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A B S T R A C T   

The majority of the cultivated species in indoor vertical farms require many hours of light each day to reach their 
full potential in terms of biomass, leaf size, nutritional value, taste, and colour. At the same time, the cost of 
electricity can be very high due to the many hours of operation, which can be an inhibiting factor for the 
advancement of technology and the profitability of the farm. In this study, we tested the growth of basil plants 
(Ocimum basilicum) under continuous and intermittent photoperiods. The leaf physiological traits of three 
different photoperiod treatments were assessed and used to estimate the toleration rate of the plants under 
different light schedules. In the first indoor growth chamber, the plants were grown under 16 h of continuous 
light, in the second chamber under a normal photoperiod of 14 h with intermittent light, and in the third 
chamber under a load-shifting demand response with 14 h of intermittent light. The purpose was to evaluate and 
design flexible intermittent light exposure to reduce the electricity consumption for crops grown in indoor en-
vironments while maintaining a high growth rate and biomass production of the plants. The presented results of 
this experimental research show a positive correlation of the plants’ responses to abiotic stress when exposed to 
short 10-min periods of intermittent light, without having significant effects on the physiological responses of the 
cultivation. The physiological, biochemical, and morphological status of the plants were assessed in terms of 
photosynthetic rate, chlorophyll pigments, stomatal conductance, and transpiration rate of the plants. The 
protocol with intermittent light exposure induced a significantly 47% increase in biomass production compared 
to the continuous photoperiod, resulting in a more economical, sustainable, business, and ecological impact on 
the energy footprint of indoor food production.   

1. Introduction 

Vertical farming is a revolutionary and more sustainable farming 
technique that allows plant growth in indoor, fully isolated and auto-
mated environments under continuous monitoring conditions. Vertical 
farming is a pioneering concept of agriculture that performs innovative 
farming techniques to significantly increase crop productivity and 
reduce the environmental footprint within urban, indoor, climate- 
controlled, and highly automated infrastructures. For plants grown in 
indoor spaces without solar radiation, a key component of plant growth 
success is the adequacy of light. Here crops grow under carefully 
selected conditions that support optimal growth and a year-round pro-
duction (Despommier, 2010). The indoor environment and the 

application of soilless cultivation techniques lower water requirements 
by up to 95%, maximise land-use efficiency, and increase crop yields 
(76–116%) (Barbosa et al., 2015; Snir et al., 2015). 

Light is one of the most crucial environmental factors that highly 
affects plant growth and development. More specifically, blue (B), red 
(R) and near-infrared (NIR) parts of the light spectrum have a significant 
role and effect on plants’ architecture, development of photosynthetic 
apparatus and phytochemical processes as they are predominately 
absorbed by the photosynthetic pigment of plants (Shao et al., 2015; 
Giliberto et al., 2005). Since combinations of red and blue light have 
such an important impact on the development and growth of the ma-
jority of plants, many studies have been conducted that focus on the 
effects of red and blue light on indoor plant cultivation concerning the 
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determination of the optimal light intensity, R/B ratio and photoperiod 
(Kaise et al., 2019; Li et al., 2013; Wang et al., 2016 ). On the contrary, 
there are very few studies that analyze the influence of different radia-
tion schedules under a more efficient electrical energy utilisation for 
indoor plant growing. 

In addition to having a major impact on the quantity and quality of 
crop growth and development, the selection and operation of light 
sources can significantly determine the capital and operational cost of an 
indoor farm. Based on previous research results (Kozai, 2016; Eaves and 
Eaves, 2017) lighting can account for 60% of the total electricity cost of 
an indoor vertical farm and highly influence and challenge the energy 
footprint and the profitability of these modern types of indoor food 
production. 

Photoperiodism consists of one of the most significant and compli-
cated characteristics of interactions and relationships between plants 
and their surrounding environment. Photoperiodism expresses the 
duration of light hours per day that plants receive, and indicates the 
responses of plants to the length of light allowing them to adapt to the 
seasonal changes of their growing environment (Thomas & Vince-Prue, 
1997). Photoperiod has a marked effect on the growth rate, productiv-
ity, and quality of the canopy at the different growth stages of the plants 
(Touliatos et al., 2016). Many researchers (Kang et al., 2013; Kozai et al., 
2018, chap. 14, pp. 211–222) have previously stated that the optimal 
selection of light intensity, spectrum selection and photoperiod have a 
major impact on crop yield. Kozai et al., 2018, chap. 14, pp. 211–222 
further elaborated on this, explaining how the demand of plants for 
photosynthetically photon flux density (PPFD) can be reduced by up to 
50% after the seedling stage. Briggs and Olney (2001) referred to the 
high correlation between plants’ ability to maximise photosynthetic 
productivity and their capability to sense, evaluate, and respond to the 
composition of the received light. It has also been pointed out how the 
appearance and development of various growth phenomena in a plant’s 
life cycle, such as entering the inertia phase, highly depends on a plant’s 
ability to adapt to changes in day length. The term ‘inertia’ was analysed 
by Van Holle et al. (2003). It describes the persistence of plant organisms 
to resist insufficient environmental factors long after the effect of their 
operational cause. 

