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Influences of greenhouse-integrated semi-transparent
photovoltaics on microclimate and lettuce growth

Reda Hassanien Emam Hassanien'?, Li Ming**

(1. Solar Energy Research Institute, Yunnan Normal University, Kunming 650500, China;
2. Agricultural Engineering Department, Faculty of Agriculture, Cairo University, Giza 12613, Egypt)

Abstract: Shading in greenhouses is a simple and cheap method usually used to reduce the intensity of solar radiation and air
temperature. Moreover, combining Photovoltaic (PV) panels and crops on the same cropland could alleviate the increasing
competition for the agricultural land between food and energy production. In addition, the integration of PV with greenhouses
could reduce, or partially replace the energy consumption for greenhouse crop production. Therefore, the aim of this study was
to investigate the shading effect of semi-transparent mono-crystalline silicon double glazing photovoltaic panels (STPV),
mounted on top of an agricultural greenhouse, which occupied 20% of the roof area, on the microclimate conditions and the
growth of lettuce plants inside a greenhouse. Results showed that the combination of STPV and polyethylene cover decreased
the solar radiation by 35% to 40% compared to the use of polyethylene cover only for clear days which was in the acceptable
range of photosynthetically active radiation for lettuce plants. Moreover, STPV shading decreases the air temperature by
1C-3<C and had no effect in the relative humidity under natural ventilation. Furthermore, there were no significant differences
(p<0.05) in the growth of lettuce plants between the shaded greenhouse by the STPV and the unshaded. Shading insignificantly
increased the fresh weight, leaf area and the chlorophyll contents (p<0.05). In conclusion, the integration of STPV modules can
decrease the solar irradiation and the internal air temperatures as well as generate electric energy for environmental control
systems without significant influence on the growth of lettuce plants. Meanwhile, it can decrease the water consumption by
decreasing the evapotranspiration rate.

Keywords: semi-transparent photovoltaics, greenhouse, shading, lettuce growth, microclimate, energy consumption

DOI: 10.25165/j.ijabe.20171006.3407

Citation: Hassanien R H E, Li M. Influences of greenhouse-integrated semi-transparent photovoltaics on microclimate and
lettuce growth. Int J Agric & Biol Eng, 2017; 10(6): 11-22.

. control systems are required to achieve a high production
1 Introduction y q gnp

while keeping the operational and energy cost at a
The protected cultivation in greenhouses has become minimum®2.  However, heating and cooling systems

the preferred system as a palliative way against global  are two major costs involved in greenhouses production.
climate change. Therefore, to provide the optimal air  Heating is usually provided by burning fossil fuels which
temperature, relative humidity, water, CO, concentration increase carbon dioxide (CO,) emission, or by using
and lighting inside greenhouses, the environmental  electric heaters, which consume more electric energy!.

Consequently, in the last ten years there are a number of
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studies have been conducted by integrating PV modules

intensity and air temperature inside the greenhouses as

well as reduce, or partially replacing the energy

581 photovoltaic systems can decrease the
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change mitigation option™. However, high levels of PV
internal shading could affect growth, development and
productivity of the cultivated crops due to the low light
intensity and solar radiation can lead to a pathogen
development. Kadowaki et al.!®! studied the effects of
PV-array shading on the horticultural onion crop growth
by mounting a PV array inside the south roof of an
east-west oriented single-span greenhouse straight-line
(PV;) and checkerboard (PV,) of array distribution at
12.9% of the roof area for each in Japan. The results
showed that the straight-line array for shading
significantly decreased the fresh weight and dry-matter
weight of Welsh onions comparing to the checkerboard
distribution array and control treatments. Meanwhile,
the PV, arrangement improves the unbalanced spatial
distribution of received sunlight energy in the
greenhouse™.  However, the effect of flexible solar
panels mounted on top of a greenhouse using a
checkerboard arrangement and covering 9.8% of roof
area, primarily for electricity production, on yield and
quality of tomatoes in southeastern Spain has been
investigated™. Results showed that there was no effect
found in yield and price of tomatoes despite their
negative effect on the fruits size and color in the same
commercial class (G class; diameter 67-81 mm). In
addition, Li et al." reported that the annual return of the
integrated photovoltaic and agricultural greenhouses in
China varied almost by 9% to 20% with a payback period

