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1. Introduction 
 
The objective of this deliverable report is to summarize  the sunlight and energy requirements 
of the greenhouse based on literature and inputs of the partners. This is so the functional 
coatings and agrivoltaic set-up can be designed accordingly to the requirements. 

2. Light Requirements 

2.1. Light requirement for the greenhouse crops 

Sunlight requirements of a greenhouse depend primarily on the requirements of the crops that are 
planned to cultivate in it. To specify it, photosynthetic active radiation (PAR) is defined as the radiation 
in a certain bandwidth of the solar spectrum which is used by plants for photosynthesis. This band 
range is 400nm-700nm of the solar spectrum (McCree, 1972). It can be also defined as photosynthetic 

photon flux density (PPFD, μmol photons m−2 s−1) (Mõttus et al., 2012). Each plant has its own 
desired PAR dosage.  
With feedback and knowledge from the other project partners, in particular ARTECS and Antalya 
Tarim, information was gathered to determine the sunlight requirement for the greenhouse plants in 
terms of PAR levels. The focus was mainly on tomato plants (which account for 60 % of the total 
Mediterranean greenhouse crop) but also pepper and lettuce requirements were considered.  
The key points which Fraunhofer ISE noted from the input for their functional coating are given in the 
following table. 

 
Table 1: Key points from the information received for task 5.1. 

Seasonal economics 
• Aim to expand the summer cultivation period (currently no cultivation for one summer month- 

August) 

• Although market price goes down in summer due to outdoor cultivation 

Current shading and “low-e” technology 
• Mediterranean region producers use shade powder (calcium carbonate) this is thrown 3-4 times 

(in May, June, July, last August 2 weeks to end of September –during mid-summer the 

greenhouse is empty). This shade powder blocks up to 60 % the sunlight. October and after, 

shading is reduced, generally naturally (e.g. removal of powder by weathering), otherwise 

shading intensity is reduced by washing. 

• In the Mediterranean, shade curtains of 55% shading are used as shading equipment in some 

companies that produce vegetables professionally and in greenhouses where some ornamental 

plants are grown. Shade curtains also used to reduce radiative heat losses during winter nights 
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Radiation requirements and limits for the given plants 

Plant Desired PAR 

dosage / PPFD 

(photosynthetic 

photon-flux 

density) 

(µmol m-2s-1) 

Photosynthetic saturation 

point/ PPFD (above which 

photosynthesis rate 

reaches a maximum and 

does not increase) (µmol 

m-2s-1) 

DLI (Daily Light 

Integral) 

(mol m-2day-1) 

Optimum 

exposure time to 

desired optimum 

PAR  

(h) 

Tomato 400-500 800 22-30 simulating sunlight in 

summertime (16 h) e.g. 

4 h @ 200 µmol m-2s-1 

and 12 h 450 µmol m-2s-

1 

Pepper 350-450  20-40  

Lettuce 250-350  14-15  

Wavelength specific information 
Tomato Approximately 450 µmol m-2s-160% red 25% blue 15% ~cyan 
660 nm red light tomato increase efficiency. 
450 nm blue light increase number of stomas on the leaf. 
505 nm cyan light increase the fresh and dry biomass. 
Pepper Approximately 400 µmol m-2s-160% red 25% blue 15% cyan 
660 nm red and deep red light given to the crops increase the root and biomass 
450 nm blue light increase the stoma number on the leaf 
505 nm cyan light increase the fresh and dry biomass 
Lettuce Approximately 300 µmol m-2s-1 55% red 25% blue 20% green(cyan) 
660 nm red light increase the growth of lettuce 
300 green light increase the total biomass and but decrease the amount of anthocyanin 
476 nm blue light increase the anthocyanin (%31) and Carotenoids (%12) 
We need a maximum transmission at 660 nm. 

Additional energy input (include lighting) 
• In the Mediterranean Region, producers heat with coal for protection against frost (when it drops 

to + 4 ° C). 

• Currently no additional cooling or artificial lighting is used in a standard Antalya Tarim 

greenhouse 

Additional aspects 

Light diffusers can be used in the material. This additive ensures the sun rays to be diffracted 
and diffused when they enter into the greenhouse. It thus prevents plants to create shadow for 
each other and protects the crop from the scorching effect of the sun in sunny times. It helps 
the growth of plants and fruits. Unless any special request provided otherwise, the light diffuser 
additive provides light diffused between 40% and 70%, depending on the film thickness. 
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2.2. Influence on the design of the solar control and low-e coatings 

The most important climatic parameters in greenhouse cultivation are solar radiation, day 
length and temperature values. Solar radiation is one of the most important climatic 
parameters to be taken into consideration in a location where a greenhouse is going to be 
built. Temperature in the greenhouse is discussed in the next section of energy requirements 
but is of course directly correlated to the solar radiation. 
The Fraunhofer ISE wanted to estimate the effect of their coatings on the PAR level in the 
greenhouse to be constructed.  
Initially the location of the greenhouse was taken to be in Antalya, Turkey. Antalya has a hot-
summer Mediterranean climate (Köppen classification: Csa) with hot and dry summers and 
mild and rainy winters. 
Hourly values between the year 2005 and 2016 for direct irradiance, diffuse irradiance, 
reflected irradiance, sun height, air temperature and wind speed were retrieved from the 
PVGIS-SARAH radiation database using satellite data (https://ec.europa.eu/jrc/en/pvgis). The 
precise location for these values is 36°54′ 10.80″N 30°41′ 24.00″E (Antalya) at an elevation of 
59m and the plane of array used to calculate the values 0° Slope and 0° Azimuth (1m² on the 
ground).  
From these values the estimated hourly PPFD (photosynthetic photon flux density) in  
µmol m-2s-1 for an average day of the month averaged over the 12 years that the data was 
estimated. The calculation of the PPFD, here, assumes that the PAR to total solar radiance is 
an average of 0.45 for the Mediterranean region. This value varies on location, time of year 
and humidity. It also takes the number of photons in PAR as 4.57 µmol s-1 W-1. This value is 
derived from the averaged energy of an incoming photon in the PAR wavelength and is used 
as a conversion factor to calculate the number of incoming photons in the PAR radiation 
intensity. 
These values were used in a number of publications (e.g. Proutsos et al. 2019).  
In Figure 1, the estimated PPFD per hour for each hour on an average day per month of year 
calculated based on the above assumptions. The average daily DLI (Daily Light Integral) is 
summed from the PPFD using 800 µmol m-2sec-1 as the photosynthetic saturation point. The 
temperature is from the same source and is an average of the daily (day and night averaged).  
We then can estimate PPFD and DLI in the greenhouse when they are covered with a coated 
material system of a specified TPAR. This is then calculated in Figure 2 and Figure 3 by simply 
multiplying by the chosen TPAR of the system. 

