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Abstract: The Linear Fresnel Reflectors are a solar concentration technology that is versatile and can serve many
industrial processes or thermal conditioning. Such collectors entail a certain footprint, generating shading on
the surface where they are installed. This effect is rarely quantified but may play an indirect role on the surface
below. When installed on a roof, the solar radiation heats the building less. In places where the annual heating
demand is higher than the cooling demand, this constitutes an asset. However, this becomes a disadvantage when
the cooling demand is higher annually than the heating demand. Essentially, the reduced solar radiation allows
the growth of plants that would not grow without the shade provided by the collector. The present paper is a
quantitative analysis of such shading based on the Linear Fresnel Reflector of the Cyprus Institute. The work was
conducted using the Tonatiuh++ ray-tracing software to determine the annual radiation blocking. A total of four

years of actual meteorological measurements were applied directly to the ray-tracing model.

Keywords: Linear Fresnel Reflector; ray-tracing; optics; radiation; shading; heating and cooling

1. Introduction

Four main types of collectors constitute the solar concentration technologies: central receiver
systems (CRS), parabolic trough collectors (PTC), linear Fresnel reflectors (LFR), and parabolic dish-
Stirling [1,2]. The solar concentration technologies (CST) use mirrors to concentrate the light on
receivers. The LFRs reflect the solar light onto a linear receiver or absorber tubes [3,4], in which a
heat transfer fluid or steam flows. One of their assets resides in the fact that they can be compact and
integrated into limited areas such as roofs [5,6], whether they are residential at the district level [7,8],
commercial, or industrial at the building level or for industrial process-heat [9,10]. CST manufacturers
can determine the optical efficiency of their collectors at the design phase with the use of specialised
software called ray-tracers based on Monte-Carlo principles [11]. They help to support designers in
extracting the best optical efficiency of the collectors. Jakica reviewed in depth the state of the art
of modelling tools for solar collector designs including PV technologies. Such tools usually throw
rays from a solar plane onto a set of optics and track the rays up to the receiver, by reflection. This
allows the calculation of the optical efficiency, based on pure geometry, before considering the thermal
losses. Regarding the LFRs, it is possible, among others, to discriminate the different contributors:
cosine losses, blocking, shading, tracking errors, etc., as described in [13]. Extensive work has been
documented in the academic literature about the optical efficiency of LFRs for decades, with the
objective of increasing performance by harvesting the highest number of rays coming from the solar
plane up to the absorber [14-18]. The current publication also concerns the U-LEAF LFR in Cyprus,
which has also been the scope of ray-tracing studies in Tonatiuh [19] and Tonatiuh++ [20]. Thus, the
common denominator of these studies is to increase the efficiency of the linear collector. However, little
attention is paid to the side effects of the collectors on the place where they are installed. The structure
of a collector itself is a radiation blocker that has an indirect effect on the ground or the roof where it
is installed. When on top of a roof, for instance, less heat will be conducted, which is relevant in hot
countries. However, this offsets the direct radiation that would heat a building in winter. Therefore,
it is paramount to check the balance between the radiation blocked in summer and the one lost in
winter. Usually, these aspects are not taken into account in ray-tracing studies, while they have a clear
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impact on the consumer or beneficiary underneath, like building occupants. As highlighted in [21],
building shading in hot countries is important in order to reduce the cooling needs of spaces. The
work in the latter reference summarises all the different methods to increase shading to avoid heating
by radiation. Shading tools can also be active and produce energy, such as PV [22]. Building integrated
photovoltaics (BIPV) is actually the most common strategy, as they can be easily integrated onto roofs
and facades [23]. Bot et al. listed the different strategies for artificial shading with solar collectors.
While BIPV solutions prevail, building integrated solar thermal (BIST) systems are listed but they do
not involve concentration. Concentration is mentioned but for PV (also called concentrated PV). The
combination of thermal and PV energies for building shading purposes has not been investigated.
Thus, the present paper deals with the shading quantification of an existing LFR. This is a novelty for
purely thermal solar concentration collectors in a ray-tracing environment. The present paper aims
to identify the losses of direct radiation of the plant in Nicosia at different heights: the current one at
0.63m,1.5m,2m,2.5m,3 m,3.5m, and 4 m. According to the height, different kinds of use can be
envisaged: at low heights, it can be used on a roof, at higher heights it can be used as a solar parking or
for agricultural purposes. The work is led in a ray-tracing environment with Tonatiuh++ [25]. The next
section deals with the definition of the ray-tracing model. The Results section quantifies the amount of
energy that is blocked at different heights based on local meteorological data. It is followed by the
Discussion section and the Conclusions.
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Figure 1. Areal view of the Urban LinEAr Fresnel reflector (U—LEAF) in tracking mode in Aglantzia,
Cyprus [26].