of 4-8 years. On the other hand, it was reported that the

integration of semi-transparent photovoltaic with
greenhouse were potentially suitable for greenhouses in
high-irradiation  regions***2. Cossu et al.l

introduced a novel algorithm to estimate the cumulated
(Ger) photovoltaic (PV)
With this tool, they found that the yearly
Ger increased with the canopy height on the zones

global radiation inside

greenhouses.

under the plastic cover (Ggr from 59% at 0 m to 73% at
2.0 m), and decreased under 50% PV cover ratio on the
roof (Ggr from 57% at 0 m to 40% at 2.0 m).
Furthermore, the different light distribution on the
canopy heights showed that the incident solar energy on
the crop changes consistently, according to the growth

stage of the plants. However, most zones close to the

side walls and the gable walls were the least affected by
shading when considering the effects on all canopy
Fatnassi et al.'*! modelled the distributed

microclimate (solar radiation distribution, thermal air,

heights.

water vapor and the dynamics fields) inside greenhouse
equipped using the photovoltaic panels by the
They

reported that the mean solar radiation transmission in

Computational Fluid Dynamic (CFD) model.

the Asymmetric greenhouse was 41.6% whereas that of
the Venlo greenhouse was 46%. Meanwhile, the
checkerboard photovoltaic panel distribution improved
the balance of the spatial distribution of sunlight received
in the greenhouse due to the checkerboard arrangement
allow 85% transmission of the external light. It has been
reported that PV module prices have been reduced in the
past 15 years by 80%, while the prices for competing
gasoline or diesel fuel have been increased by over
250%!"%1.  On the other hand, the financial benefits of
PV systems compared with diesel generators showed that
the costs of off-grid hybrid PV systems were 19%
cheaper compared with electricity generation by diesel
generators in most rural parts of Indonesia, whereas
stand-alone PV systems were 3% cheaper than
stand-alone diesel generators™™. Greenhouse crops in
the tropics and sub-tropics suffer from excessive heat
load during summer and more energy consumption for
cooling.  Therefore, the environmental control in
summer is one of the major challenges faced by
greenhouse growers in those regions. Shading is
usually used to reduce the intensity of solar radiation
and air temperature. Consequently, it reduces the
electric energy consumption for cooling, and reduces the
crop transpiration as well as water consumption for

irrigation in arid regionst*"*®,

It was reported that
shading greenhouses in hot and sunny regions, when it
incorporating with a cooling method, reduces the water
consumption by 25%, increases the crop productivity,
reduces greenhouse air temperature lower than the
outside temperature by 5<C-10C and increases the
relative humidity by 10%-15%". Moreover, shading
reduces the intensity of solar radiation by 30% to 50%,
and decreases the energy consumption for cooling up to

20%”%.  The growth of many plants requires an
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appropriate photosynthetic photon flux density (PPFD),
excessively high or low (2500 zmol/s'm” or 50 zmol/s'm®)

PPFD intensity will
[21.22]

prevent photosynthesis in the
plant Consequently, plants can be classified as
shade tolerant and shade intolerant?!. Mashonjowa et
al. reported that shading greenhouse by painting the
greenhouse cover with lime-based whitewash (whitening)
reduced the light transmission for photosynthetically
active radiation, total solar and thermal radiation of the
greenhouse cover from 0.75 to 0.53, 0.74 to 0.55 and 0.45
to 0.43, respectively. Araki et al.”®® found that the
higher growth of spinach was achieved under 45% shading
ratio in June, August and September, and 60% in July
compared to the 0% shading ratio. Sugar and ascorbic
acid (vitamin C) contents were decreased as shading ratio
increased in all seeding times. Nitrate content was
highest under 45% shading ratio in July, August and
September and 30% in June. Soluble oxalate content was
highest in June, July and August and lowest in September
in the un-shaded house in Japan. No data reported to date
has shown how plants grow under a Semi-transparent
Photovoltaics (STPV) shading conditions. Therefore, the
aim of this study was to find out the effects of STPV
panels, mounted at a distance of 0.08 m above the
greenhouse polyethylene cover, on the microclimate
conditions and evapotranspiration rate as well as its effect
on the growth of Lettuce (Lactuca sativa L. var.