https://en.wikipedia.org/wiki/Hot-summer_Mediterranean_climate
https://en.wikipedia.org/wiki/Hot-summer_Mediterranean_climate
https://en.wikipedia.org/wiki/K%C3%B6ppen-Geiger_climate_classification_system
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Figure 1: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Antalya outside. The green boxes mark PPFD> 450 µmol m-2 sec-1. The box below tabulates the 
DLI in mol m-2 day-1 for an average day per month (time is UTC). 

If we set the TPAR to 0.45 (meaning 45 % of the PAR is transmitted through the material plus 
coating), which we call a “summer orientated coating”. This reduces the sunlight so that in 
the high summer months the PPFD is cut to avoid over-exposure (levels greatly exceeding 800 
µmol m-2sec-1), however the DLI is sub-sufficient (<23 mol m-2day-1) for the 6 winter months 
of the year (see Figure 2). 
If we set the TPAR to 0.70 (meaning 70 % of the PAR is transmitted through the material plus 
coating), which we call a “winter orientated coating” of course the DLI increase per month 
(although in principle for 4-5 winter months are still sub-optimal) see Figure 3. The average 
PPFD in the summer months is then much higher than the photosynthetic saturation point. 
One could, for example, still use the ‘shading powder’ technique to reduce the extreme 
radiation in the summer. 
 

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 16 47 15 0 0 0 0 0

4 0 0 2 117 268 373 303 183 75 1 0 0

5 0 38 222 448 653 785 714 578 446 258 87 0

6 195 305 567 843 1028 1178 1123 1015 862 610 383 219

7 448 601 906 1207 1368 1532 1492 1389 1218 926 679 476

8 672 858 1178 1471 1648 1786 1770 1675 1489 1173 880 695

9 819 1016 1344 1598 1744 1922 1944 1857 1647 1267 997 817

10 849 1058 1380 1612 1742 1941 1976 1890 1670 1263 1001 829

11 783 999 1320 1540 1659 1818 1890 1817 1525 1136 902 751

12 627 832 1126 1355 1464 1627 1680 1583 1272 906 701 582

13 421 595 860 1065 1163 1320 1384 1271 988 652 432 348

14 162 334 551 699 826 977 1033 921 619 313 128 83

15 1 58 214 352 475 613 656 523 236 20 0 0

16 0 0 1 43 154 262 279 137 2 0 0 0

17 0 0 0 0 0 3 3 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

PPFD (µmol / m2*sec) 4976 6692 9670 12350 14209 16183 16261 14837 12050 8523 6190 4798

kWh/m2 2,4 3,3 4,7 6,0 6,9 7,9 7,9 7,2 5,9 4,1 3,0 2,3

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 18 21 26 29 32 33 33 31 28 24 20 17

Average daily Temperaturs:

Max: 10,0 10,9 13,4 16,9 20,7 26,1 29,5 30,4 26,5 21,6 16,4 11,8

Min: 5,1 6,0 7,4 10,5 14,6 19,3 23,0 23,8 20,1 15,0 10,3 6,6

Average: 7,2 8,2 10,3 13,9 17,9 23,0 26,6 27,4 23,4 18,2 13,1 8,9
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Figure 2: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Antalya in greenhouse with a TPAR of 45 %. The green boxes mark PPFD> 450 µmol m-2 sec-1. The 
box below tabulates the DLI in mol m-2 day-1 for an average day per month (time is UTC). 

 

 
Figure 3: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Antalya in greenhouse with a TPAR of 70 %. The green boxes mark PPFD> 450 µmol m-2 sec-1. The 
box below tabulates the DLI in mol m-2 day-1 for an average day per month (time is UTC). 

 
The coatings can be designed to cut the total solar radiation whilst maximising the PAR. This 
then reduces infra-red absorption whist maximising PAR. The low emissivity of the coating 
can also be beneficial particularly in winter nights. 