2. Materials and Methods
2.1. Ray-tracing modelling

2.1.1. Ground mesh

The Linear Fresnel collector (U-LEAF) of the Cyprus Institute is made of 288 tracking mirrors,
covering a net area of 184 m? and a 32 m long receiver (see Figure 1). Two extensive ray-tracing studies
to assess its performance have already been done, first in Tonatiuh [27] and second in Tonatiuh++ [20].
These two latter works were thus targeting the direct use for heat production: photons issued from
the sun which impinge on the absorber after reflection(s). In the present study, the focus is on the
energy performance of the collector in indirect use. LFRs are not intended for their capacity as shading
systems. Nonetheless, the shading shield that they represent has an effect on the energy to be absorbed
beneath, which is relevant for a roof, for instance. This may lead to attenuation of heating by solar
radiation in the summer, but also the loss of the heating benefit in the winter by solar rays. Tonatiuh++
software has been used as a continuation of [20]. The collector has been modelled with a meshed
ground in unit squares of 1 m? underneath. In Figure 2, a unit square is represented in red. The
whole ground is distributed in a mesh of 34 by 10 squares for a global meshing of 34 m by 10 m
(approximately the area of the roof underneath hosting the collector). The ray-tracing methodology
will consist of quantifying the number of rays, leading to calculation of the solar flux reaching the
ground for seven different heights above the ground: (i) the actual height of 0.63 m, (ii) the height of
1.5 m, (iii) the height of 2.0 m, (iv) the height of 2.5 m, (v) the height of 3 m, (vi) the height of 3.5 m, and
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(vii) the height of 4 m above the ground. The shift to higher positions is intended for the use of the LFR
on a parking space, greenhouse cover, or for other agricultural uses such as agrivoltaics in the case
of PV in association with crops [28]. The 2 m and 3 m height configurations with rays are displayed
in Figure 3, with the meshed ground in green. The work presented in the next section focuses on the
confidence level of the results from the ray tracing.

L

Figure 2. Meshing of the ground with a unit red square on the ground as currently installed at the
Cyprus Institute.
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Figure 3. Modelled collector at different heights: (a) 2 metres above its ground and (b) 3 metres above
its ground.

2.1.2. Convergence threshold

Before starting the analysis, the confidence level of the results is determined. To perform this the
following steps have been pursued:

¢ Creation the mesh as described previously by unit square of 1 m by 1 m;
® Set the sun at an elevation of 90°;
* Launch rays from the solar pane on each of the squares repeatedly with increasing number of

rays.