longifolia).
2 Materials and methods

2.1 Greenhouse structure and PV configuration

This experiment was conducted in Kunming, China
(longitude 102.68<E and latitude 25.07N), in two
greenhouses of a single stand-alone structure with an
in east-west orientation. The

equal gable roof

dimensions of greenhouse were 7.5 m long, 3.5 m wide,
and 3.0 m high
at a roof slope of 30<

in the middle and gutter height of 2.0 m
The greenhouse cover material
was a 0.12 mm plastic polyethylene (PE) film with light
transmittance of 80% (from Guangzhou Peng Sheng
Greenhouses Company, in Kunming). The ventilation
vents were located on both sides of walls (7 m <1 m)
with net curtains of white saran. Ventilation was
provided by manually opened side windows when the
In the first

season of lettuce growth, one greenhouse was divided

internal air temperature exceeded 25°C.

equally into two parts, the first part as shading treatment
with semi-transparent PV and the second part of
greenhouse with polyethylene cover only as a control.
Three STPV were fixed on the south west roof of the
greenhouse at tilted angle of 30° to provide a sufficient
electrical energy with minimum shading, each STPV
module (1985 mm % 1038 mm > 13.52 mm) has a peak
power of 170 W, and module efficiency of 8.25%, made
in China. The transmittance ratio of the STPV module
was 47% (it has 64 cells 12 cm <12 cm and the rest of
its area is glass, made in China) and the total area of all
STPV modules was 6.1 m2, which is 20% of the
greenhouse roof area designated for the treatment, due to
the total greenhouse roof area is 30 m%. The STPV
modules located on the top of the plastic cover with a
distance of 0.08 m as an isolation air layer between the
plastic cover and the STPV. The STPV panels were
connected in series and fed into the electricity grid by
DC/AC Micro inverter APS YC250A, (Zhejiang Yu
energy technology, Co., Ltd., China). Subsequently, for
the second season two greenhouses were used, one as a
control without STPV shading and the other as a
treatment for lettuce production as shown in Figure 1.

1. Pyranometer 2. Data logger 3. Side wall ventilation system 4. Semi- transparent PV 5. Micro-inverter’s cable 6. Lettuce 7. Unshaded greenhouse
Figure 1 Photos of the greenhouse and the recording station for air temperature and solar radiation
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The light transmission (LT) through the polyethylene
cover under the experimental conditions of the study was
calculated using the Equation (1)F:

LT = ﬁxlOO 1)
KO
where, K; (W/m?) and K, (W/m?) are the internal and
external solar radiation, respectively.
2.2 Microclimate monitoring

Mean daily relative humidity and air temperature
were measured during the experiments in 2015 and 2016.
Relative humidity was recorded every 1 h by Accurate
TH12R-EX recorder, from Xin yada instrument Co., Ltd.,
China.
portable lux meter from Taiwan, Tai Pei TES electronic

The light intensity was measured by a digital

industry, Co., Ltd., China at the level of plants on sunny
days. Available solar radiation at crop level was

measured every 1 min in each treatment with
pyranometers sensors connected to data logger (TRM-2,
Beijing Tianyu technology, Co., Ltd., China). Two
sensors for solar radiations were installed alternatively at
0.5 m and 2 m from the ground. Two sensors for air
temperatures were distributed inside each greenhouse at
1.0 m and 1.5 m above the ground at 1.5 m apart from
each another and one sensor outside the greenhouse for
measuring the ambient temperature as shown in Figure 2.
The specifications of all sensors are shown in Table 1 and
the monthly averaged weather variables in Kunming are

shown in Table 2.
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Note: The black circles represent the solar radiation, light intensity and relative
humidity sensors.
Figure 2 Sensors positions in shaded and unshaded greenhouses

Meanwhile, the white circles represent air temperature sensors.

