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1. Introduction

Denmark has become the front runner in the solar heating plant market with large scale solar collector
fields connected to district heating systems. Solar collector fields are composed of solar collectors
connected in series and in parallel. An increasing number of large solar collector fields have been built in
Denmark in the last years. 130 solar heating plants with a total solar collector area of 1,327,451 m? are in
operation by the end of 2017 [1]. More solar collector fields are expected to be installed in the future. In
Denmark, most of the solar collector fields are responsible for supplying heat to District Heating (DH)
network. The typical supply temperatures are between 70 °C and 85 °C while the return temperatures are
between 35 °C and 45 °C. The guaranteed thermal performance of solar collector fields is important for
both solar heating plants owners and consumers. But a mismatch between solar energy input and heat
demand can be anticipated. Solar irradiance fluctuates a lot during a day especially in the Nordic countries
and meanwhile the thermal hysteresis of solar collector field is high which is mainly contributed by the
large thermal capacitance of the solar collectors. A stable supply temperature for DH network is a big
challenge for the operation strategy. Further, it is important that the thermal performances of solar
collector fields can be predicted and that the performances are as high as expected.

However, there are few studies of theoretical models and in situ test methods suitable for solar collector
fields. Further, so far no standards on thermal performance of collector fields are available. Thermal
performance test methods and standards for single solar collectors have been developed for decades but
they are quite different and cannot be directly used for solar collector fields. The knowledge and research
of large solar collector field in situ tests is quite limited.

Federico Bava developed a detailed TRNSYS-Matlab model to simulate the behavior and thermal
performance of a large solar collector field and then the simulated results were compared with
measurements from a solar collector field in Hgje Taastrup Denmark [2]. The results were good and
acceptable. However, the TRNSYS model is a specific model for one solar collector field based on all the
specific components simulation at the same time. It needs quite a big effort to build a new model from
one existing model. Then the TRNSYS model is not flexible. It always has many restrictions such as
simulation time step which cannot be arbitrarily changed.

PlanEnergi developed a Quasi - Dynamic model for simulation of large solar collector fields. The model
was verified by comparison of 13 days’ simulated and measured outlet temperature and energy output
of the solar collector field in Legum Kloster district heating plant [3]. It is a simple mathematical model
and is easy to implement. However, the model has difficulties to simulate solar collector fields accurately
in the morning.

In addition, improper layout and operation of large scale solar collector fields will reduce the solar heat
production resulting in loss of money. Therefore, scientific research for large solar collector fields is
needed. The aim of this project is to develop an in situ test method for large solar collector fields to predict
and evaluate its thermal performance. By means of the test method, the quality and operation of solar
collector fields can be secured and optimized.

Meanwhile, the standardization of the thermal performance prediction of large solar collector field is
initiated recently by Denmark, Austria and China in ISO meetings [4]. Denmark was assigned as the leading



country. Therefore there is strong demand of research on solar collector fields both from industry and
scientific institutions.

2. Mathematical model

The mathematical model is specially developed for testing and predicting the thermal performance of
solar collector fields in solar heating plants.

The basic assumption of the in situ testing method is that the monitored solar collector row, or rows, or
the whole solar collector field is assumed as a large single solar collector.

Other assumptions are summarized as follows:

e The collector row/rows/whole collector field (aperture/gross) area is the sum of all collectors’
(aperture/gross) area

e The pipe heat losses are not modeled and will be compensated to/considered as part of the
collector field heat losses

e The volume flow rate per square meter collector in the solar collector field is the same

e The orientation of each solar collector is the same

e The slope of each solar collector is the same.

The Quasi-Dynamic Test (QDT) model [5, 6] is widely used for single solar collector testing and the QDT
test method was accepted as an international test standard [7]. The mathematical model of in situ test
method is developed based on the modified QDT model, which is shown in Eq. (1). The meaning of each
symbol is listed below.

G :Uo,be(‘gLﬁr)Sbi +105K4 4Gy~ (T —Ta)—ay(T; —Ta)?