The simulations have been performed with rays numbers increasing by 1000 rays per square metre to
15,000 with an incremental step of 1000 rays and this, 100 times, for the whole ground embedding 34
squares. For each of the squares, 100 flux values have been calculated and statistics analysis performed.
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Figure 4 represents the distribution of the amount of energy reaching the ground of the square
(5,10) for varying numbers of rays emitted by the sun between 1,000 and 15,000. Each number of rays
has been repeated 100 times, representing 1,000 simulations to produce Figure 4. As can be observed,
the median value, represented in red, does not vary significantly for the different numbers of rays;
however, the spread narrows towards an increasing number of rays per square metre. The blue box
represents the +25% boundaries. Due to the numerous and lengthy simulations to be performed, it
was considered that 10,000 rays per square metre would be used for the tolerance boundaries. For the
specifically selected square (5,10), the median power reached is 0.2721 W. The specific square is located
in the centre of the collector, slightly towards the north. The (5,10) square is quite representative of
the squares underneath the collector, avoiding edge effects. The maximum and furthest value from
the median was found to be 0.28737 W. Since an outlier value has been found, this means that 99% of
the values fall within a distance to the median of 5.6%. More emphasis is given in the histogram in
Figure 5, where the distribution spread is represented in 10 bars. As can be seen, 97% of the simulations
fall within 4% of the distance to the median value. This gives a reasonable account of the precision of
the simulations at 10,000 rays per square metre. The relative root mean square error (RRMSE) (in %)
has been calculated at 10,000 rays for the 340 squares of the meshing following the equation:

YA
RRMSE = N;() x 100 (1)

Yi

where y; represents the power for simulation i € [1..30], §; represents the median value, and N = 100
is the number of simulations.

035 T T T T T T T T T T T T T T T 035
T T
— 0.3_| | _0-3 —
E + i T T - T X + 1 £ + E
: HOusdaddddddbdd |
c B R Tt g
02511 F 40.25
1
02 | | | | | | | | | | | | | | | 02
O S L P PSS SO ®
FCLPEELLEEL,SLLEE LSS S
SIS S SR S SN I I MR SRR SR SIS

Number of rays

Figure 4. Box plot for the square with coordinates (5,10), longitudinally and transversely.
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Figure 5. Distribution of the power for the 100 simulations for 10,000 rays at square (5,10).

The results are illustrated in Figure 6. The errors fluctuate between 0.8% and 2.2%. This also
indicates that the selection of 10,000 rays is robust enough given such values after 100 simulations.
This gives an understanding of the tolerance values of the results to be presented further in the present
paper. The next part will now describe the sky vault meshing rationale.
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Figure 6. Relative root mean square error for the whole meshing after 100 simulations per square with
10,000 rays per square metre.

2.1.3. Meshing of the sky vault

Once the number of rays to launch in a sky-scanning operation on all possible positions of the
sun in the celestial vault is determined, the sky hemisphere itself needs to be meshed. The sky has
been meshed in 31 elevation positions, from 0° to 90°, equally distributed with a step A of 3°. The
number of azimuth positions has been distributed linearly as a decreasing function of the elevation:
360 azimuths for 0° of elevation and 4 positions for an elevation of 87°. The elevation of 90° has been
treated with only one position, as when the solar elevation is at its peak, the solar position remains
unchanged regardless of the azimuth elevation. The points for ray-tracing are P ,, defined by their
respective Elevation Ely ,, and Azimuth Az ,, as follows:

360-(k—1
Py (Elin, Aziy), Eljy = 90 — 11 - A, Az, = 20121

n € [1..30],k € [1..4n]
EZO,O =90, AZ0,0 =0

2)
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As seen in Figure 7, this is a more homogeneous distribution than one consisting of scanning the sky
with a constant step in elevation and in azimuth, which leads to a higher concentration of points closer
to the zenith (Appendix A). This is an improvement compared to [27].
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Figure 7. Meshing of the sky vault resulting in a height gap of 3°.
3. Results
The present section details the yield for every square presented in Figure 2 of the solar energy
harvested.

3.1. Shade at different heights

The sun path in the sky at the exact coordinates of the LFR has been computed, as well as the
cosine factor of the impinging solar rays. Additionally, the DNI (direct normal irradiation) has been
registered with a time-step of 1 s for 4 full calendar years between 2017 and 2020 [29]. This led to the
construction of Figure 8, where the North-South orientation is displayed from left to right.
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Figure 8. Radiation without the collector.