Table 1 Specification of the instruments

Instrument name Measurement range Accuracy
Thermocouple 0-150C 4.1C
Pyranometers 0-2000 W/m? +2%
Wind speed sensor 0-70 m/s 0.5m/s
Digital portable lux meter 0-200 000 Ix #0. 1 Ix
Accurate TH12R-EX 0-100% #0.2C and 2%

Table 2 Monthly-averaged of meteorological data for
Kunming City

Months Mar Apr May Jun Jul Aug Sep Oct

Average temperature/<C 122 164 182 193 19.2 189 16.6 13.0

Average relative

humidity/% 558 506

605 717 749 755 779 823

Daily solar radiation -
horizontal/kwW h(m? d)™*

Note: The data were collected from the NASA website ).

571 6.23 561 504 457 459 4.03 3.77

2.3 Plants material

The first season of a romaine lettuce was sown on late
March, 2015 in pots of (25 cm wide %25 cm deep), there
were 98 pots divided into two groups, each group
consisting on 49 pots. Each pot had two plants, the first
group as shading treatment of (98 plans) and the second
group as a control of (98 plans) in the same greenhouse
which divided into two parts. The distance between pots
was the same (0.5 m) in rows and lines (7 lines x
14 rows). The second season was on July, 2016 in two
greenhouses. All plants get the same irrigation, soil
(peat moss, perlite, vermiculite and clay) and fertilization
system.  The lettuce measurements parameters were
fresh weight of the above-ground parts, dry-matter weight,
number of leaves, leaf area, and the chlorophyll content
measured at 30 d, 37 d and 60 d after shading treatments,
which means the age of plants under shaded and unshaded
greenhouses.  Twelve lettuces were picked in each
group (rows in borders were excluded) and the leaf area
was calculated through destructive measurement three
times after treatment. The lettuce samples were dried in
a hybrid solar dryer at 55<C for 6 d until a constant
weight to calculate the dry weight. The fresh weight
was measured by a digital balance with a precision of 10
g and the dry matter weight was measured by analytical
balance with a precision of 1 g. The relative chlorophyll
contents of the leaves were measured by a portable
chlorophyll meter (or SPAD meter) and leaf area by a
portable leaf area meter, both instruments from Shanghai
Rong Yan instruments, Co., Ltd., China.

The experimental design was randomized complete
block design with three replications and the data was
analyzed using the statistical software SPSS 18.0 (SPSS
Inc., Chicago, IL, USA).
sampling were analyzed separately by one-way analysis

of variance (ANOVA).

Data and results from each

The data were given as the
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mean =+ standard errors and the level of statistical
significance was set at p<0.05.
2.4 Evapotranspiration rate (Hcy)

The solar heat energy gained on sunny days can
replace some of all heat energy needed to maintain
temperature at the proper level.
be estimated®”! by Equation (2):

He=ls Ar T 2
where, Hs is the solar heat gain, W or kW h/d; I is the
intensity of solar radiation on a horizontal surface,
KW h/(m? d) or MJ/(m? d); A is the area of greenhouse
floor, m? 7 is the transmittance of the greenhouse cover
to solar radiation (decimal of 0.6-0.8)2".

The evapotranspiration rate can be computed from
Equation (3):

The solar heat gain can

He=HsFE (3)
where, H,, is the evapotranspiration rate, kW h/d; F is the
floor use factor, ratio of ground covered by plants to total
ground area (decimal); E is the ratio of evapotranspiration
to solar radiation (0.5)%"".