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0 For PPFD calculation: Coloration:

1 0 0 0 0 0 0 0 0 0 0 0 0 PRF/SOL (fE): Min Max

2 0 0 0 0 0 0 0 0 0 0 0 0 0,45 0 450

3 0 0 0 0 7 21 7 0 0 0 0 0 PRF/PPF: For DLI calculation

4 0 0 1 53 121 168 137 82 34 0 0 0 4,57 Max PAR flux density

5 0 17 100 202 294 353 321 260 201 116 39 0 tPAR: 800

6 88 137 255 379 463 530 505 457 388 274 173 99 0,45

7 202 270 408 543 615 690 671 625 548 417 306 214

8 302 386 530 662 742 804 797 754 670 528 396 313

9 368 457 605 719 785 865 875 836 741 570 448 368

10 382 476 621 725 784 873 889 850 752 568 450 373

11 353 450 594 693 747 818 850 817 686 511 406 338

12 282 374 507 610 659 732 756 712 572 408 315 262
13 189 268 387 479 523 594 623 572 444 293 194 157

14 73 150 248 314 372 440 465 414 278 141 58 37

15 0 26 97 158 214 276 295 235 106 9 0 0

16 0 0 0 19 69 118 125 62 1 0 0 0

17 0 0 0 0 0 1 1 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 2239 3011 4352 5558 6394 7282 7317 6677 5422 3836 2786 2159

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 8 11 16 20 23 26 26 24 20 14 10 8

Average daily Temperaturs:

Max: 10,0 10,9 13,4 16,9 20,7 26,1 29,5 30,4 26,5 21,6 16,4 11,8

Min: 5,1 6,0 7,4 10,5 14,6 19,3 23,0 23,8 20,1 15,0 10,3 6,6

Average: 7,2 8,2 10,3 13,9 17,9 23,0 26,6 27,4 23,4 18,2 13,1 8,9

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 11 33 10 0 0 0 0 0

4 0 0 1 82 188 261 212 128 53 1 0 0

5 0 26 155 314 457 549 500 405 313 181 61 0

6 136 213 397 590 720 825 786 710 603 427 268 153

7 314 421 634 845 957 1073 1044 972 853 648 476 333

8 470 601 824 1030 1154 1250 1239 1172 1042 821 616 486

9 573 711 941 1119 1221 1345 1360 1300 1153 887 698 572

10 594 740 966 1128 1220 1359 1383 1323 1169 884 700 580

11 548 699 924 1078 1161 1272 1323 1272 1068 795 631 525

12 439 582 788 949 1025 1139 1176 1108 890 634 491 407

13 295 416 602 746 814 924 969 890 691 456 302 244

14 113 234 386 489 578 684 723 645 433 219 90 58

15 0 40 150 246 333 429 459 366 165 14 0 0

16 0 0 0 30 108 184 195 96 1 0 0 0

17 0 0 0 0 0 2 2 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 3483 4684 6769 8645 9946 11328 11382 10386 8435 5966 4333 3359

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 13 17 23 26 29 31 31 29 25 21 16 12

Average daily Temperaturs:

Max: 10,0 10,9 13,4 16,9 20,7 26,1 29,5 30,4 26,5 21,6 16,4 11,8

Min: 5,1 6,0 7,4 10,5 14,6 19,3 23,0 23,8 20,1 15,0 10,3 6,6

Average: 7,2 8,2 10,3 13,9 17,9 23,0 26,6 27,4 23,4 18,2 13,1 8,9
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When the trial greenhouse is built in Ankara, the climate system is classified as a cold semi-
arid climate (Köppen climate classification: BSk ) a middle latitude steppe climate. Hourly 
values between the year 2005 and 2016 for direct irradiance, diffuse irradiance, reflected 
irradiance, sun height, air temperature and wind speed were retrieved from the same 
database as for the Antalya values the PVGIS-SARAH radiation database using satellite data 
(https://ec.europa.eu/jrc/en/pvgis). The precise location for these values is 39.784 N 32.815 
E (location of ARTECs in Ankara) at an elevation of 1019 m. 
The outdoor values are given in Figure 4. In Figure 5, Figure 6 and Figure 7 we limit the TPAR by 45 
%, 70 % and 85 % respectively. Here in Ankara it is clear a solar shading layer which drastically 
cuts the TPAR is not desirable. 
Ideally we want to allow solar radiance through in winter to allow the greenhouse to warm in 
the winter months. We need a low-e layer to retain heat during the night (minimise energy 
loss from heat radiation). 

 
Figure 4: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Ankara outside. The green boxes mark PPFD> 450 µmol m-2 sec-1. The box below tabulates the 
DLI in mol m-2 day-1 for an average day per month (time is UTC). 

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 51 94 56 1 0 0 0 0

4 0 0 10 151 305 408 372 238 115 9 0 0

5 0 38 203 467 654 800 788 651 481 255 87 0

6 143 238 491 816 1020 1178 1191 1074 853 569 341 179

7 320 462 773 1134 1314 1492 1507 1421 1186 855 601 383

8 464 656 967 1328 1480 1694 1764 1659 1417 1053 767 534

9 542 781 1055 1386 1563 1750 1887 1808 1517 1105 849 609

10 524 734 1052 1335 1463 1684 1891 1789 1488 1052 821 580

11 474 695 946 1255 1408 1568 1740 1674 1366 915 720 520

12 379 533 809 1091 1193 1347 1529 1472 1136 708 532 390

13 258 392 625 856 973 1110 1255 1156 863 504 293 214

14 72 203 393 548 683 823 952 810 535 195 44 8

15 0 14 141 273 400 517 611 448 172 4 0 0

16 0 0 0 24 122 214 243 103 0 0 0 0

17 0 0 0 0 0 2 2 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 3175 4746 7466 10664 12628 14682 15790 14304 11129 7224 5054 3417

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 11 17 24 28 31 33 33 31 28 22 18 12

Average daily Temperaturs:

Average: -1 1 5 10 15 19 22 23 18 12 5 1

Max: 5 8 13 18 23 28 32 32 27 20 14 7

Min: -1 -1 2 6 11 15 18 18 13 8 3 -1

https://en.wikipedia.org/wiki/Cold_semi-arid_climate
https://en.wikipedia.org/wiki/Cold_semi-arid_climate
https://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification
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Figure 5: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Ankara in greenhouse with a TPAR of 45 %. The green boxes mark PPFD> 450 µmol m-2 sec-1. The 
box below tabulates the DLI in mol m-2 day-1 for an average day per month (time is UTC). 