The annual DNI harvested at ground level is presented and reaches 1240 kWh - m~2, meaning
without any solar collector on top of it. The same exercise has been done with the inclusion of the
collector as it currently stands and illustrated in Figure 9. As one may expect, the level of radiation
reaching the ground annually is much lower, especially in the inner rows. The lateral rows are mildly
affected, with accumulated radiation averaging 1210 kWh - m~2, which can be explained by the fact
that on these specific rows, no mirror is installed on their top. The path of the sun in Cyprus is
mainly distributed in the southern direction. Thus, the southern squares are less impacted (column 34).
The average energy is 1190 kWh - m~2. The inlet pipe shadows the underneath square, where solar
radiation reaches 940 kWh - m~2 (Row 5, column 34). Towards the central rows, the energy density
decreases to values close to 300 kWh - m~2. A similar pattern is followed for 2 metres of height as
illustrated in Figure 10, but with less intensity. While the lowest value in the centre with the current
configuration is 301.5 kWh - m~?2 at the current height, if the collector were at 2 m, the minimum value
reached would be 480.4 kWh - m~2. Figures 11 and 12 correspond respectively to heights of 3 m and
4 m. As can be seen, as the height increases, the shading has less and less effect. The collector at the
3 different heights defines a red U-shape or horseshoe in Figures 9, 10, and 11, with the thickness
increasing with the height of the collector. The minimal value at higher heights in the central rows is
increasing. For all configurations, the first row (Row 1) has a bit higher radiation than Row 2, as the
sun is on the northern side at the end of the day and rays penetrate directly on the northern edge. In
order not to overload the main body of the present paper, height configurations of 1.5 m, 2.5 m, and
3.5 m are presented in Appendix B. The work of the present section is further analysed in the next part
per row and per month.

1300
1 1208 1206 1204 1208 1208 1209 1211 1204 1207 1208 1208 1210 1207 1207 1204 1206 1206 1206 1208 1206 1202 1204 1206

1200
2 4223|4226 436.2 | 422.4 | 423.4 | 432.7 | 465.1 4225 425.3 | 437.1 | 421.9 | 422.4 | 429.2 | 462.8 | 426.1 423 4233|4211 74323 |419.7 | 422.3 | 432.4 432.9 | 466.4

1100
3 404.4|404.9 | 409.1 | 419 |404.1|404.9 (4147 |449.6 | 403.3 | 404.3 | 406.3 | 419.3 |403.7 | 403.6 | 410.3 | 446.1 | 406.8 | 401.9 (4035 | 414 |403.2 |400.7 | 405 411.7(399.3 | 400.9 | 409.5 | 407.6 | 411.4 (443.9

1000
4 877.7 |375.8 | 369.3 | 359.3 | 377.9 | 376.4 | 375.7 | 384.4 | 377.3 | 374.1 | 369.8 | 358.1 | 375.2 | 374.1| 373.3 | 382.4 | 375.9 367.4 | 354.4 | 368.5 | 370.3 | 367.3 | 371.7 | 369.7 | 365.2 | 360.9 | 344.7 | 3535 | 358 |359.4

900
5 |554.7 |313.4 | 308.8 | 308.3 | 325.4 | 314.2 | 309.2 | 313.3 | 350.9  313.7 | 307.8 | 306.8 | 322.6 | 313.1 | 307.6 | 308.8 344.7 | 315.5 | 305 |301.9|315.8311.3 |301.9|301.5|329.5 | 316.1 [299.5 |299.2 (3127 | 321.1 | 3306 | 377.3

800
6 |564.3 [313.4 |309.7 (310.6 | 328.2 | 314.3 | 310.7 | 314.5 | 351.7 | 315.2| 308.9 | 307.6 | 326.7 | 314.7 | 308.9 | 311.3 | 346.7 | 317.2 | 306.4 | 304.4 | 320.9 | 314.8 | 306.1 | 307.6 | 335.7 | 323.9 | 309.8 | 312.5 | 330.6 | 344.8 | 3535 | 397.8