3 Results and discussion

3.1 Effect of STPV on the greenhouse air
temperature and relative humidity

Microclimate distribution in greenhouses can greatly
influence the growth and development of crops,
particularly the air temperature distributions. It was
found that the highest ambient air temperature in
Kunming was in June and July, whereas, the lowest was
in December and January. It was also observed that the
internal air temperature under the plastic cover was
higher than that of the shaded by STPV in the peak period
from 12:00 to 14:00 in the range of 1T-3<T.
Consequently, the average temperature differences
between the shaded and unshaded parts were high on the
sunny days and the variation started from 9:00 through
15:00 the average air temperature under the shaded part
with natural ventilation was higher than that of the
outside air temperature by 3.0C-8.0<C and the average
air temperature under the unshaded part was higher than
that of the by 5<C-10<C.

Subsequently, temperature  differences

outside temperature
the average

between the shaded and unshaded greenhouses were high

on the sunny days as shown in Figure 3.
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Figure 3  Air temperatures
Furthermore, the average air temperature inside the
shaded greenhouse with natural ventilation was higher
than that of the outside air temperature by 4<C-5<.
Meanwhile, temperatures under the plastic cover with
STPV panels were lower than that of plastic cover only
On the other hand,
when there was no ventilation system (all the sidewall

by 1C-2<C in the same greenhouse.

ventilation were closed) on clear days from 12:00 to
14:00 the average air temperature inside the greenhouse
was higher (37 <C) than the outside temperature (27 <C) by
8<C-10<T as shown in Figure 4.
shading is necessary from the middle of spring, while

It was reported that

even shading of approximately 50% was not sufficient to
cool the greenhouse during noon time of summer days.
Therefore, an additional cooling system is required to
keep the required greenhouse air temperature at optimal
level!,

Air temperatures inside greenhouses always observed
higher than that of open filed conditions, in contrast, the
relative humidity was lower inside the greenhouse
particular during the day time on sunny days. It was
clear that using the natural ventilation all day long could
decrease the relative

internal air temperature and
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humidity especially in summer. Therefore, the
mechanical ventilation operated only on hot days when
the internal temperature exceeded 25<C and/or relative
humidity above 85%. Meanwhile, it was found that the
relative humidity, under natural ventilations, increased in
both greenhouses at night and no differences were
observed between them compared to the outside relative
humidity at night from 18:00 to 6:00. However, the
main variation of relative humidity between the inside
and outside greenhouses started from 12:00 to 17:00 in
clear days of July and it decreased in average of 4% to
10% compared to the outside.
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Figure 4  Air temperatures of two sensors inside and outside the
same shaded greenhouse from 12:00 to 14:00

Consequently, the minimum relative humidity was
about 39%, 40% and 54% in the unshaded greenhouse,
shaded greenhouse and outside, respectively.  The
average relative humidity was about 75%, 76% and 80%
in the unshaded greenhouse, shaded greenhouses and
outside, respectively as shown in Figure 5. Therefore,
no differences were observed in relative humidity
between shaded and an un-shaded greenhouse under
natural ventilation, due to the natural ventilation system
was applied in both greenhouses at the same time. In
addition, creating a small isolated area at 0.08 m between
the plastic cover and the STPV could protect the STPV

from the agrochemical applications, internal air

temperature and relative humidity. Consequently, it
could increase the lifespan of STPV and keep the STPV

efficiency stable at the standard air temperatures.
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Figure 5 Relative humidity inside the shaded greenhouse with
STPV, unshaded greenhouse and outside from 15 July to 20 July,
2016
3.2 Effect of STPV on solar radiation
It was found that the solar radiation under the
polyethylene cover along with PV panels was lower than
that of polyethylene cover only. Therefore, the plants
under the plastic cover always received a higher amount
of solar radiation compared to those under the STPV
reflected more

cover. The polyethylene cover

direct-beam radiation after noon. Consequently, it was
observed that solar irradiation at the canopy (0.50 m from
ground) under the plastic cover with the partial shading of
STPV on greenhouse was 30% to 35 % at 12:00, whereas,
under the plastic cover was 75% to 80% compared to the
direct sunlight outside the greenhouse on sunny days.
However, there was no observed variation of solar
radiation on the cloudy days between the shaded and
unshaded parts of the same greenhouse (Figure 6) and in
The peak
values of irradiance on clear and sunny days were high

both of shaded and unshaded greenhouses.