 

Figure 6: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Ankara in greenhouse with a TPAR of 70 %. The green boxes mark PPFD> 450 µmol m-2 sec-1. The 
box below tabulates the DLI in mol m-2 day-1 for an average day per month (time is UTC). 

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 23 42 25 0 0 0 0 0

4 0 0 4 68 137 184 167 107 52 4 0 0

5 0 17 91 210 294 360 355 293 216 115 39 0

6 65 107 221 367 459 530 536 483 384 256 154 81

7 144 208 348 510 591 672 678 639 534 385 270 172

8 209 295 435 598 666 763 794 746 638 474 345 240

9 244 352 475 624 703 787 849 814 683 497 382 274

10 236 331 474 601 658 758 851 805 670 474 370 261

11 213 313 426 565 633 706 783 753 615 412 324 234

12 170 240 364 491 537 606 688 663 511 319 239 176

13 116 176 281 385 438 499 565 520 388 227 132 96

14 33 91 177 247 307 370 429 365 241 88 20 4

15 0 6 64 123 180 233 275 202 77 2 0 0

16 0 0 0 11 55 96 109 46 0 0 0 0

17 0 0 0 0 0 1 1 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 1429 2136 3360 4799 5683 6607 7106 6437 5008 3251 2274 1538

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 5 8 12 17 20 24 25 23 18 12 8 6

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 35 66 39 1 0 0 0 0

4 0 0 7 106 213 286 261 166 81 7 0 0

5 0 26 142 327 458 560 552 456 337 178 61 0

6 100 167 344 571 714 825 834 752 597 398 239 125

7 224 323 541 794 920 1045 1055 994 830 599 421 268

8 325 459 677 929 1036 1186 1235 1161 992 737 537 373

9 379 547 739 970 1094 1225 1321 1265 1062 774 594 426

10 367 514 737 935 1024 1179 1324 1252 1042 737 575 406

11 332 487 662 878 985 1098 1218 1172 956 640 504 364

12 265 373 567 764 835 943 1070 1031 795 496 372 273

13 180 274 438 599 681 777 879 809 604 353 205 150

14 51 142 275 384 478 576 667 567 375 136 30 6

15 0 10 99 191 280 362 428 313 120 3 0 0

16 0 0 0 17 86 149 170 72 0 0 0 0

17 0 0 0 0 0 2 1 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 2222 3323 5226 7465 8839 10277 11053 10013 7790 5057 3538 2392

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 8 12 19 25 28 30 31 29 25 18 13 9
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Figure 7: Coloured table shows the calculated PPFD for each hour slot for an average day in each month for 
the location Ankara in greenhouse with a TPAR of 85 %. The green boxes mark PPFD> 450 µmol m-2 sec-1. The 
box below tabulates the DLI in mol m-2 day-1 for an average day per month (time is UTC). 

2.3. Influence on the design of the agro-PV system 

One of the contradictory factors of agrivoltaic system is the shade that is caused by the system. This 

shade reduces the PAR level that is needed by plants. However, especially in the dry and hot summer 

months, plants face the risk of being harmed by excessive irradiation. In this case, the shade of the 

agrivoltaic system will be beneficial for the plants. On the other hand, if the shade reduces the PAR 

level more than the plants require it could be harmful. The main consideration point here is the PAR 

requirements that are given in table 1. These requirements should be met in order to achieve a high 

production rate for the crops. The optimization of the shade with regard to sunlight requirements of 

the plants will be determined in this project with respect to the greenhouse location. In order to do 

that, the light simulations will be made in the simulation program Radiance. As the first step of the 

simulations, the 3D models of the demo greenhouse were drawn by using the SketchUp can be seen 

in Figure 8.  

 The main parameters of the simulation can be listed as follows: 

• Single-span and multi-span greenhouse 

• Even-span and uneven-span roof  

• Different orientations of the greenhouse: (E-W) 0- 35 – 45 – 60 – 90 (N-S) 

• Different cover ratios and patterns of the PV system on the roof: 30% checkerboard pattern 

and 50% straight line pattern 

Time Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 43 80 48 1 0 0 0 0

4 0 0 8 128 259 347 316 202 98 8 0 0

5 0 32 172 397 556 680 670 553 409 216 74 0

6 122 202 417 694 867 1002 1012 913 725 484 290 152

7 272 393 657 964 1117 1269 1281 1207 1008 727 511 326

8 394 558 822 1129 1258 1440 1499 1410 1204 895 652 453

9 460 664 897 1178 1328 1487 1604 1537 1290 939 721 517

10 445 624 895 1135 1244 1432 1607 1520 1265 895 698 493

11 403 591 804 1067 1196 1333 1479 1423 1161 777 612 442

12 322 453 688 927 1014 1145 1300 1251 965 602 452 332

13 219 333 532 727 827 943 1067 983 733 429 249 182

14 62 173 334 466 581 700 809 689 455 166 37 7

15 0 12 120 232 340 439 519 381 146 3 0 0

16 0 0 0 20 104 182 206 88 0 0 0 0

17 0 0 0 0 0 2 2 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

Hourly values for photosynthetic photon flux density in u*mol/m^2*s for an average day of the month

Sum: 2699 4034 6346 9064 10734 12480 13422 12158 9460 6141 4296 2905

Daily light intervall in mol/day calculated using a maximum value: 

DLI: 10 15 22 27 30 32 32 30 27 21 15 10
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Figure 8: 3D model of the even-span shape rood multi-span(left) and uneven-span shape roof single-span 

greenhouse(right). 

The shade levels inside of the greenhouse and their effects on the light homogeneity and availability 

will be evaluated with respect to the parameters above and the PAR needs of the crops. Accordingly, 

the best possible design will be found.  

