower under
actual operation due to increased optical losses due to soiling. Also, the
heat losses and thermal capacity are higher for the collector field due to
additional piping.

The Lendemarke solar field’s peak efficiency was 11% lower than the
values provided in the single collector test report. This reduction is ex-
pected to be primarily caused by soiling, as the collectors had been
exposed for more than one year without any cleaning. This is not sur-
prising as concentrating solar collectors are known to be much more
affected by soiling, sometimes 8-14 times more than PV panels (Bell-
mann et al., 2020). A soiling level of 11% is used for the remainder of
this paper. The soiling level is defined as the reduction in the peak ef-
ficiency of the soiled collectors in Lendemarke compared to the labo-
ratory test value. Thus the impact of soiling is quantified without
considering the soiling type or distribution. Moreover, the use of water-
glycol as the heat transfer fluid also slightly reduces the peak efficiency,
as it reduces the receiver’s heat removal factor. Additionally, the lenses
installed at the site also had some manufacturing imperfections not
present on the lenses used in the single collector test.

A number of different sources contribute to soiling, including settling
of airborne dust particles, bird droppings, and algae growth. For the
specific collector, soiling is most pronounced on the front side of the
collector’s float glass and the front side of the receiver cover glass, as
these surfaces face upwards. Some soiling also occurs on the receiver

Table 1
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surface, backside of the cover glass, and the Fresnel lens itself, which
cannot easily be cleaned. Soiling of the receiver surface and the backside
of the cover glass is possible as there is a gap between the receiver box
and the cover glass (see Fig. 4).

The collector test report includes wind speed dependence of the heat
loss coefficient (a3), which was not found to be statistically significant
for the characterization of the collector field. Therefore, for a fair
comparison with the heat losses of the single collector, a; and as should
be combined. Assuming an average wind speed of 3 m/s gives an overall
heat loss coefficient of 0.76 W/(m? K) for the collector. The heat loss
coefficient for the field is approximately twice as high, meaning that the
heat loss from the collector accounts for roughly half of the heat losses of
the entire collector field, and the remaining heat losses are attributed to
the field piping.

It should be noted that the uncertainty of the field coefficients is
significantly higher than the collector coefficients. First, the uncertainty
of the measurements from which the collector coefficients were derived
was lower, and the testing was made under controlled conditions. Sec-
ond, the heat transfer fluid in the field was water-glycol with additives,
resulting in a higher uncertainty of the flow rate and the thermal
properties. An additional source of uncertainty includes the limited
range of operating conditions from which the field coefficients were
derived, i.e., the mean operating temperature did not vary significantly
for most days.

3.3. Model validation

A comparison of the modeled and measured heat generation and
field outlet temperature is presented in Fig. 8. The figure shows the same
day as in Fig. 6, but only for the period where there were valid DNI
measurements. The modeled heat generation is in close agreement with
the measured and within the error bars of the measured heat generation
during most of the period. The only major exception is between 9 and 10
am, corresponding to the temperature spike in the system, where the
model overestimates the heat generation. This shows that the model
does not precisely capture the system dynamics during rapid tempera-
ture changes, although such events rarely occur under normal circum-
stances. The overestimation may be due to the underestimation of the
system’s thermal capacity and the long fluid residence time, which is not
accounted for in the model. However, overall the simulation model
performs well for the day.

For a general overview of the model performance, a scatter plot of
the modeled vs. measured heat generation is shown in Fig. 9. The plot
compares the same ten days used to derive the QDT coefficients but
includes all data points between 9 am and 4 pm. Each point on the
scatter plot corresponds to the average heat generation for one hour. The
maximum hourly heat generation was 1034 kW. The plot shows only
minor deviations, predicting well for hours with low and high produc-
tion. Notably, the model has a tendency to overestimate the heat gen-
eration in the range of 600-900 kW and overall exhibits a positive bias of
1.8%.

Solar collector field coefficients derived using the QDT method. The performance coefficients for a single collector are included for comparison. All coefficients are with

respect to the aperture area.

Parameter Description Field coefficients Std. error (field coef.) Collector coefficients (Jensen, 2020) Unit

Nop Peak collector efficiency based on beam irradiance G, 0.535 0.01 0.602 -

Ky Diffuse incidence angle modifier - - 0.02 -

a; Heat loss coefficient 1.62 0.16 0.23 W/(m? K)
az Wind dependence of the heat loss coefficient - - 0.178* J/(m® K)
as Effective thermal capacity 11 500 1 000 3360 J/(m?K)

* Collector coefficients were derived using the measured wind speed (non-reduced).
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Fig. 8. Comparison of measured and modeled heat generation during one
example day, using 20-minute data.
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Fig. 9. Comparison of the measured and modeled average heat production on
an hourly basis for the validation period. Only periods between 9 am and 4 pm
are shown in order to exclude periods where the pyrheliometer might
be shaded.

3.4. Annual performance

The monthly heat generation calculated using the model is shown in
Fig. 10. Due to the relatively northern location, the heat generation
exhibits a large seasonal variation, with essentially no heat generation
during the winter months. The simulated year 2020, was characterized
by a sunny spring and an annual direct irradiation of 1219 kWh/m?.

The total heat generation of the collector field was 889 MWh for the
entire year, corresponding to 373 kWh/m? with respect to the aperture
area. This is approximately 10% of the annual heat demand of the town.
The remaining heat is primarily generated by the biomass boiler and less
than 1% from the oil boiler.