—au(T, —T,)+a,(E, —oT,-adT, /dt—auG "

* quis the useful thermal output of solar collector field, W/m?
e Ku(B,, B7) is incidence angle modifier for beam radiation, -

e Kgis incidence angle modifier for diffuse radiation, -

e Bistheincidence angle for direct radiation, °

e BLis the incidence angle in the longitudinal plane, °

e Bristhe incidence angle in the transversal plane, °

*  nopis peak collector efficiency, based on beam irradiance Gy -
e Spis the shading coefficient for beam radiation, -

e Syis the shading coefficient for diffuse radiation, -

* ajisthe heat loss coefficient of solar collector at ambient temperature, W/(m2K)



* ayisthe temperature dependence of heat loss coefficient of solar collector, W/(m?2K?)
+ aszis wind speed dependence of the heat loss coefficient, J/(m3K)
e ayis sky temperature dependence of the heat loss coefficient, -
* asis the thermal capacity of the collector, J/m?K

* agis wind dependence in zero loss efficiency, s/m

e T¢is the mean solar collector fluid temperature, °C

e T,is the ambient air temperature, °C

* Tais absolute ambient air temperature, K

*  Gpis the beam irradiance on the collector, W/m?

*  Gyis diffuse radiation on the collector, W/m?

* G is hemispherical solar irradiance on the collector, W/m?

e uiswind speed, m/s

* E_islongwave irradiance (A > 3 um), W/m?

* 0ois Stefan-Boltzmann constant, W/(m?2K?)

* tistime,s

The left hand side of Eq. (1) is the useful heat output produced by solar collector field. The right hand side
terms are collector field absorbed solar energy from beam irradiance, collector field absorbed solar energy
from diffuse irradiance, the first order heat loss, the second order heat loss, the wind depended heat loss,
the long-wave radiation heat loss, the transient energy term related to thermal capacity and the wind
dependent heat loss in zero loss efficiency.

The mathematical model applies to a wide range of collector types in the field. But of course the
investigated collector field should have the same collector type, like flat plate collector or parabolic trough
collectors. The flat plate collectors with and without a foil are treated as the same type collector. The heat
loss terms in Eq. (1) are not necessarily all used according to different collector types. For example, for
glazed solar collector the long-wave heat loss is not significant and can be neglected in the calculation. If
there is no wind speed measurements or negligible wind effect, the wind heat loss terms can be
eliminated.

The in situ test mathematical model is almost the same as the QDT mathematical model except the
shading effect added. The QDT model is mainly used for single solar collector testing which has no shading
problem both in indoor and outdoor testing. The solar collector field is composed by many single solar
collectors connected in rows and columns. Except the first row, shadings from the front rows always exist.
Therefore, the parameters S, and Sy are added in the model which is intended to describe the shading
effect in the solar collector field. The detailed mathematical model for S, and Sy can be seen in section 3.
In addition, the incident angle modifier could also be different when concentrating collectors are used or



other non-symmetrical incident angle effects are known. The detailed solution methods are described in
section 4.

3. Shading model for solar collector field
In a solar collector field, deploying the same type solar collectors with the same collector slope is the most
common case. However, for some special cases, the solar collector deployment could be different. In this
section the detailed shading models for different solar collector deployments are developed.

Identical solar collectors with the same slope

This is the most common case in most of the solar collector field. The front and back rows are composed
of the same type solar collectors with the same slope. The simplified shading diagram for this case is
shown in Fig. 1. The two identical collectors is represented by the two dark blue lines with the slope of B.
Hconis the width of solar collector. The dotted red line is the sunlight that just passes through the top of
the front collector and irradiates on the surface of the back collector. Therefore, the dotted red line
divides the back collector into two parts. The upper part of the collector can receive solar irradiance while
the lower part, which is drawn as the light blue line (Lshad), is shaded from the sunlight. CCy,w is the
distance between the two solar collectors. The angle a, generated by the sunlight and the horizon is the
profile for beam shading angle while the angle a4 is the diffuse shading angle.

The shaded part of the back solar collector, Lshad, was derived by geometric calculation, which is finally
shown as Eq. (2). The process of the derivation is omitted. Then the beam shading parameter S, is obtained
by knowing the Lshad, which is shown in Eq. (3). The diffuse shading parameter Sy can be calculated by

Eq. (4).
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Fig.1: shading diagram for two identical solar collectors with the same slope
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tan(«,
a, = atan[—( )
cos(a, — )

Sd = Gdhoris [1 + COS(ﬂ + ag Kkorr )] / 2 + Ghorisp ground [1 - COSW - ag Kkorr )] / 2 (4)

Where,

HcoII Sin(ﬁ )
CCrow - Hcoll COS(ﬂ)

o, =atan(

e 05 isthe solar azimuth, °

* ol is the solar collector azimuth, °

e apis the solar altitude, °

*  Ganoris is the diffuse solar irradiance on horizontal, W/m?

*  Ghoris is the global solar irradiance, W/m?