700
7 379.9 (376.3 | 368.3 | 352.2 | 378.8 [377.9 | 377.1 | 386 |378.1 | 375.9 |368.6 | 3505 |376.7 |375.7 | 374.2 | 383 |376.9 366.6 347.9 | 368.2 | 372 |368.9 |372.7 | 371.7 |366.7 | 362.2 | 344.7 | 359.9 | 376.6 [404.7

600
8 4059 | 405.8 | 408.8 | 416.8 | 404.5 | 405.5 (4152 | 449.4 | 404.4 | 405.2 | 406.8 | 417.1 4045 | 404.4 | 411 |447.2|407.1 6| 403.3 4028 405.8 | 436.3 | 412.5 | 398.2 | 400.3 | 409.1 | 407.3 | 410.4 | 443.9

500
9 421.4| 4231 437.1(422.2 | 423.8 | 432.2 | 465.2 | 421.9 | 421.8 | 425.4 | 436.5 | 421.7 | 422.5 | 427.5 | 463.2 | 425.6 4224 423 .8 | 424.3 | 455.5 | 431.6 [420.2 | 423.1 432.3 | 430.2 | 433.1 | 465.7

400
R0) 1222 1209 1209 1209 1210 1208 1207 1208 1210 1208 1210 1208 1208 1208 1207 1206 1206 1208 1207 1207 1205 1207 1207 1206 1208 1217

300

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Figure 9. Radiation in the current position.
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1300
1
1200
2 46419
1100
3 |564.3 |546.2 | 546.4 | 548.7 | 552.2 | 552.6 | 556.2 | 558.6 | 553.9 | 547.6 | 548.6 | 549.8 | 552.7 | 555.6 | 555.4 | 560.6 | 558.2 | 551.5 | 552.5 | 552.1 | 558.7 | 565.1 | 567 | 576 |576.1|577.7 |588.6 |607.7
1000
4 |401.5 (389.9 |392.2 | 394.1 | 395.4 | 393.6 | 398.1 | 401.2 | 398.3 | 392.2 | 392.9 | 395.4 | 395 |397.2|396.9 |402.1|403.1 |396.1 | 395 |395.4|400.3 | 405 |407.4 |412.3|416.6|416.8 |426.4 4426 |476.8
900
5| 308 | 293 |291.1|295.6 |296.9 | 295.5 | 297.4 | 304.2 | 302.1 | 296.6 | 294.5 | 298.6 | 298.4 | 301.6 | 300.3 | 304.9 | 308.1 | 304 |300.4 |305.3 |312.3 |317.6 |319.9|332.5|341.7 | 349 |367.5|399.9 |461.4
800
6 [309.6 (293.5 (292.2 | 297.3 | 297.8 | 296.5 | 298.6 | 304.9 | 302.2 | 296.8 | 296.6 | 301.8 | 300.6 | 302.1 | 300.5 | 309.1 | 310.8 | 306.7 | 305.8 | 310 |317.8 |322.8 |326.2 | 340.4 | 352 | 361 | 382 |414.2|476.1
700
7 |410.3 | 389 |389.5|390.5| 395 |393.7 |398.3 |400.7 |398.9 | 390.5|391.3 |392.7 |394.4 | 397.9 | 397.2 | 401.9 | 402.7 | 396.5 | 396.4 | 396.6 | 402.5 |410.5 |412.2 | 420.3 | 426 |428.1 |442.7 |464.8 |514.2
600
8 |565.1 |547.3 | 546.1 |548.3 | 551.8 | 551.8 | 555 |558.4 |555.4 | 547 |548.7 |550.8 | 552 |554.6 | 555.3 | 559.7 | 558.6 | 552.1 | 552.2 | 563.4 | 557.4 | 564 |566.5|575.1| 576 |577.4 |588.8 |607.5
500
9 .7 |643.2 .5 | 645.1 .1|638.6
400
10 1230
300
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Figure 10. Radiation at 2 metres above the ground
1300
1 1235 1234 1236 1236 1236 1235 1236 1235 1235 1234 1237 1237 1237 1238 1238
1200
2 972.2
1100
3 909.3 9033 907.2 912.8 1023
1000
4 .7 |680.7 | 691.5 .9|685.3 | 685.7 697
900
5 |488.8 |480.4 |484.3 | 489.4 | 490.7 | 488.1 | 489.7 | 490.7 | 486.4 | 483.4 | 489.7 | 491.7 | 493.6 | 495.2 | 493.3 | 495.5 | 500.2 | 498.6 | 495.6 | 504 |512.9 |517.1 |528.9 |530.7 | 545.5
800
6 [489.9 (483.8 | 485 |490.5|492.1(488.7 |491.2 |495.4 | 489.4 | 484.9|490.1 | 496 |498.7 |498.5 |495.4 [501.6 |505.9 | 504.8 | 504.2 | 511.1 540.2 | 545.5 | 564.1
700
7 693.3 | 693.9 | 687.3 | 688.1
600
8 900.7 902.3 909.7 9035 9076 915.2
500
9 972.1
400
10 123
300
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
1300
7 1236 1237 1239 1238 1239
1200
907.1 908.5 917.9 1047
1100
1121 1133 1132 1122 1126 1137 1135 1127 1125 1163 1231
1000
1048 1055 1060 1048 1048 1042 1042 1032 1082 1195
900
904.1 901.2 902.8 9115 9224 970.9 1057
800
904.7 903.7 902.3 907.4 935.1 9485 994.1 1074
700
1044 1057 1061 1056 1052 1055 1056 1065 1075 1127
600
1122 1135 1134 1123 1122 1128 1127 1126 1 1121 1130 1165 1240
500
910 9111 917.7 938.8 967.1 1047 1240
400
1240 1238 1238 1239 1239 1239 1240 1239
300