 

3. Energy Requirements 
 
Baytorun et al. report that vegetables grown in greenhouses have adapted to an average 

temperature of 17–28 C. Products grown in greenhouses undergo stress at temperatures 

below 12 C and above 32 C. At low temperatures (values sub 4 C) which cause frost-like 
damages, irreversible harm to the plant will occur. Greenhouses should be heated when the 

outside temperature falls below 12 C. When outside temperature is between 7 and 12 C, 
heating is necessary only during night hours. For desirable plant growth, the difference 

between night and day temperatures should be 5–7 C (Baytorun et al., 2018). 
Energy requirements of the greenhouse are therefore related mainly to its environmental 
control systems. Main components are cooling, heating and ventilation as well as CO2 
enrichment and lighting systems. They control indoor temperature, relative humidity, light 
and CO2 level in order to be in optimum conditions for plant growth (Panwar et al., 2011). 
Based on the regional climate data for optimal growth, greenhouses in the Mediterranean 
require heating during the periods of November to March, and ventilation and shading in the 
periods March to May and actual cooling from June to September. As cooling is a very costly 
acclimatization measure, it is not a preferable method for greenhouses, which are usually left 
inactive during mid-summer periods. In the semi-arid climate zone such as Ankara, however, 
the heating is required from November to April. For the rest of the year, the inside 
temperature can be controlled by the ventilation and shading and production continues all 
year around (Boyaci, 2017) 
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3.1. Heating 

Antalya, Turkey = hot-summer Mediterranean climate (Köppen classiifcation: Csa)  
Annual energy consumption of a greenhouse in Antalya region is 9000 kWh/ha =0.9 kWh/m2. 
The value is based on Antalya Tarim’s operational greenhouses and it includes ventilation, 
pumps and lighting energy consumptions. However, neither heating nor cooling is 
considered in this value. Antalya Tarim states that there is mostly no need for heating in 
Antalya region since it has generally mild weather conditions during winter. Heating is only 
needed when the temperature drops below + 4 ° C in order to prevent the crops from freezing. 
It is then not economical to install pipe heating systems due to heating costs. In these 
greenhouses, instead of pipe heating systems, direct-fire air blast heating systems could be 
used. Heat is mostly provided by coal in Mediterranean region. Besides coal, geothermal 
energy is also used for heating in the regions where it is available such as Tokat Province 
(Canakci et al., 2013). 
In contrast Baytorun et al. report that in order to maintain optimal growth temperatures day 

and night of 18/16 C, the annual heat energy requirements of a PE (polyethelene) 
greenhouse in the Mediterranean is then 95-256 kWh/m2 per annum, using a central heating 
system.  
Baytorun et al. claim that an 18-28 kg/m2 gain in tomato production caused by using a heated 
greenhouse would offset the heating expenses. It is also claimed the quality of plants is higher 
than in an unheated greenhouse and less pesticide is used (due to humidity control). 
One of the main problems in unheated PE plastic greenhouses in the Mediterranean region is 
that greenhouse temperature falls below outside temperature on nights when the sky is clear 
(measurements taken from the site of Adana in Turkey which has similar temperatures to 
Antalya -Baytorun et al. 2017). This results from the fact that PE plastic has a high 
transmittance in the infra-red. This situation was not seen to such an extreme in unheated 
glass greenhouses. 
In this situation heat conservation has great importance. Heat savings, for heated 
greenhouses, of 37 % are achievable when energy curtains are used (thermal insulation 
curtains applied at night). Curtain material can vary from plastic to aluminiumised woven 
fabric which reflects heat back into the greenhouse. 
The Fraunhofer ISE low-e coating would also hinder this high radiative-heat energy loss but 
allow solar radiation to be transmitted. Furthermore, for Antalya the total daily solar energy 
values (e.g. the energy input from solar radiation) exceed the heat energy required for both 

PE and glass greenhouses to maintain a specific temperatures (either 16 C or 17-18 C). This 
is shown in Figure 9. However, only some of the solar energy reaching the greenhouse during 
day hours can be stored. Heat losses that occur through the cover material immediately after 
sunset lead to a rapid decrease in greenhouse temperature. This highlights even more the 
importance for thermal insulation coatings during the winter months (low-e /high IR-
reflectance-yet a high solar transmittance). This then needs to be balanced by the summer 
requirements where the solar transmittance is ideally minimised for given PAR transmittance. 

https://en.wikipedia.org/wiki/Hot-summer_Mediterranean_climate
https://en.wikipedia.org/wiki/K%C3%B6ppen-Geiger_climate_classification_system
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Figure 9: Daily solar energy reaching the greenhouse in Antalya climatic conditions (Qsun and required daily 
heat energy values for PE plastc greenhouses and glass greenhouses for different temperature (16 and 17/18 
C as given by Q16 and Q17/18/) in kWh/m2day (taken from Baytorun et al. 2017). 

 
Ankara, Turkey = cold semi-arid climate (Köppen climate classification: BSk) a middle latitude 
steppe climate. 
In Ankara, as can be seen in Figure 4 the day-night temperature difference is much more 
extreme as well as the winter-summer temperature difference. Being further north the 
daylight summer hours are longer but the winter sunlight hours shorter. 
Heating therefore becomes a necessity for winter usage. Low winter DLI will make artificial 
lighting also a plausible option. 
 
According to referenced paper by Boyaci, to keep the greenhouse inner temperature at 

constant 18 C, the required heat energy during the production period was calculated as 
589.02 kWh /m2 per year for Kırşehir province (an area with a similar climate to Ankara) and 
as 219.06 kWh / m2 per year for Antalya province with the single-layer PE plastic which is 
widely used in Turkey without heat protection measures. When the double-layer PE plastic 
and well-insulated heat curtains are used, the energy requirements were determined as 
304.09 kWh/m2 per year for Kırşehir province and as 103.35 kWh/ m2 per year for Antalya 
province.  
 

