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Figure 4. Calculated effects of environmental conditions on the difference

between leaf temperature and air temperature under four radiation
scenarios.
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Table 1. Incident radiation, fraction absorbed, and total absorbed radiation
for each source. The absorbed radiation was normalized to a PPF of 1000 pmoles per
m? per s for each radiation source. This does not result in exactly equal PAR (in watts
per m?) because of spectral differences among radiation sources. The total absorbed
radiation for each source is shown in bold. Leaf temperature was held constant at 25°C.
Net longwave exchange with lower leaves or surfaces was assumed to be zero.

UV (350- PAR (400- NIR (700- Source Sky Emitted Total
400 nm) 700 nm) 2500 nm)  longwave longwave longwave
Incident radiation (W/m?)
HPS 0.58 203 128 131 452 -435 480
LED 0.15 195 10 44 452 -435 267
Sun, greenhouse | 18 219 252 0 452 -435 508
Sun, clear sky | 19 219 288 0 300 -435 392
Fraction absorbed
HPS 0.939 0.870 0.263 0.97 0.97 0.97 0.71
LED 0.934 0.943 0.923 0.97 0.97 0.97 0.90
Sun, greenhouse | 0.938 0.894 0.214 0.97 0.97 0.97 0.53
Sun, clear sky | 0.937 0.894 0.207 0.97 0.97 0.97 0.33
Total absorbed radiation (W/m?)
HPS 0.54 177 34 127 439 -422 342
LED 0.14 184 9 43 439 -422 240
Sun, greenhouse | 17 196 54 0 439 -422 271
Sun, clear sky | 18 196 60 0 291 -422 130

The indoor environments (LED, HPS, and greenhouse) had net positive longwave
radiation, and the HPS fixture was significantly higher than the other sources. The
effect of UV on absorbed radiation was less than 10% of absorbed PAR energy for all
source.

Effect of environment on leaf to air temperature difference

The leaf-to-air temperature difference, in all radiation scenarios, was less than 2°C
except where parameters approached their extremes (Fig. . The relative order did not
change, regardless of environmental conditions, with HPS > greenhouse sun > LED >
clear sky sunlight.

Near worst-case conditions (water stress, high PPF, and low wind; Fig. [5)) increased the
differences between lighting sources. The results indicate that leaf temperatures in near
worst-case conditions can increase 6°to 12°C above air temperature depending on the
radiation scenario.

Differences in radiation absorption

There were significant differences among sources in the ratio of NIR to PPF, but NIR
wavelengths are poorly absorbed by leaves (Table , thus the effect of NIR on leaf
temperature is relatively small. Blanchard and Runkle [12] found leaf temperature to be
0.7°to 1.5°C lower under NIR reflective painted glass as opposed to neutral reflective
painted glass with similar PPF conditions (about 1100 gmole/m?s), though much of
this difference was likely due to differences in air temperature, which was on average
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Figure 5. Calculated effects of PPF on the difference between leaf

temperature and air temperature under four radiation scenarios in near

worst-case conditions of water stress and low wind.

200

0.8°C higher under neutral reflective paint. This further shows that though NIR is a
significant source of energy, it’s impact on individual leaves is small.

Longwave radiation varied significantly among radiation sources and had the biggest
effect on leaf temperature. Because incoming longwave radiation from clear sky
conditions is significantly less than that from the ceiling of controlled environments,
plants grown outdoors have lower absorbed net radiation. Even on overcast days,
incoming long wave radiation in the field is typically lower than in a controlled
environment.

Our analysis includes two of the most efficient fixtures available. Increases or decreases
in efficiency will likely cause small differences in source longwave radiation, but the
effect of changes in fixture efficiency would be relatively small compared to the effect of
differences between the two technologies.

Effect of light source on transpiration

Increased leaf temperature causes increased transpiration. When incoming radiation
and radiation capture by the crop are the same, the transpiration rate of crops in
protected environments are thus higher than the same crops the field.

In the field, however, water loss by evaporation from the soil surface can make the
combination of evaporation and transpiration higher than the combination of
evaporation and transpiration in a controlled environment. If the effect of surface
evaporation is removed and transpiration from only the leaves is considered, crops in a
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greenhouse would have a 35% higher transpiration rate than identical crops grown in
the field.

Based on our presented model and the default parameters (Fig , the reduced leaf
temperature under LED fixtures would decrease transpiration by 17% compared to HPS
fixtures. This is a potentially significant reduction in transpiration, but differences in
surface evaporation among cultural systems typically have a greater effect on crop water
requirement than lamp type. For example, drip irrigation can decrease evaporation from
surfaces and reduce the crop water requirement by 30 to 70%, in both greenhouses and
in the field [13].

Effect of elevated CO,

Controlled environments often add supplemental COs, which can decrease stomatal
conductance 10-40% [14,/15], and increase leaf temperature. The presented model
indicates that a decrease in stomatal conductance of 30% in response to elevated COo
would increase leaf temperature by 1°C in all radiation scenarios.

Effect of light source on shoot tip temperature

Shoot tip temperature is often used to predict time to flower and plant development
rates [16]. Our modeling approach is similar to that used by Shimizu et al. [4] and Faust
and Heins [17] to predict shoot tip temperature, both of which found greater than 83%
of their modeled values to be within 1°C of measured values. Because our models are
similar, choice of lighting technology will likely affect shoot tip temperature, time to
flower and plant development.

Effect of light source on fruit and flower temperature

Our near-worst case analysis would likely be representative of flowers, fruits, and thick,
dense plant parts that have low transpiration rates, including high value products such
as tomatoes, strawberries, and Cannabis flowers. These thicker structures would absorb
more radiation than a thin leaf. Our measurements show that while only 63% of HPS
shortwave radiation is absorbed by the first leaf, a structure ten times thinker would
absorb more than 80%. LED technology has the potential to reduce heating of these
thick, low transpiring plant structures.

Conclusions

The presented model indicates that the use of LED technology reduces leaf temperature
by about 1.3°C compared to HPS technology under typical, indoor growing conditions,
but a leaf in a controlled environment will be warmer than a leaf in the field under a
clear sky, assuming equal PPF and similar environmental conditions. In conditions
where leaves benefit from heating, such as a greenhouse in a cool climate, HPS
technology more effectively transfers heat to canopies.
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