outside the greenhouse at the range of 0.5-1.2 kW/m?,
inside the greenhouse under PE cover (control) at the
range of 0.40-0.80 kW/m? and low under the PE with
STPV at the range of 0.20-0.56 kW/m?. The effect of
STPV shading on solar radiation for representative days
in winter and summer seasons of both greenhouses are
illustrated in Figure 7. This figure demonstrates that the
STPV shading has the same effect on solar radiation on
sunny days of the winter and summer seasons.
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The greenhouse cover plays a great role in decreasing
or increasing the light permeability to the plants.
Therefore, attaching PV panels inside greenhouses can
decrease the electrical energy generated, due to the
increasing of cell temperatures and transmissivity of the
polyethylene film is known to decrease drastically

00[29,30]

withincident angle of greater than 6 However,

the PV position of PVs inside the greenhouse could be
appropriate for some regions and not very suitable for
some others, due to the local weather conditions and the
type of greenhouse cover. Cossu et al.®*! reported that the
shading of solid PV modules (50% of the roof) reduced
the availability of solar radiation inside the greenhouse by
64%, compared to the single plastic cover. Therefore,
the STPV can be considered as a moderate solution
between the flat hard PV and the plastic cover, due to the
sunlight penetration of the STPV is higher than that of the
non-transparent PV and lower than the single plastic
cover and it can fit some crops in greenhouse.

It was also observed that when the average light
intensity outside the greenhouses was 112.2 kix (on a
sunny day from 11:00 to 14:00, June, 2015), the average
light intensity under the plastic cover only was 87.3 klx.
Meanwhile, light intensity under the plastic cover with
STPV was 31 kIx. These results revealed that the plastic
cover transmittance was about 78% and the transmittance
of the plastic cover with STPV was about 30% comparing
Therefore, the STPV
inside the

to the outside light intensity.
shading decreases the light intensity
greenhouse by 35% comparing to the plastic cover only.
Photosynthetically Active Radiation (PAR) is the
amount of light available for photosynthesis, which is
light in the wavelength range of 400 nm to 700 nm. The
PAR can be measured in either micromoles of photons
per square meter per second (pmol/(m?s)) or in watts per
square meter (W/m?. It was found that the solar
radiation under STPV shading in the peak period during
daytime was higher than or equal to 200 W/m? from 10:00
to 17:00. The minimum amount of irradiation necessary
to ensure sufficient growth and flowering corresponds to a
daily global radiation of 2.0-2.3 kW h/m* (200 W/m?
which equal to 1000 pmol/m?s). Consequently, the
reduction in light transmitted through the polythene cover
compared to the combination of polythene with STPV did
The STPV was a

consequence of the extra partial shade at 35%-40% which

not affect the growth of lettuce.

led to a reduction in the amount of solar radiation that
enters the greenhouse. Moreover, lettuce grown in a
greenhouse does not always require high light intensity

and their photosynthetic rate during summer could be
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approximately 500 umol/(m*s).
3.3 Effect of STPV shading on the growth of lettuce
3.3.1 Number of leaves and leaf area

It was observed that the STPV shading had no effect
on the the first month.
Subsequently, it insignificantly decreased the number of
It was clear that

number of leaves in
leaves after two months of treatments.
mean number of leaves for shading plants was 32 leaves
per plant, whereas for the control (unshaded) was 34
leaves per plant after 60 d of treatment. Results also
revealed that the STPV shading insignificantly increased
the leaf area. The average leaf area of the large leaf per
each plant was approximately 308 cm? for treated plant
and 264 cm? for the control plants after 60 d of treatments
as shown in Figure 8. Therefore, the lettuce leaf area
increased to harvest light more efficiently. These results

are in agreement with Marrou et al.*?
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Note: Vertical bars represent mean =standard errors at p<0.05, (n = 12); * means
a significant difference.
Figure 8 Mean number of leaves and leaf area in the treatments

over time
3.3.2 Chlorophyll content of leaves
Results revealed that the chlorophyll contents of
leaves in shading greenhouse were significantly higher
than those of the unshaded. However, this difference
was not significant after a period of 36 d to 45 d of

treatments as shown in Figure 9.
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Note: Vertical bars represent mean =standard errors at p<0.05, (n = 20);
* means a significant difference.
Figure 9 Chlorophyll content of lettuce leaves