*  Pground is the ground reflectance, -

e Kiorr is the diffuse shading severity (1.0 is the worst case), -

Two different solar collectors with different slopes

There could be another case that the solar collectors at the front and the back rows are different, even
with different slopes. The shading diagram is shown in Fig. 2. The Heoir and Heonz represent the width of
the front and the back solar collectors. B1 and B, are the collector slopes respectively. In this case, the
Lshad, Sp and Sy are derived as Egs. (5-7).
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Fig.2: shading diagram for two different solar collectors with different slopes

Sin(ﬂl ) H colll + COS(ﬂl) tan(ap ) H colll — CCrow tan(ap )

Lshad = . (5)
sin(f,) +cos(B,) tan(«,)

S, =1-Lshad/H,, (6)

Sd = Gdhoris [1 + COS(ﬁl + o Kkorr )] /2+ Ghorisp ground [1 —COS(ﬁl —ay Kkorr )] /2 (7)



The above two cases are mainly developed for the shading effect of fixed solar collectors, which are
suitable for most cases of solar collector fields. However, there could be other cases existing, for example,
tracking solar collectors with fixed solar collectors or only tracking solar collectors. The detailed shading
model are also developed for these special conditions as follows.

One fixed solar collector and one tracking solar collector

The general shading concept of one tracking solar collector and one fixed solar collector is shown in Fig.
3. The tracking solar collector has a height of L, from the ground to the rotating point. The collector may
also have a depth of d from the rotating point to the surface. The width of tracking solar collector is H,;
plus H,,, which is not necessarily the same. The collector slope B is of course changing from time to time
by tracking the sun. H; is the width of the fixed solar collector and B is the fixed slope. CC.ow is the distance
between the two collectors. It can be measured from the middle of the fixed collector to the stand column
of the tracking collector.
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Fig. 3: Shading diagram for one tracking solar collector and one fixed solar collector

L, +CC,, tan(a,) — H, sin(f,) - 0.5H, cos(f,) tan(er, ) + dcos(3,) — d sin(f3,) tan(ex, )

Lshad =H,, - ,
sin(f,) +cos(f,) tan(a )

(8)

The shading length Lshad is derived as Eq. (8). Syand S, have the same format as Eq. (6) and Eq. (7) which
are not necessarily listed.

The special case of the shading effect between one tracking solar collector and one fixed solar collector
occurs when d=0. The shading diagram is shown in Fig. 4. The Lshad equation is simplified as Eq. (9).
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Fig. 4: Special case of shading diagram for one tracking solar collector and one fixed solar collector

L, +CC,, tan(r,) — H,sin(f) —0.5H, cos(p,) tan(e,)
sin(f,) + cos(f,) tan(« )

Lshad =H,, - (9)

Two tracking collectors

The general shading geometry of two tracking solar collectors is shown in Fig. 5. The two solar collectors
could have different collector lengths (Hii, Hiz, Hzi, Hz2), different tracking slopes (B1 and B,), different
column heights (Lp; and Lp,), and different collector depths (d; and d>). The shade length Lshad is derived
as Eq. (10). Similarly, Spand S, can use the same formula as Eq. (6) and Eq. (7).
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Fig. 5: shading diagram for two tracking solar collectors

Hterm + L term +dterm + CC , term

sin(,) +cos(p,) tan(e,,)

Lshad =

(10)
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Where,

Hterm=H,,[sin(4)+cos(4 ) tan(er, )]+ H,,[sin( 5, ) +cos(5,) tan(ex,) )]
Lterm=L,-L,,
dterm=d,[cos(/)—sin(4 ) tan(cx, )] +d,[cos(S,) —sin( S, ) tan(ex, )]
CCuterm=CC,, tan(c,)
The special case of the shading effect of two identical tracking collectors is di=ds, Bi= B, Hi:=Hz: and

H.:=H>; .The shading length Lsahd can be easily derived by simplifying Eq. (10), which is Eq. (11). Similarly,
Spand Sy can use the same formula as Eq. (6) and Eq. (7).

CC,,, tan(a,)
sin(f) +cos(f) tan(e,)

Lshad =H,, +H,, - (11)

4. Incident angle modifier model
Incident Angle Modifier (IAM) is an important part for accurate prediction of the thermal performance of
solar collector fields. Different solar collector types have different mathematical models for describing
IAMs. For flat plate solar collectors, the by equation or tan equation are accurate enough to model the
IAM curve, which are shown as Eq. (12) and Eq. (13), where Kp(9) is the incident angle modifier for beam
irradiance, ¢ is the incident angle, bp and P are collector parameters that can be determined by testing.