Photosynthesis is the photochemical process of plants by which they 
absorb light energy, and by absorbing the atmospheric carbon dioxide, 
they release oxygen and sugars (carbohydrates). Photosynthesis is the 
vital process that enables the plant to grow and develop, and for this 
reason, optimising the various elements of the process can help us un-
derstand, analyze, and develop suitable models for plant growth. The 
photochemical processes of plants play an important role in triggering 
the chemical reaction initiated by light absorbed as energy. A previous 
study conducted by Matthijs et al., 1996 found that longer dark periods 
of light tend to reduce the growth rate of plants. The same study also 
noted that the light flux under continuous and intermittent light is one of 
the most important factors influencing plant growth. Intermittent light is 
a technique in which light is emitted in short cycle periods instead of 
continuous light intervals. Previous studies conducted by Sivakumar 
et al. (2006) and Kurata et al. (2000) present comparison results of sweet 
potato and strawberries respectively that received continuous and 
intermittent light, where the light/dark cycles operated under 
second-scale and hour-scale time intervals, showing that crops with 
intermittent light intervals developed significantly greater dry weight 
and carbohydrate content in comparison with the continuous light 
plants. Intermittent light allows us to examine and evaluate the 
non-photochemical reactions of plants associated with reduced photo-
chemical reactions (Avgoustaki et al., 2020). With the correctly framed 
intermittent use, a control energy system per growth cycle can be 
designed that can help saturate the photochemical process. 

To examine whether an intermittent lighting system can reduce or 
increase the photochemical reactions of plants, we examine the photo-
synthesis rate and other physiological parameters used as growth in-
dicators of basil plants. Photosynthesis is the process by which plants 

receive and capture light radiation, carbon dioxide, and water, and 
convert these elements into energy-rich organic compounds and oxygen. 
Photosynthesis consists of two sequences of reactions: a light and a dark 
reaction that allow photosynthetic electron transport (Kanechi, 2018, 
chap. 3; Saroussi et al., 2019). More specifically, during the light reac-
tion of photosynthesis, a chain redox reaction of photosystem I (PSI) and 
photosystem II (PSII) enables light-energy collection and production of 
useful chemical energy, the latter of which is used for the CO2 assimi-
lation reaction cycle. According to Kanechi (2018), chap. 3, this 
photochemical reaction is highly dependent on the light reaction as well 
as the amount of chemical energy absorbed by plants. Chlorophyll is the 
most important and effective light energy absorber that initiate the 
process of photosynthesis, while the atmospheric air contains the 
necessary carbon dioxide and the oxygen (respiration and transpiration, 
respectively) that enter the leaves through the small pores on the leaves, 
i.e., stomatal. The use of photosynthesis and chlorophyll content (as well 
as leaf temperature, transpiration, and stomatal conductance) is 
commonly monitored and examined as growth indicators for the phys-
iological and phenological developmental stages of plants (Kancheva 
et al., 2014; Tanaka, 2020). For this reason, in agricultural research, the 
study of plant growth and development rate, as well as plant behaviour, 
can provide useful information for growing plants under controlled and 
stressed cultivation conditions. 

Previous studies (Avgoustaki et al., 2020; Chen & Yang, 2018) have 
shown that long light plants (basil and lettuce respectively) grown in 
indoor environments can perform and yield better when exposed to a 
reduced photoperiod with intermittent modes of light. To be more 
specific, the results showed no significant differences in growth rate and 
development between basil plants grown under continuous treatment 
with 16 h of light and basil plants grown under an intermittent 14-h light 
treatment with 4 h of continuous light followed by 4 h of darkness with 
10 min of light per hour). Similarly, Chen (2018) reported that lettuce 
plants that received intermittent lighting modes performed significantly 
higher content of soluble sugar and significantly increased glucose 
content compared with the continuous lighting modes lettuce plants. 
However, even with a positive correlation between the light treatments 
and the development of the plants, there is a need for utilities to provide 
hours of low electricity prices during daytime hours, which would help 
the growers organize the operation of their lighting equipment in stan-
dard time intervals. This is why we decided in this study to examine the 
response of plants under an intermittent lighting system in which light 
was emitted when both energy demand and electricity prices were low 
(fluctuating electricity prices, which are applied in Denmark, Iceland, 
Germany, among others). 