19

20

21

22

23

24

25

26

Figure 12. Radiation at 4 metres above the ground.

3.2. Shading for the different rows

Figure 13 displays the average per row. On the external rows (1, East and 10, West), the impact
compared to bare ground is almost null, whatever the height of the collector. Differences start with
rows 2 and 9. For all the inner rows, the “as installed” configuration blocks the rays by two-thirds,
around 400 kWh - m~2. The shading ratio decreases smoothly on all the inner rows. For heights from
1.5 m up to 2.5 m, the transparency ratio decreases smoothly as the rows are closer to the centre.
However, for higher installations, the radiation increases again at rows 3 and 8. This is due to the fact
that at the end of the day, when the sun is on the northern side at low heights, the direct radiation still
penetrates under the primary optics. Generally, the acceptance angle for the direct solar rays is higher
with a higher height of the roof. A solar parking or agrivoltaics setup would better suit heights of 2.5
m and higher, but with less blocking effect. For a simpler cleaning process, i.e., primary reflector, a 2 m
height and lower are more convenient with better shielding efficiency.
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Figure 13. Annual average per row.

3.3. Monthly radiation assessment

The shade array is organised into 10 rows and 34 columns. The direct radiation resource is
depicted as the average daily value per month in Figure 14. A significant observation is the substantial
difference in radiation income between summer and winter. Without any collector on the roof, the
highest daily average in July reaches 6.04 kWh - m~2, while in January, it remains at 1.40 kWh -
m~2, the lowest value. Therefore, even without a collector, the radiation in July is more than four
times that in January. Figure 14 also illustrates the radiation income for various collector heights.
Generally, as the height increases, the harvested radiation on the roof also increases. Figure 14 is further
explained by Figure 15, in which transparency ratios are referred to. The ‘as installed’ configuration
has a transparency ratio of around 47% whatever the month of the year. The 1.5 m configuration
has a transparency ratio varying between 51% in July and slightly higher at 54% in winter. The 2.0
m configuration has a transparency ratio varying between 55% in July and slightly higher at 59% in
winter. The 2.5 m configuration has a transparency ratio varying between 61% in July and slightly
higher at 65% in winter. The 3.0 m configuration has a transparency ratio varying between 70% in
July and slightly higher at 73% in winter. The 3.5 m configuration has a transparency ratio varying
between 80% in July and slightly higher at 82% in winter. The 4.0 m configuration has a transparency
ratio of 86% whatever the month of the year. For all 7 configurations, the transparency ratio remains
unchanged, so the effect is proportional to the DNI values in Figure 14. In conclusion, the effect of
the collector on the shade is minor for heights beyond 3 m. Half of the radiation is blocked in the “as
installed” setup.