1

Ky (0) =1—bo(cos(9) -1) (12)
"

K,(0)=1-tan" () (13)

For solar collectors like Evacuated Tubular Collector (ETC) and Compound Parabolic Collector (CPC), the
incident angle effects are not symmetrical with direction of incidence. It is necessary to measure the
incident angle effects from two perpendicular symmetric planes by the two separate incident angle
modifiers, K»(9:) and Ku(97). The IAM is the product of the two separate IAM, see Eq. (14) [7].

Kb(eLaeT) = Kb(QL,O)~ Kb(O,HT) (14)

The longitudinal plane (index L) runs parallel to the optical axis of the collector, and the transversal plane
(index T) is perpendicular to the optical axis. The angles §; and Uy are the projections of the incident angle
U onto the longitudinal and transversal planes, respectively [7], see Fig. 6.

Typically, it is difficult to develop a brief mathematical model like Eq. (12) and Eq. (13) to describe the
collector’s IAM curve under different incident angles for non-symmetrical incident angle effects.
Therefore, separate tests for Ky(9,) and Kp(8r) are needed. But the testing for Kp(9:) or Kp(97) is usually



difficult and time consuming, especially for outdoor testing. For example, when K,(§,) is determined, Or
needs to be 0 during test period and several efficiency tests need to be carried out to get K,(J.) under
different values of 9.
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&=
Horizontal
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Fig. 6: Planes and angles relevant for determination of bi-axial IAM [8]

There are two other simpler ways to get accurate K,(9,3). One is using software like Tonatiuh [9], which
is a Monte Carlo ray tracer for the optical simulation of solar concentrating systems. It can simulate the
sunlight route and reaction to a certain shape of solar collector by knowing its geometry and materials’
properties. The IAM of certain geometry collector can be calculated. This is a theoretical method for non-
symmetrical IAM calculation, which is especially good for prototype concept solar collectors. Fig. 7 and
Fig. 8 show one IAM example of a CPC solar collector. Fig. 7 is the 3D map of IAM versus both &, and 9r
while Fig. 8 shows 2D curves of IAM for different 8, and d7. From the results a table can be made to give
the accurate IAMs. The table can be used in the calculation of incident angle modifier for the mathematical
model Eq. (1).

Fig. 7: IAM 3D map for a CPC solar collector by Tonatiuh
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Fig. 8: IAM 2D curves for a CPC solar collector by Tonatiuh

The other simple method is the so called dummy variable or angle by angle method [5], which is a testing
method. The theory is that by dividing the beam irradiance into several terms according to the pre-setting
incident angle intervals, like 15° in the following table, the measured beam irradiance is put into the
corresponding column and other beam irradiance columns are set to 0. Then the mathematical model can
be revised as Eq. (15). Ks(8) can be obtained by the regression calculation together with other parameters
at the same time. Therefore, it is a convenient method for getting IAM. Of course, smaller incident angle
intervals can increase the precision of the regressed IAM.

Table 1 An example of angle by angle method [5]

G,(0-  G,(15-  G,(30-  G,(45-  G,(60- Gy(75>- G, (T,-T,) (T,-T,)" dT,/dr

15°) 30°) 45°) 60°) 75°) 90°)
w/m? K K2 K/s

w/m? w/m? w/m? w/m? wW/m? w/m?
0 0 0 0 0 200 200 10 100 0.001
0 0 0 0 230 0 300 20 400 0.002
0 0 0 400 0 0 150 34 1156 0.004
0 0 560 0 0 0 167 48 2304 0.003
0 800 0 0 0 0 120 50 2500 0.005
567 0 0 0 0 0 170 47 2209 -0.001
0 340 0 0 0 0 200 38 1444 -0.002
0 0 100 0 0 0 250 32 1024 -0.002
0 0 0 50 0 0 120 20 400 -0.001

10



0 0 0 0 172 0 189 22 484 0.001

0 0 0 0 0 204 260 28 784 0.001

Ay =7K, (0°-15°)8,G, (0° -15° ) +77,K, (15° -30°) 8, G, (15° -30° ) +-+-+ 77, K, (75° -90° ) S, G, ( 75° -90°)