3.3.3 Fresh and dry weight

The mean fresh and dry weights of lettuce plants in
three different days after treatments are as shown Figure
10. The mean fresh weight increased insignificantly
(p<0.05) after 37 d. Therefore, there were no significant
differences between plants in shaded and unshaded parts
of greenhouse. Mean fresh weight was approximately

174 g per plant after 60 d of treatments for both treatments.
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Note: Vertical bars represent mean =standard errors at p<0.05, (n = 12).
Figure 10 Mean fresh and dry weights in the treatments over time

The mean dry weight increased insignificantly after
37 d. Subsequently, after 60 d of treatments there were
no significant differences between all treatments which
are similar to the fresh weight results. Mean dry matter
weight was 16 g per plant after 60 d of treatments for

both treatments.
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Normally, different plants require different amounts
of light for optimal growth. The most important growth
factors for lettuce production are temperature and light.
The movable shading curtains can reduce the energy load
in the greenhouse crop during warm and sunny conditions
and reduce heat radiation losses at night®l. It was
STPV shade

insignificantly responds by increasing the fresh weight

observed that lettuce grown under

and leaf area. Therefore, these results are in agreement
with Fabio et al.* due to lettuce species having a low
light-saturation point in the net photosynthetic rate or
small carbohydrate sink organs.  Furthermore, the
tolerance of lettuces to STPV shade mainly relied on the
ability of lettuces to improve their capacity to intercept
light®3!. In addition, it was recommended that light
intensities of 400 zmol/(m?-s) and 600 xmol/(m?:s) are the
best light intensities for lettuce photosynthetic active
radiation in higher and lower latitudes, respectively™®.
Therefore, lettuce plants might be suitable for cultivation
under the STPV as lettuce production was almost
unaffected by applying this technology for a sustainable
These

results are consistent with the previous results® ¥ when

greenhouses for food and energy productions.

the growth of lettuce was inhibited, resulting in lower dry
weight and relative growth rate (Rgr) with longer leaves,
under the fluctuating light by roof-mounted PV modules
compared to that under normal greenhouse conditions.
Whereas, under diffused light conditions, the ratio of leaf
width to length increased and the values were comparable
to those in the control in spring, summer and fall
cultivations.  Although the net photosynthetic rate of
fully expanded leaves of lettuce grown under diffused
light was lowest, their dry weight and Rgr were
comparable to the control in summer and fall cultivations.
3.4 Evapotranspiration rate (H.,)

The combination of the lost water from the soil
surface by evaporation and from the crop by transpiration
is referred to as evapotranspiration. It is clear that the
evapotranspiration rate in greenhouse can be affected by
the solar radiation received by the crop and the stage of
crop growth. The evapotranspiration rate is normally
The rate

expresses the amount of water lost from a cropped

expressed in millimeters (mm) per unit time.

surface in units of water depth and water depths can also
be expressed in terms of energy received per unit area,
which is known as the latent heat of vaporization, due to
2.45 MJ are needed to vaporize 0.001 m® of water.
Therefore, 1 mm/d is equivalent to 2.45 MJ/(m?€) at
20°C.
evapotranspiration for actively growing plants in a

In this experiment the ratio of solar radiation to

greenhouse was about 0.5, the transmittance of the
greenhouse cover to solar radiation as measured was 0.75
for a single layer of polyethylene and 0.35 for both
polyethylene cover with the STPV, while, the floor use
factor-ratio of ground covered by plants to total ground
area was assumed to be 0.5. It was reported that the
evapotranspiration rate (H.,) increases with the increasing
of solar radiation. Subsequently, the evapotranspiration
inside the greenhouse is lower than the outside, actual
evapotranspiration, due to the absorption and reflection of
incident solar radiation by the plastic cover, lower wind
speed and higher relative humidity inside the greenhouses.
Results revealed that the integration of the STPV along
with polyethylene cover decreased the H., by 47%
compared to the polyethylene cover. The average H,
on a sunny day was 4.37 kW and 2.04 kW for the
unshaded and shaded greenhouses, respectively. The
solar radiation unit can be in (kw h/(m? d)) or (MJ/(m? ))
and 1 kWh is equal to 3.6 MJ.