3.1.1. Heating demand simulations 

All the heating energy requirement of SusMedHouse demo greenhouse were simulated in 
Virtual Grower 3.0 software. The software was developed by the U.S department of 
agriculture and shared as freeware on their website. It allows setting the dimensions, roof 
type and covering materials of a greenhouse. Furthermore, there are various heating 
equipment, heating method and thermal curtain options that are commonly used in 
greenhouse sector and could be specified in the software. The required inside day and night 
temperatures could be determined. After specifying the parameters such as surface gaps, 
heat curtains, heating equipment and method etc. the monthly heating energy requirements 
of the greenhouse could be generated as report according to the location (Virtual Grower 3 
Model: USDA ARS).  
 

The main formulas used for the calculations can be listed as followed: 
 

https://en.wikipedia.org/wiki/Cold_semi-arid_climate
https://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification
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Heat transfer by transmission:  
 

𝑄𝐶𝐷 = 𝑈 ∙ 𝐴 ∙ (𝑇𝑖 − 𝑇𝑜) 
 
Whereas  
𝐴 : Surface area of the cover [m2] 
U: Thermal transmittance [W/m2/K] 
∆𝑇: Temperature difference between desired and outside temperature [K] 
 
Heat transfer by ventilation: 
 
For air infiltration calculations:  
 

𝑄𝐶𝑉 = 𝑛 ∙  𝐴𝐶𝐻 ∙ 𝑉 ∙ (𝑇𝑖 − 𝑇𝑜) 
 
Whereas:  
V: Volume of the greenhouse [m3] 
ACH: Air change rate 
𝑛 : Correction factor [0.005 W/m3/K] 
 
Heat gain by solar radiation: 
 
As an estimation, the amount of light energy hitting per square meter multiped by 0.33 which 
was considered as the part of the light that heats the greenhouse. This amount then 
multiplied by the footprint of the greenhouse (Virtual Grower 3 Model: USDA ARS).  
 
U values:  
 
The U value is an amount of heat energy that transfers through the material divided by the 
temperature difference. The U values that are taken by the program for the materials that 
will be used in SusMedHouse are shown in the Table 2 (Virtual Grower 3 Model: USDA ARS). 

Table 2: U values of the sample materials 

Material U-value (W/m2/K) 

Polyethylene single layer 6.53 

Polyethylene double layer 3.97 

Polycarbonate Bi-Wall 3.69 

Glass 6.41 

 
Polycarbonate Bi-Wall material was chosen as the side walls material and one layer 
polyethylene was chosen as the roof material for the gothic spans of demo greenhouse. For 
Agro-PV section a venlo type greenhouse is planned with a glass roof and polycarbonate side 
walls.  
Polyethylene double layer was also given in the table because it was used to calculate the 
heating demand of a sample greenhouse which was studied by Boyaci (2017). By simulating 
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that sample greenhouse, the validation of the program was proved by comparing the results 
of the article and the simulation the results can be found in the Appendix section.  
The main disadvantage of the software was the meteorological data could be selected only 
from USA. However, a doppelganger climate data of Ankara was found in the location Boise, 
Idaho USA and the comparison graphs can be seen in Figure 10 (City Projections, 2020) . 

Figure 10: The yearly climate data comparison between Ankara and Boise 
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Since the climate data are similar, the city Boise was chosen to make simulations in Virtual 
Grower 3.0. More information regarding the formulas and assumptions of the Virtual Grower 
can be found in the manual (Virtual Grower 3 Model: USDA ARS). 
 
Determining the desired temperature inside of the greenhouse: 
The desired temperature inside the greenhouse was determined according to sample crops’ 
temperature needs. According to the deliverable 2.2 “Phenological Stage Report”, Antalya 
Tarım has submitted and through the discussions with ARTECS the targeted day and night 
temperatures were determined for sample crops (Antalya Tarim, 2020). 
 
Table 3: Day-night temperature requirements of sample crops 

Crop Night Temperature (C) Day Temperature(C) 

Tomato 18 25 

Lettuce 11 18 

Bell pepper 17 21 

 

Dimensions 

There will be 3 spans of gothic roof greenhouse and 2 spans of venlo type greenhouse (agro-
PV section) in SusMedHouse demo site. Gothic type greenhouses will be separated from each 
other, therefore, only 1 span is simulated to determine heating demand. Venlo greenhouse 
simulated as a whole with 2 spans. The dimensions of 2 types of greenhouse can be seen in 
the Table 3 below.  

 
Table 4: Dimensions of simulated greenhouses 

Dimensions Gothic roof  Venlo  

Length 50 m 40 m 

Width 9.6 m 16 m  

Gutter height 4.5 m 4.5 m 

Roof height (from ground) 7.5 m 6.5 m 

Span number 1 2 

Assumptions 

It is assumed that there are no gaps on the greenhouse cover except the ventilation openings 
which corresponds 1.0 (h-1) air exchange rate. Heat curtains will be used to improve insulation 
of the greenhouse during night hours. Mobile air curtains were specified with a good 
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insulation property which was given as an option in Virtual Grower simulation. This 
corresponds 2.0 (h-1) air exchange rate for the thermal curtain with 3.86 (W/m2/K) U-value. 

 

Heating system 

Hot water boiler with hot water pipes will be used as a heating system in SusMedHouse. 
Energy source will be coal. According to the datasheet of boiler that will be used in 
SusMedHouse the efficiency is 85% (Automated Fedding Systems for Solid Fuel Boilers, 2021). 
However, after having discussion with ARTECS regarding boiler efficiency, it was decided to 
select 78% boiler efficiency to be more realistic for heating demand calculations. After 
specifying boiler efficiency and heat delivery method, overall heating efficiency was 
calculated as 69% by Virtual Grower tool.  