(15)
+1,K,S,G, —a,(T, -T.)—a,(T, -T,)* —a,u(T, -T.)+a,(E, —oT,*)—a,dT, /dt—a,uG

5. In situ test method

Typical layout

The layout of solar collector fields is typically array parallel connections. Solar collectors are connected in
series as an array. The arrays are deployed in parallel as a matrix. All the outlet of the arrays are gathered
in manifolds. Usually, the number of solar collectors in each array is the same in order to get similar outlet
temperature at the end of the array. Therefore, for small or medium solar collector field, the layout of
solar collectors is often seen as rectangle, like Fig. 9 shown. But for large solar collector field, due to
different local topography, the layout of solar collectors could be flexible. Fig. 10 shows the current world
largest solar collector field in Silkeborg, Denmark with a solar collector area of 156.000 m?2. The solar
collector field is composed of several rectangle collector matrixes together with several irregular collector
matrixes. The layout of solar collector field is still array parallel style. But each array could have different
number of solar collectors because of the limitation of topography. The outlet temperature can be
anticipated or adjusted by the number of solar collectors and the flow rate in arrays. Volume flow rate
per square meter collector area is typically constant for all rows resulting in the same outlet temperature
for each row.

Fig. 9: Solar district heating for 3,000 households in the German town of Senftenberg [10]
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Fig. 10: Solar heating plant in Silkeborg, Denmark [11]

Array monitoring and field monitoring

The in situ monitoring system can be implemented for one array or several arrays of the solar collector
field or the whole solar collector field. This can be decided by the complexity of installation according to
local conditions. The monitored data should include the total and diffuse solar radiation on the collector
plane, the inlet and outlet temperatures of the targeted array/arrays/field, the flow rate and the ambient
temperature. For tracking solar collectors, monitoring the beam radiation could be considered as
necessary and the collector tilt monitoring is mandatory. The data log time interval can be decided by the
capability of the monitoring system. But a short time interval such as less than 1 min is recommended.

In situ test method

The in situ test method includes two procedures. The first is the parameter identification and the other is
the thermal performance prediction. Both of them use the modified QDT mathematical model as the
control equation, which is shown as Eq. (1).

The aim of parameter identification is to obtain the model parameters such as the maximum efficiency,
heat loss coefficients, incident angle modifier, etc. which can be used to evaluate the investigated solar
collector field and to predict the thermal performance of solar collector field in short and long term.

Multi Linear Regression [6] is needed for obtain the model parameters.

The thermal performance prediction is the reverse process of the parameter identification. Based on the
model parameters, the operating conditions and weather conditions, the useful heat output is calculated.

12



The thermal performance prediction can be calculated by real operating data and weather data or by
standard operating conditions and typical weather conditions at different locations. The latter method
can be used for calculating annul thermal performance prediction under standard operation and weather
conditions. The results can be used for comparing the solar collector field thermal performance at
different locations which can be referenced for planning of new solar collector fields. The in situ test
method is a good way for providing an accurate and reliable thermal performance prediction.

The shading model and incident angle modifier method describe in section 3 and section 4 should be
implemented for both the parameter identification and thermal performance prediction.

The equations or relations for calculating solar angles, solar radiation and Sun-collector geometric relation
can reference the literature [12].

6. Experimental verification

In order to validate the mathematical model and the in situ test method, two experimental case studies
are carried out. The two experimental verifications focus on flat plate solar collector field operating in
Denmark and in situ monitored data were used. The first case monitored one collector array in the
collector field and the other monitored the whole collector field. The model parameters were derived by
implementing Eq. (1) and the experimental data, which are compared to the standard lab test results.
Then the predicted heat output for the whole collector field were compared to the measured heat output
under the measured operating and weather conditions. The conclusion can be made that the in situ test
method is valid and can accurately predict the thermal performance of the solar collector fields.

Case study 1 — Flat plate solar collector field in Seeby solar heating plant

Fig. 11 and Fig. 12 show the solar heating plant in Seeby, Denmark that is located at latitude: 57.32 °N and
longitude 10.5 °E. The solar heating plant has 863 flat plate solar collectors forming an 11866 m? (aperture
area) solar collector field. The solar collectors were provided by Sunmark A/S with a length of 5.69 m,
width of 2.52 m and the gross area of 15.02 m?. The technical data from lab test results is shown in Table
2.

The solar collector field has a total of 53 rows with a row distance of 6 m and a slope of 30 °. The collectors
are facing south with 8 ° towards west. The heat transfer fluid going through the whole collector field is
glycol/water mixture (39%/61% in weight).