7 7
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4l [ Jometres |44 =
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Llc.l = [ lAsinstalled | 3 Llc.l
> >
g2 123
1 1
0 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 14. Monthly average radiation per day.
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Figure 15. Annual transparency ratio per month for the different heights.

4. Discussion

In summer, the solar radiation is blocked by the structure of the collector. Thus, the radiation that
would reach a bare roof would heat it up and, by conduction, heat the space underneath, potentially
requiring cooling supplied by an electric appliance. An electric appliance first consumes electricity and,
second, depending on the electricity grid that supplies it, may be responsible for emissions contributing
to global warming. This is the case in Cyprus, where the collector is installed and where 85% of the
electricity is produced with petrol [30]. However, in winter, the radiation that would impinge on the
roof but is instead blocked does not contribute to heating the building through its roof, thus requiring
artificial heating. Figure 16 displays, for the 7 installation heights, the radiation blocked by the collector
per year per square metre in bright colours with positive values. The basic assumptions are:

e Activation of cooling mode whenever the average temperature in the previous hour is higher

than 27 °C;
¢ Activation of heating mode whenever the average temperature in the previous hour is lower
than 18 °C;
500 T T T T T T T 500
400 400
£ 300 300 =
2 2
= =
> 200 200 >
S S
V] (V]
c c
W 100 100 W
0 0
-100 | | | | | | | -100

As Installed 1.5 metres 2 metres 2.5 metres 3 metres 3.5 metres 4 metres

Figure 16. Radiation blocked for heating (negative dark colours) and cooling season (bright positive
colours) at different heights.

Trends in Figure 16 are shown in Table 1. In summer, the radiation blocked increases as the
installation height decreases, from 456 kWh.m =2 “as installed’ to 119 kWh.m =2 at 4 m. Thus, the
blocking benefit is around 4 times lower. In winter, the same trend occurs but at a lower amount,
from 62 kWh.m =2 “as installed” to 16 kWh.m =2 at 4 m. In that case, the blocking has a negative effect,
but as seen in Table 1, the balance always highlights the benefit of the collector shade. Eventually,
‘as installed’, the gain, meaning summer benefit minus the winter deficit, is 394 kWh - m~2 in the ‘as
installed” configuration and 103 kWh - m~2 at 4 m. So, reasonably, from Table 1, the natural heating
avoided is between 7 and 9 times the heating benefit in winter. The impact of higher heights is minimal.
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Lifting the collector to a higher plane would reduce the actual benefits. This is justified in Figure 17
and in Table 1, where the ratio of radiation blocked for cooling and heating seasons is displayed. In
the current configuration, as installed’, more than half of the radiation (53%) is beneficially blocked
in summer, while the same ratio is blocked in winter. However, as seen in Figure 14, the amount of
DNI reaching the roof underneath is up to 4 times higher in summer than in winter. Thus, this also
explains the beneficial balance annually for this set-up, but also for the others, decreasingly at higher
heights. Hence, the ratios decrease for the higher heights of installation and become null at 4 m with
a similar trend, albeit as seen in the red curve, the ratio is slightly higher for the summer radiation
blocking effect (winter is represented in blue). As the height increases, the benefit in terms of ratio is
better, which is exacerbated with the higher DNI in summer.

Table 1. Radiation blocking balance by the collector per square metre in summer and winter for an
activation of cooling at 27 ° C and heating at 18 ° C.