 

3.1.2. Gothic greenhouse simulation results 

 
Tomato 

 
Table 5: Gothic greenhouse monthly heating energy demand simulation results for tomato 

 
1 Energy demand of the greenhouse divided by the heating efficiency to calculate energy consumption. 

   Simulation 
name: 

Gothic 
Greenhouse 

      

Crop type:  Tomato       

Heating 
system 
efficiency (ɳ): 

0,69       

Total area: 481 m2     

Month Energy 
demand for 
heating 

Energy 
consumption of 
the heating 
system1 

Energy 
consumption of 
the heating 
system 

Energy 
consumptionof the 
heating system per 
m² 

      kJ       kJ/ ɳ kWh kWh/m2 

January 306316612 443937118,8 123315,9 256,4 

February 216311065 313494297,1 87081,7 181,0 

March 181189707 262593778,3 72942,7 151,6 

April 89431933 129611497,1 36003,2 74,9 

May 69863598 101251591,3 28125,4 58,5 

June 34880632 50551640,6 14042,1 29,2 

July 13941582 20205191,3 5612,6 11,7 
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Pepper 
 
 
Table 6:Gothic greenhouse monthly heating energy demand simulation results for pepper 

August 29235623 42370468,1 11769,6 24,5 

September 44199764 64057629,0 17793,8 37,0 

October 95757951 138779639,1 38549,9 80,1 

November 210963451 305744131,9 84928,9 176,6 

December 252963252 366613408,7 101837,1 211,7 

Total 1545055170 2239210391,3 622002,9 1293,1 

   Simulation 
name: 

Gothic Greenhouse       

Crop type:  Pepper       

Heating system 
efficiency (ɳ): 

0,69       

Total area: 481 m2     

Month Energy demand for 
heating 

Energy 
consumption of 
the heating 
system 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system per 
m² 

     kJ      kJ/ ɳ kWh kWh/m2 

January 275779351 399680218,8 111022,3 230,8 

February 182656886 264720124,6 73533,4 152,9 

March 146549013 212389873,9 58997,2 122,7 

April 36382492 52728249,3 14646,7 30,5 

May 22965398 33283185,5 9245,3 19,2 

June 11187003 16213047,8 4503,6 9,4 

July 4517276 6546776,8 1818,5 3,8 

August 6964634 10093672,5 2803,8 5,8 

September 10622882 15395481,2 4276,5 8,9 

October 71849808 104130156,5 28925,0 60,1 

November 185087753 268243120,3 74512,0 154,9 
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Lettuce 
 
Table 7: Gothic greenhouse monthly heating energy demand simulation results for lettuce 

 
 
 
According to simulation results, annual heating energy requirements of tomato, pepper and 
lettuce are 1293 kWh/m2 , 988 kWh/m2 and 638 kWh/m2 respectively. In Figure , the monthly 
heat requirements were illustrated for sample crops.  
 
 
 
 
 

December 226840801 328754784,1 91320,8 189,9 

Total 1181403297 1712178691,3 475605,2 988,8 

   Simulation 
name: 

Gothic Greenhouse       

Crop type:  Lettuce       

Heating system 
efficiency (ɳ): 

0,69       

Total area: 481 m2     

Month Energy demand for 
heating 

Energy 
consumption of 
the heating 
system 

Energy 
consumption of 
the heating 
system 

Energy 
consumption of 
the heating 
system per m² 

      kJ         kJ/ ɳ kWh kWh/m2 

January 211668151 306765436,2 85212,6 177,2 

February 124351788 180219982,6 50061,1 104,1 

March 91451371 132538218,8 36816,2 76,5 

April 41057390 59503463,8 16528,7 34,4 

May 22231646 32219776,8 8949,9 18,6 

June 9898557 14345734,8 3984,9 8,3 

July 3081626 4466124,6 1240,6 2,6 

August 8144946 11804269,6 3279,0 6,8 

September 13643871 19773726,1 5492,7 11,4 

October 41193457 59700662,3 16583,5 34,5 

November 67064894 97195498,6 26998,7 56,1 

December 128701779 186524317,4 51812,3 107,7 

Total 762489476 1105057211,6 306960,3 638,2 
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Figure 11: Gothic greenhouse monthly energy consumption chart for heating 
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3.1.3. Venlo greenhouse simulation results 

 
Tomato  
 
 
Table 8: Venlo greenhouse monthly heating energy demand simulation results for tomato 

 
 
 
 
 
 
 
 
 
 
 

   Simulation name: Venlo  Greenhouse       

Crop type: Tomato        

Heating system efficiency (ɳ): 0,69       

Total area: 641 m2     

Month Energy demand 
for heating 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system per 
m² 

      kJ        kJ/ ɳ kWh kWh/m2 

January 254156506 368342762,3 102317,4 159,6 

February 167273142 242424843,5 67340,2 105,1 

March 137329471 199028218,8 55285,6 86,2 

April 187042352 271075872,5 75298,9 117,5 

May 127800777 185218517,4 51449,6 80,3 

June 64724463 93803569,6 26056,5 40,6 

July 30557033 44285555,1 12301,5 19,2 

August 67371865 97640384,1 27122,3 42,3 

September 105806989 153343462,3 42595,4 66,5 

October 230975310 334746826,1 92985,2 145,1 

November 380675451 551703552,2 153251,0 239,1 

December 215399923 312173801,4 86714,9 135,3 

Total 1969113282 2853787365,2 792718,7 1236,7 
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Pepper 
 
Table 9:Venlo greenhouse monthly heating energy demand simulation results for pepper. 