Four flat plate solar collectors in the last row of the solar collector field were monitored starting from May
2017. Theinlet and outlet temperatures, the flow rate, the ambient temperature and the total and diffuse
solar irradiance on the collectors were recorded every 10 seconds since then.

13



Fig. 11: Aerial view of Saby solar heating plant

Fig. 12: Solar collector arrays in Seby solar heating plants

The collector or collector array tested parameters comparison is shown in Table 2. The lab test results
were taken from standard test report [13]. The in situ test results were tested from the monitored data
of June 2017. From the comparison it can be seen that the maximum efficiency of in situ test is lower than
the lab test result while the heat loss coefficient is higher. Possible reasons are that the single collector
tests at the test lab gave too optimistic results, that the heat losses from pipes in the solar collector loop
are not considered, that dirt is attached to the cover glass, and that moisture are present inside the

14



collectors. No matter in what, it demonstrated that the in situ operation was different from the lab test
conditions. With regards to which results are more reasonable for predicting the thermal performance of
solar collector field, the experimental verification is carried out as follows.

Table 2 Model parameter comparison

Collector (array) parameters Lab test, from test report In situ test
(single collector) (four collectors’ array)
Maximum efficiency no (-) 0.815 0.769
Direct IAM coeff. bg (-) 0.11 0.22
Diffuse IAM Kq (-) 0.90 0.93
Heat losses a1 (W/m?K) 3.43 4.63
Heat losses a, (W/m?k?) 0.0145 0

Effective capacity as (J/m?K) 8028 6683

Fig. 13 shows a typical sunny day thermal performance comparison. The blue curve is the measured power
output of the collector array. The orange and green curves are predicted collector array power output.
The orange curve was calculated by using the lab test collector parameters while the green curve using
the in situ test results. It is that the green curve coincides well with the blue curve while the orange curve
has a larger deviation compared to the blue curve. The figure demonstrates that by using the in situ test
collector array parameters, the thermal performance of the collector field can be precisely predicted. Fig.
14 shows a partly cloudy day thermal performance comparison and Fig. 15 and Fig. 16 show cloudy days’
thermal performance comparison, which all have the same consequence. The figures give a visual daily
comparison on the two predicted methods and a concrete conclusion can be made that the thermal
performance of the solar collector field can be accurately modelled by the modified QDT model and that
the in situ test method is better than lab test method for this purpose.
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Fig. 14: Measured and predicted power output comparison on 03-07-2018
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Fig. 15: Measured and predicted power output comparison on 14-06-2018
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Fig. 16: Measured and predicted power output comparison on 27-06-2018

Table 3 gives the monthly comparison for the different test methods. The test period was from December
2017 to June 2018. Due to some technical problems, not all days’ data of all months were recorded. The
second column lists the days recorded in each month. Of course, all the measured and modelled results
were taken from the same days in each month. The total and diffuse solar radiation on the collector array
is shown in column 3 and 4. Then followed by the measured heat output and modelled heat output using
lab test collector parameters and in situ test parameters, separately. The last column is the measured
heat output obtained from the website solvarmedata.dk, which is an online database monitoring most of
the solar heating plants in Denmark. The data from the last column was measured for the whole solar
collector field. The last row is the summation of each column.

From the table it can be seen that for the period of 153 days, the total solar radiation on the collector
array is 581 kWh/m?, of which 155 kWh/m? is diffuse radiation. The measured heat output of the collector
array is 286 kWh/m? while the modelled heat output are 364 and 309 kWh/m?, by using lab test result
and in situ test result respectively. The measured heat output for the whole solar collector field is 274
kWh/m?2. The two measured summation results are quite close which means the collector array performs
similar to the whole solar collector field. The modelled heat output by using the in situ test is also close to
the measured heat output. The modelled heat output by using the lab test results has a larger deviation
compared to the measured heat output. The comparison shows that the in situ test method and the
modified QDT mathematical model are good enough to predict the thermal performance of solar collector
field.

Table 3 Monthly measured and modelled heat output comparison
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Flat plate Measured Total solar Diffuse Measured Modelled Modelled Measured heat

collector days radiationon  solar heat output heat heat output (whole

/ collector radiation output, output, plant, from

Month array Lab test In situ test  solvarmedata.dk)

(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

12. 2017 9 2 2 0 1 1 0

01. 2018 9 2 1 0 1 0 0

02. 2018 26 38 13 5 9 6 3

03. 2018 19 62 13 20 25 20 24

04. 2018 29 122 36 51 63 51 51

05. 2018 31 209 40 106 133 114 100

06. 2018 30 209 49 104 133 117 96
Sum 153 581 155 286 364 309 274

Case study 2 — Flat plate solar collector field in Tars solar heating plant

Figs. 17 and 18 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 Tars, Denmark (latitude: 57.39 °N, longitude: 10.11 °E). The
plant was put into operation in August 2015.