The aim of this research is to determine the effects of intermittent 
lighting modes on the development and growth rate of basil plants in 
order to finally manage to propose a lighting mode that can be applied in 
countries with fluctuating electricity prices, establishing demand 
response facilities, which shift to off-peak hours, thus reducing the total 
operational energy cost of a vertical farm without affecting plant growth 
rate. Under this scope, plant physiology, photosynthetic rate, chloro-
phyll content, transpiration rate, stomatal conductance, plant 
morphology and biomass in basil plants were investigated. 

2. Material and methods 

2.1. Plant material and growth conditions 

The experiments were conducted in three identical indoor chambers 
(Chamber A, Chamber B, and Chamber C) with controlled conditions of 
temperature and relative humidity. The chambers were located in the 
laboratory of agricultural constructions “Kyritsis” at the Department of 
Natural Resources Management and Agricultural Engineering, Agricul-
tural University of Athens, Greece. The external dimensions of the 
climate chambers were the following: height = 200 cm, width = 82 cm, 
and length = 72 cm, while the internal dimensions of the chambers were 
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the following: height = 140 cm, width = 60 cm, and length = 60 cm. The 
growing area in each chamber was 30 cm × 20 cm. The air temperature 
(T_air) and the relative humidity (RH%) were controlled and set at 25 ◦C 
and 55%, respectively. The climate growth conditions in the chambers, 
including T_air, RH%, and CO2 concentration, were automatically 
monitored using a climate control sensor (TROTEC BZ30, UK); one in 
each chamber throughout the experimental period. The light given in 
the systems came from the LED (AstroPlant LED panel, Holland). In the 
LED specifications, the composition and peak wavelengths were the 
following: 8 single-photon counting (SPC) of red peaking at 650 nm, 4 
SPC of blue peaking at 450 nm, and 4 SPC of near-infrared (NIR) peaking 
at 730 nm (Fig. 1). One LED lamp was installed in each chamber, 
remaining stable throughout the whole experiment. When the LED was 
turned on, the amount of light reaching the plant canopy expressed in 
Photosynthetic Photon Flux Density (PPFD) was maintained at 200 
μmol/m2/s for the C8D16L and at 228 μmol/m2/s for the I10D14L and 
I10D14Ls in order to maintain a stable daily light integral at DLI 11.5 
mol/m2/day. It was measured daily with the spectrometer uSpectrum 
(UPRteck/LI-COR) due to the constant development of leaves. 

Long-leaf basil plants (Ocimum basilicum) were selected for this 
study, as they are one of the most frequently selected plant species 
cultivated in vertical farming due to their high nutritional value, high 
cultivation density, high yield rate, and high purchase value. More 
specifically, the selected basil variety was platyphyllum. 

In each chamber, seedling plants (two weeks old) and their growing 
system was filled with perlite (ISOCON PerloflorHydro 1) were grown. 
Two rows of plants were sown, each row with four pots and four plants 
in each pot. In total, each chamber held 32 basil plants. The measure-
ments started one week (seven days) after transplanting when the plants 
were approximately 6.7 cm tall with three pairs of leaves each. The 
plants were grown in an ebb-and-flow hydroponic installation, and 
every other day, water enriched with nutrients was added directly into 
the root zone of the plants. The nutrient solution supplied to the plants 
comprised the following components: 12-6-4 (N–P–K). The solution was 
diluted in water with 9 mL of nutrient solution into 1 L of H2O. 

Basil belongs to the category of long-day plants, i.e., in order to grow 
optimally, they need more than 12 h of light and less than 12 h of 
darkness. Previous literature (Beaman et al., 2009) has noted that the 

optimal photoperiod for basil is 16 h of light. However, in vertical farms, 
which only use artificial light sources, this increases the operational 
costs, leading to higher risk and, often, unprofitable cases. The purpose 
of the present research was to reduce the energy footprint of indoor 
cultivation with LEDs by shifting the energy demand response and 
instead of using a dynamic light provision linked to the fluctuating 
electricity prices in the Nord Pool market. Based on this, we proceeded 
to analyze the daily fluctuations in electricity prices in Denmark and 
concluded that the most expensive hours of electricity usage are be-
tween 7 a.m. and 10 p.m., including a drop in electricity prices between 
approximately 1 p.m. and 5 p.m. (Energinet, 2017; Karabiber & Xydis, 
2019). With this in mind, we designed an additional intermittent light 
treatment that mimicked the actual fluctuations in electricity prices 
(I14L10Dshift). Fig. 1 below describes the light treatment used in each 
chamber. 