Installation height Asinstalled 15m 20m 25m 30m 35m 40m
Summer Radiation blocked (kWh - m~?) 456 419 388 337 257 174 119
Ratio Radiation blocked 0.53 0.49 0.45 0.39 0.30 0.20 0
Winter Radiation blocked (kW7 - m1~2) 62 52 47 40 30 20 16
Ratio Radiation blocked 0.53 0.45 0.41 0.34 0.26 0.1 0
Difference Summer vs Winter (kW - m~2) 394 367 341 297 227 154 103
0.6 T T T T T T 0.6
—+—— Heat avoided in summer
05+ —+— Heat lost in winter —405
04 -10.4
203 103 2
© ©
o o
0.2 -10.2
0.1 —10.1
0 I I I 1 I I 0
0.5 1 1.5 2 25 3 3.5 4

Installation height (m)

Figure 17. Ratio of radiation blocked during cooling and heating periods.

The findings of the presented optical study will form the basis for the continuation of this work.
In the next stage, a transient thermal model of the roof will be employed in order to simulate the heat
flux taking place between the indoor air and the ambient. This heat flux will more accurately reflect
the required contribution of the heating and cooling systems, in order to maintain the temperature
at the desired level. According to the employed heating and cooling technologies, their thermal
contribution will be translated to primary energy consumption, carbon emissions, and monetary cost.
The model will take into account all heat transfer mechanisms occurring on the roof. This will allow
the quantification of the influence of the LFR on the roof during the night, since it will block the
thermal radiation exchange with the nocturnal sky. The latter effect tends to cool down the roof; thus,
it is positive during the summer and negative in the winter. Still, this can be mitigated by setting a
horizontal stow position of the rows in order to block the radiation in the winter and in a vertical
position in the summer to increase the view factor towards the sky vault. In the summer, it has been
optically demonstrated that the radiation is blocked throughout the analysis of the paper. Therefore,
the need for nocturnal cooling would be less demanding. Moreover, the impact of the thickness of the
roof insulation will be studied.
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5. Conclusions

The present paper dealt with the energy balance of radiation due to the presence of a tracking
linear Fresnel Reflector on a roof. The case study is the U-LEAF in Cyprus. Firstly, due to cosine effects,
the average energy received on the roof without a collector would be 1240 kWh - m~2. This amount is
decreased to almost a quarter in the inner rows of the “as installed’ configuration (300 kWh - m~2). The
effect is unbalanced depending on the 10 rows on which the meshing has been designed. The external
rows are hardly impacted as no mirror is topping them. The southern column facing south remains
close to the values of the bare roof. The square under the inlet pipe presents lower annual radiation.
The studied collector is used for both heating and cooling purposes. Considering activation of cooling
at 27 °C and heating at 18 °C, the blocking effect decreases with increasing height of installation, while
after 4 m of height, the effect is almost null. Heights in between present a blocking benefit in summer,
offsetting the valuable radiation lost in winter by a factor of 7 to 9. Generally, the lower heights do not
allow for another use such as parking below 2.5 m, due to access constraints. In places like Cyprus,
where the annual DNI is high and water resources are low, an additional study could investigate the
relevance of LERs for agricultural use with the consideration of the radiation underneath. The present
study shall be completed with a transient thermal analysis in order to fully validate the work done
presently in a purely optical environment, as discussed in the previous section.
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Abbreviations

The following abbreviations are used in this manuscript:

BIPV  Building Integrated Photovoltaics
BIST  Building Integrated Solar Thermal
CRS  Central Receiver System

CST  Concentrated Solar Technology
DNI  Direct Normal Irradiation

LFR  Linear Fresnel Reflector

PTC  Parabolic Trough Collectors

PV Photovoltaics
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Appendix A. Meshing
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Figure A1. Meshing of the sky vault with fixed step
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Figure A2. Radiation at 1.5 metres above the ground.
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Figure A3. Radiation at 2.5 metres above the ground.
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Figure A4. Radiation at 3.5 metres above the ground.
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