Fig. 19 briefly illustrates the basic principle of the solar heating plant. The solar collector fluid for the
parabolic trough collectors is water, while that in the flat plate solar collector is a glycol/water mixture
(35%/65% in weight). 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 required temperature by going through the parabolic trough collector field.
The orientation of parabolic trough collector axes 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 of the
parabolic trough collector loop is about 125 m. The orientation of the flat plate collectors is due south and
the collector row distance is 5.67 m. The tilt of the flat plate collectors is 50°. The flat plate collector field
consist of two types of collectors, namely HTHEATboost 35/10 and HTHEATstore 35/10, manufactured by
Arcon-Sunmark A/S. Half of the flat plate collector field is made of HTHEATboost 35/10, while the other
half is of HTHEATstore 35/10 [14]. Technical data on the flat plate solar collectors and collector field can
be found in Table 4.
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Fig. 17: Layout of solar collector field in Tars solar heating plant

Fig. 18: solar collector arrays in Tars solar heating plant
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Fig. 19: schematic diagram of operation principle of Tars solar heating plant
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Table 4. Information on solar collector and solar collector field

Flat plate collector Flat plate collector field

Aperture area [m?] 12.60 Aperture area [m?] 5960

Gross area [m?] 13.57 Gross area [m?] 6419

Length [m] 5.96 Row distance [m] 5.67

Width [m] 2.27 Rows [-] 39

Tilt [°] 50 Collector in Row Typically 6 flat plate

collectors without foil
and 6 flat plate
collectors with foil

Investigations on in situ test of solar collector field will only focus on flat plate solar collector field. The lab
test results for the two types of flat plate solar collectors can be seen in Table 5 [14]. The results were
taken from standard test sheet based on gross collector area. It can be seen from the table that the flat
plate collector with foil has a lower maximum efficiency but also a lower heat loss coefficient than the
collector without foil, which is consistent with the expectations.

The in situ model parameters test for the solar collector field was carried out from January 2017 to June
2017. The monitoring 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 platform 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.

The inlet temperature, outlet temperature and flow rate data for the flat plate collector field were taken
from the heat exchanger side. Therefore, the whole flat plate solar collector field was monitored during
that period. The monitoring time interval is 2 min.

The in situ test results for the whole solar collector field is also shown in Table 5 as the last column. The
field is assumed only to have one collector type. It can be seen from the table that the maximum efficiency
of the in situ test result is lower than the two collectors’ lab test results, which verified the basic argument
of the in situ test method that the maximum efficiency of solar collector fields will be lower than the single
collector lab testing. Therefore, the thermal performance prediction by the in situ test method will be
more precise than using the parameter data extracted from single collector test report. The heat loss
coefficient, diffuse IAM are close to lab test results while the direct IAM and effective capacity have bigger
differences compared to the lab test results.

Table 5. Model parameter comparison

Parameter HTHEATboost HTHEATstore Flat plate collector
Lab test Lab test field in situ test

Maximum efficiency no (-) 0.779 0.745 0.706

Direct IAM coeff. bg (-) 0.1 0.1 0.24
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Diffuse IAM Kq (-) 0.98 0.93 0.78

Heat losses a1 (W/m?K) 2.41 2.07 2.14
Heat losses a, (W/m?K?) 0.015 0.009 0
Effective capacity as 6798 7313 3694
(J/m?K)

The thermal performance prediction was carried out for the whole year of 2016 according to the
mathematical model of Eq. (1). The shading effect and incident angle modifier were also calculated based
on the deployment of flat plate collector field. The measured useful power output was calculated by the
monitored data. The predicted useful power output was calculated by the lab test collector parameters
and in situ test collector field parameters separately, together with the measured weather condition and
flow rates.