In comparison, a flat-plate collector field in the nearby town of Stege
generated 477 kWh/m? during 2020. The collector field is located less
than 3 km from the Lendemarke solar field and has an inlet and outlet
temperature of 45 and 90 °C, respectively. Thus with the current plant
configuration and local conditions, i.e., mean temperature of 70 °C and
soiling level, the Heliac collector field generates less heat than a tradi-
tional flat-plate collector field. The impact of the main parameters is
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Fig. 10. Monthly heat generation and direct normal irradiation for the
annual simulation.

investigated in the following section.

3.5. Sensitivity results

The annual simulation was based on the actual plant configuration
and integration with the local district heating system, which will be used
as the reference scenario in the sensitivity analysis. These parameters
undoubtedly differ from site to site; hence it is interesting to elucidate
how they affect heat generation and what annual performance can be
expected for other systems.

For example, the annual simulation carried out using the perfor-
mance coefficients presented in Section 3.2 includes the effects of the
local soiling conditions. While soiling is inevitable, it varies strongly
from location to location, and system operators can affect it by cleaning.
Therefore, understanding the impact of soiling is essential to deter-
mining how often to clean, if at all.

For the sensitivity analysis, the reduction of the peak efficiency will
be assumed to only be due to soiling, which is indeed the primary
contributor. Therefore, simulations are carried out for cases ranging
between the current conditions of 11% soiling (1,, = 0.535) and the
case of no soiling (175, = 0.602). The annual heat generation for the six
simulated cases with varying soiling levels is presented in Fig. 11. The
figure shows that under clean conditions, the heat generation would be
19.2% higher than at the current soiling level of 11%. This demonstrates
that the soiling level has an amplified effect on the heat generation, i.e.,
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Fig. 11. Impact of soiling on the annual heat production. The percentages
above each bar represent the deviation from the reference scenario.



A.R. Jensen et al.

the reduction in heat generation is almost twice the soiling level due to
the heat losses remaining the same. Along with cost estimates of
cleaning, this information is crucial in determining whether and how
often to clean the collectors.

The choice of ground cover ratio is another parameter that has to be
chosen from a cost-optimal perspective. A lower GCR means less shading
(as collectors are further apart) and a higher thermal output but comes
at the expense of greater land procurement costs. To elucidate the
impact of shading, the annual heat generation is shown for six scenarios
with GCRs ranging from 0.1 to 0.35 in Fig. 12. Only the impact of
shading is accounted for and not the change in piping length. The plot
shows that increasing the land area by 160% (from GCR 0.26 to 0.1)
increases the heat generation by 6.5%. Conversely, when reducing the
row spacing from 8 m to 7 m (26% reduction in land area; from GCR 0.26
to 0.35), the heat generation is reduced by 4.9%. It is crucial that these
numbers are used in conjunction with projections of land costs during
the design phase to achieve the lowest cost of energy.

Perhaps the most influential parameter is the average collector
temperature, which is typically dictated by the application. The mean
collector temperature is the dominant factor of heat losses, as evident
from Eq. (2). The impact on the annual heat generation for the investi-
gated mean/outlet temperatures is shown in Fig. 13. It can be seen that
changing the outlet temperature by plus or minus 10 K changes the heat
generation by —6.1 and 5.5%, respectively. While the heat generation
does decrease with increasing mean temperature, it is much less affected
than traditional flat-plate collectors. The heat generation from flat-plate
collectors decreases at a much more significant rate and approaches zero
for outlet temperatures above 100 °C (Tschopp et al., 2020). From this
perspective, it is notable that the collector field would supply 327 kWh/
m? at an outlet temperature of 110 °C. This is due to the low heat losses,
which is a key advantage of concentrating collectors.

It should be considered that the version of the collector installed at
Lendemarke was developed for district heating applications (T <
100 °C). In the future, Heliac aims at targeting higher temperature ap-
plications, and it is expected that a modified version of the collector will
be developed featuring even lower heat losses.

4. Conclusions

This study presented the world’s first full-scale Fresnel lens collector
field. The thermal performance of the collector field was characterized
using the QDT method. It was found that the heat losses from the col-
lectors contributed half of the total heat losses, while the piping
contributed the other half. The results also showed that the peak effi-
ciency was reduced by 11% compared to a brand-new collector, pri-
marily due to soiling, as the collectors were not regularly cleaned.

A simulation model of the collector field was developed and vali-
dated, showing an annual heat generation of 373 kWh/m? using weather
data for 2020. The model was used to conduct a sensitivity analysis to
investigate the impact of key parameters on the annual heat generation.
The sensitivity analysis showed that soiling had an amplified effect on
the heat generation, with 11% soiling causing a 19% reduction in the
annual heat generation.

For the specific operating conditions, the Fresnel lens collector field
generated less heat than a comparable flat-plate collector field. How-
ever, it was shown that the collectors have low heat losses and are much
less affected by the operating temperature, making them suitable for
higher temperature applications. Additionally, it was found that the
pressure drop in the solar field was more than an order of magnitude
higher than a similar-sized flat plate collector field. This issue should be
addressed in future designs of the Heliac collector, with the initial step
being identifying the pressure drop of each component. Future work
should also seek to elucidate the distribution of soiling on the various
surfaces and the impact of cleaning.
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