 
 
 
Lettuce 
 
Table 10: Venlo greenhouse monthly heating energy demand simulation results for lettuce 

   Simulation name: Venlo  Greenhouse       

Crop type: Pepper       

Heating system efficiency (ɳ): 0,69       

Total area: 641 m2     

Month Energy demand 
for heating 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system per 
m² 

      kJ         kJ/ ɳ kWh kWh/m2 

January 228819181 331622001,4 92117,2 143,7 

February 141248397,2 204707822,0 56863,3 88,7 

March 111074181,7 160977074,9 44715,9 69,8 

April 76092136,75 110278459,1 30632,9 47,8 

May 42010371,53 60884596,4 16912,4 26,4 

June 20758590,66 30084914,0 8356,9 13,0 

July 9900924,572 14349166,0 3985,9 6,2 

August 16049611,18 23260306,1 6461,2 10,1 

September 25429438,02 36854258,0 10237,3 16,0 

October 173307088,4 251169693,3 69769,4 108,8 

November 333983747 484034416,0 134454,0 209,8 

December 193156479 279936926,1 77760,3 121,3 

Total 1371830147 1988159633,2 552266,6 861,6 

   Simulation name: Venlo  Greenhouse       

Crop type: Lettuce       

Heating system efficiency (ɳ): 0,69       

Total area: 641 m2     

Month Energy demand 
for heating 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
system 

Energy 
consumption 
of the 
heating 
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According to simulation results, annual heating energy requirements of tomato, pepper and 
lettuce are 1236 kWh/m2, 861 kWh/m2 and 384 kWh/m2 respectively. In Figure , the monthly 
heating energy requirements were illustrated for sample crops.  
 

 
Figure 12: Venlo greenhouse monthly energy consumption chart for heating 
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system per 
m² 

      kJ        kJ/ ɳ kWh kWh/m2 

January 171892425 249119456,5 69199,8 108,0 

February 98776106 143153776,8 39764,9 62,0 

March 73252816 106163501,4 29489,9 46,0 

April 32986516 47806544,9 13279,6 20,7 

May 17082239 24756868,1 6876,9 10,7 

June 7654985 11094181,2 3081,7 4,8 

July 2516030 3646420,3 1012,9 1,6 

August 6899620 9999449,3 2777,6 4,3 

September 11298409 16374505,8 4548,5 7,1 

October 34311909 49727404,3 13813,2 21,5 

November 56778713 82287989,9 22857,8 35,7 

December 98537559 142808056,5 39668,9 61,9 

Total 611987327 886938155,1 246371,7 384,4 
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In Table 4, a summary table can be found. 
 
Table 11: The annual energy requirement of gothic and venlo greenhouses according to sample crops 

Crops Gothic greenhouse annual 
heating energy demand 
(kWh/m2) 

Venlo greenhouse annual 
heating energy demand 
(kWh/m2) 

Tomato 1293 1236 
Pepper 988 861 

Lettuce 638 384 

 

3.2. Influence on the design on low-e and solar control coatings  

 
For the coatings, this means the sunlight transmittance should be as high as possible in the 
winter months. High reflectance in the infra-red light back into the greenhouse would reduce 
heat radiation losses at night – making the “low-e” silver coating attractive in this climate 
zone. 

3.3. Influence on the design of the PV System 

For the PV energy generation, the heating energy requirement is far more than what the PV 
system could generate. However, these findings will be taken into considerations in the design 
phase of the PV system in order to enhance the light availability in the greenhouse in the 
winter months and reduce the energy costs. 

3.4. Cooling and other energy aspects 

 
In nearly all greenhouses in the Mediterranean region, the producers use shade powder and 
apply it to shade up to 60%. Sometimes the application of calcium carbonate is used 3-4 times 
in summer (May, June, July and August). It washes away during October and afterwards 
shading is reduced, generally natural or by washing. The needed shading rates of the 
greenhouse established in Ankara, are according to ARTECS less than 35-40%. 
Shade curtains of 55% are used as shading equipment in some companies that produce 
vegetables professionally and in greenhouses where some ornamental plants are grown. 
Natural ventilation (by opening windows) is used for passive cooling.  
However, even with shading and maximal ventilation, temperatures inside the greenhouse 

exceed 30 C between 10:00 and 14:00 from June to August in the Mediterranean. Under 
these conditions, evaporative cooling becomes necessary for the continuation of plant 
growth. In the climate of Ankara,  the temperature in summer months can be controlled by 
ventilation and shading, so that production can continue in the summer months (Boyaci, 
2017). 
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Active cooling is not foreseen for the greenhouse in Ankara, but automated ventilation 
systems will be installed. The cost can be calculated as approximately 1.51 € /m2. Approximate 
electrical energy of these systems can be calculated as 1.2 kWh/m2 per annum. These 
estimates were based on information from ARTECS. 

3.4.1. Influence on the design on low-e and solar control coatings 

 

Solar control coatings are highly selective between the TPAR and TSOL and therefore limit the 

heat intake into the greenhouse.  They are highly beneficial in the summer months. 

 

3.4.1. Influence on the design of the PV system 

 

As stated before, an agrivoltaic system will provide shading. It is estimated that this shade 
would be enough for cooling down the greenhouse temperature to a convenient level with 
the help of ventilation in the hot months. 
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6. Appendix  
 
Comparing the Virtual Grower results with the results of an article 
According to the paper that investigated the heating requirement of a greenhouse in Kırşehir 
(Ankara region), it was found that for a single layer polyethylene roof and double layer 
polyethylene side wall greenhouse has 438.05 kWh/m2 energy requirement (Boyaci, 2017). 
When the same dimensions were selected as in the paper, the value 490.56 kWh/ m2 was 
found. It is an acceptable discrepancy when the different locations were considered. 
Simulation results can be seen in the Figure 13. 
 

 
Figure 13: Simulation results for the software validation. 
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