The measured and predicted useful power output comparison for the whole collector field is shown in
single day figures and monthly sums for the whole year 2016. Fig. 20 shows a typical sunny day comparison
between measured and predicted power output. The blue curve is the measured power output. The
orange curve is the predicted power output using lab test collector parameters while the green is the
predicted power output using the in situ test collector field parameters. The orange curve coincides well
with the blue curve during the noon period while the green curve fits the blue curve better during the
morning and afternoon period. Fig. 21 shows a partly cloudy day comparison and Figs. 22 and 23 show
two cloudy day comparisons for the measured and predicted power output. It can be seen from figures
that the predicted power output by using lab test results are close to the measured power output mainly
in noon periods while the predicted power output using the in situ test collector field parameters are
more close to the measured power output mainly in the morning and afternoon period. That is, the lab
test results for single solar collector are quite good. But maybe due to the strict QDT test requirements
for single collector, the test results can’t fit for the whole day period. This could be a hint for further
improvement for the QDT single collector test method. The in situ test result seems having bigger
difference during noon period compared to the measured result but the result was optimized by
minimizing the errors for the whole days, which was verified by the monthly sums in Table 6.
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Fig. 20: Measured and predicted power output comparison on 12-04-2016
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Fig. 21: Measured and predicted power output comparison on 12-05-2016
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Fig. 22: Measured and predicted power output comparison on 22-06-2016

= Measured
Predictad, Lab test
| = Predicted, In situ test

Output [W/m*]
2 g

P

=

=
i

$® P g® (B gP G® (® (H (@
Time on 2016-7-05

Fig. 23: Measured and predicted power output comparison on 05-07-2016

Table 6 shows the monthly sums of solar radiation and collector field heat output for the whole year of
2016. The total solar radiation and diffuse solar radiation are listed in column 3 and 4, followed by the
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measured heat output, modelled heat output using lab test parameters and modelled heat output using
in situ test parameters. The last row is the sum of each column.

From the table it can be seen that for the whole year, the total solar radiation on flat plate collector field
is 1185 kWh/m? while 550 kWh/m? was contributed by diffuse solar radiation. The measured heat output
of the collector field is 411 kWh/m?, which is quite close to the modelled heat output by using the in situ
test results, 407 kWh/m?2. However, the modelled heat output by using the lab test results is 486 kWh/m?,
which has a larger deviation compared to the measured heat output. The monthly comparison results
clearly demonstrate that the in situ test method can predict more precise the heat output for the solar
collector field thermal performance compared to the method just using the collector parameters tested

from lab.
Table 6. Monthly measured and modelled heat output comparison
Flat plate Measured Total solar radiation  Diffuse solar Measured Modelled Modelled
collector/ days on collector field radiation heat output heat output, heat output,
Month Lab test In situ test
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
01. 2016 31 25 15 2 3 3
02. 2016 28 74 25 21 24 22
03. 2016 31 86 42 28 31 26
04. 2016 30 133 60 48 57 48
05. 2016 31 171 71 67 81 68
06. 2016 30 159 76 60 73 60
07.2016 31 143 85 52 64 51
08.2016 31 142 69 56 65 53
09.2016 30 134 59 56 60 51
10.2016 31 60 22 19 23 20
11.2016 31 33 16 3 5 4
12.2016 30 24 10 1 2 2
Sum 365 1185 550 411 486 407
Discussion

There are several test methods developed for evaluating the thermal performance of solar collector field.
The most detailed way is the TRNSYS simulation. But creating a detailed TRNSYS project is not easy and
time consuming. In addition, the TRNSYS project cannot be used for other solar heating plants directly.
Other simple mathematical models like the quasi-stationary method or guaranteed power output method
are a little bit too simple and they use collector standard test results.

The developed in situ method uses the modified QDT mathematical model, which is a relative simple
model with high accuracy and considers the shading effect in solar collector field. Further, it uses in situ
test results for evaluating the thermal performance of solar collector field.
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By using the in situ test method, the pipe heat losses are considered inherently. The real operating
conditions of solar collectors in the field are reflected. In addition, the in situ method uses the weather
data from radiation sensors in the field which is an important factor to get accurate results.

Conclusions

An in situ test method for evaluating and predicting the thermal performance of solar collector field is
developed. The mathematical model of the in situ test method is improved from the QDT test model,
which is mainly used for single solar collector testing. The difference of single collector testing and
collector field testing is discussed and the detailed shading models for different kinds of solar collectors
are also developed. Methods of getting different collectors’ incident angle modifiers are listed. Two
experimental verifications were carried out. The model parameters derived by using the in situ test
method were compared to that by using lab test results. The predicted thermal performance of the solar
collector field were calculated both by the in situ test model parameters and the lab test results. The
predicted thermal performance and the measured thermal performance were compared both for single
days and for months. The predicted thermal performance by the in situ test method is closer to the
measured thermal performance than the predicted thermal performance by the lab test results.
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