calculating the monthly H., for both greenhouses it was

Therefore, by

observed that the maximum H, was on April at 3311.63
MJ  (1.72 mm/d) for unshaded greenhouse (Hcpe) and it
was 1545.43 MJ (0.80 mm/d) for STPV greenhouse
(Hevpy).  While, the minimum H,, was found on October
at 2070.79 MJ (1.04 mm/d) for the unshaded greenhouse
and 966.37 MJ (0.48 mm/d) for the STPV greenhouse as
shown in Figures 11 and 12.

The previous studies also found that the mean daily
measured greenhouse reference evapotranspiration by a
free-drainage lysimeters in a semi-arid area of Spain was
ranged from less than 1 mm/d during winter to
approximately 4 mm/d, during summer in July and when
the greenhouse surface was whitened with a moderate
calcium carbonate concentration (as a form of shading)
measured

from  March to  September the

evapotranspiration was reduced by an average of 21.4%,
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and unshaded greenhouses

of STPV with
greenhouses for shading could decrease the water

Consequently, the integration
consumption for irrigation, these results are also in
agreement with the previous studies of Ahemd et al.*"
and Marrou et al.*
3.5 Electric energy demand and STPV production
Results of the calculation revealed that the annual
generated electric energy of the STPV at 20% of the
greenhouse south roof area approximately 637 kW H and
it can save 341.5 kg of CO, The peak generated electric
energy of STPV was in March and the lowest was in June
and July according to the local weather conditions,
particularly the solar radiation. The annual electric
energy demand for greenhouses depends mainly on the
type of construction, local climate and the cultivated crop.
It was found that the annual required energy for heating
and cooling systems for the current experimental
greenhouse in Kunming is about 2600 kW h, due to the
cooling demands are lower (May to July) than the heating
demands (December to February), and the lighting

demand can be ignored. Thereby, the STPV can provide

20% of the annual energy demand. Consequently, using
high efficiency PV modules could provide enough
electric energy to meet the annual energy consumption at
a minimum roof area.

4 Conclusions

The semi-transparent PV panels (STPV) shading
decreases the air temperature by 1<C-3<C on clear days
compared to unshaded, meanwhile it has no significant
effect in the relative humidity ratio. The integration of
STPV with polyethylene cover decreases the solar
radiation by 35% compared to the polyethylene cover.
The STPV insignificantly increases the leaf area and
decreases the number of leaves for lettuce. However, it
has no significant effect on the fresh weight and dry
weight of lettuce plants and the light reduction was not
significantly ~ harmful ~ for  lettuce  production.
Furthermore, STPV could provide about 20% of the
greenhouse annual electrical energy consumption and
decrease the evapotranspiration rate or the water
consumption and the CO, emission. Therefore, a specific
crop management for choosing the most suitable
vegetables can be suggested particularly in hot seasons
such as, lettuce, spinach carrot, turnips, cabbage and
broccoli which need low light intensities. These results
clarify that the electric energy production and allowable
shading could be changed according to the plant species,
geography, meteorology,

characteristics.

season, and greenhouse
In some other words, a mobile STPV
with a light weight, high efficiency or a specific
distribution on the greenhouse roof in tropic and
subtropics area is recommended for shading the
agricultural greenhouses at the start of warm weather in
June until late August, such as the lightweight PV film
can be used as an option for increasing the solar radiation
in winter or cloudy days because it may be possible to
change the position of the PV modules depending on the
season and the local weather conditions. Therefore,
further studies should be conducted to explore the ideal PV

agricultural greenhouses.
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