To study the effects of intermittent light on crop quality and quan-
tity, an experiment with three different treatments (one treatment in 
each climate chamber) was performed. The experiment was conducted 
from June to July 2020. As seen in Fig. 2, the light conditions in 
Chamber A with 16 h of continuous light remained stable throughout the 
whole experiment. This C8D16L treatment was the control treatment 
that was used to compare the other two treatments. In Chamber C, the 
basil plants were grown under 14 h of intermittent light until the end of 
the experiment and the final harvest of the plants and is referred as 
I10D14L. More specifically, and as visualised in Fig. 2, the plants in the 
I10D14L treatment were grown under a normal intermittent light 
schedule, receiving radiation every 10 min per hour over a 4-h period of 
darkness and 4 h of continuous light. The plants in this treatment 
received a total of 10 h of darkness and 14 h of light each day (Withrow 
R. B. and Withrow A. P., 1944). The third treatment, which took place in 
Chamber B, the plants followed an intermittent light treatment that 
mimicked the actual fluctuations in electricity prices. For this reason, 
the plants received light for 10 min per hour of darkness, when the 
electricity prices were high and 4 h of light when the electricity prices 
were low and is referred as I10D14Ls (Fig. 2).The experiment lasted for 
37 days in all three chambers, after which the plants were harvested and 
measured for quality characteristics. 

The total water consumption during the 37 days varied among the 
different treatments. In the C8D16L treatment, the water consumption 
was 9 L and 18 g of nutrient solution. In the I10D14L treatment, the 
water consumption was 6.82 L and 13.64 g of nutrient solution, while in 
the I10D14Ls treatment, the water consumption was 6.67 L with 13.34 g 
of nutrient solution. Most of the water was absorbed during the exper-
iment due to the plants’ need for water to grow, but also for 
evapotranspiration. 

2.2. Data collection 

In order to calibrate the air temperature (T_air in ◦C), the relative 
humidity (RH%), and the CO2 concentration in the three chambers, a 
climate sensor (TROTEC BZ25 CO2 air quality monitor, Germany) was 
placed in each chamber 50 cm above the crop area in the middle of the 
chamber, which automatically logged data every 10 min. We used the 
logged average values of T_air and RH% to calculate the air vapor 
pressure deficit (VPD) values, which is the actual difference between the 
amount of moisture in the air and describes the moisture capacity of the 
saturated air, that are presented in Table 1. To measure the leaf tem-
perature of the basil plants (T_leaf in ◦C), we used thermocouples 
(chromel-constantan, type E) in each chamber attached to the surface 
area of young, fully developed leaves. The measurements were per-
formed at 10-min intervals, and the data logger recorded the average 
values of the intervals. To measure the temperature of the hydroponic 
substrate and the electric conductivity (EC), we used the WET-2 Sensor 
from Delta-T devices (UK) with the sensor error ± 10 mS*m− 1. The data 
logger connected to the above sensors and the three chambers simul-
taneously was the Campbell PC200W software – AM16/32 (Campbell 

Fig. 1. Relative spectral emission of the LED lamp (AstroPlant LED panel, 
Holland) used in the experiment and measured with the spectrom-
eter uSpectrum. 
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Scientific, Inc., USA). 
Measurements of photosynthesis and chlorophyll were made manu-

ally every day from 9 a.m. to 9 p.m. every 2 h. The samples used as the 
most representative index of plant growth were young and fully devel-
oped leaves from each plant in all three chambers. To measure the 
chlorophyll content of the plants, a portable chlorophyll sensor (CCM – 
200plus, OPTI-Sciences, Inc., USA) was used to provide chlorophyll data 
based on the absorbance of the plants at the 653 nm and 931 nm (sensor 
error ± 0.1 CCI unit). The sensor used to collect photosynthesis data, 
stomatal conductance data, and transpiration data was the LCpro-SD gas 
exchange sensor for portable photosynthesis measurements (ADC 
Bioscientific Ltd., UK) (sensor error 0.1 ◦C). The sensor was calibrated 
before the experiment. Using a portable sensor (Crop Circle, Holland 
Scientific, USA), manual measurements were also made for data 
collection of the normalised difference vegetation index (NDVI) of the 
canopy in the three chambers. 

The NDVI is an important indicator for quantifying the amount of 
green vegetation in an area. To be more specific, NDVI measures the 
difference between the near-infrared light (which the vegetation 
strongly reflects) and red light (which the vegetation strongly absorbs). 
It is one of the most common and accurate indicators for estimating 
plant biomass and water content in crops, and it is well correlated with 
the intercepted photosynthetically active radiation (PAR) (Cabrer-
a-Bosquet, 2010).  

NDVI = (R800 - R680) / (R800 + R680)                                            (1) 

Where, R800 and R680 are the reflectance values at 800 nm and 680 nm, 

respectively. 

2.3. Plant biomass measurements and evaluation of the electrical energy 
used for basil production 

The weights of fresh matter and dry matter of the shoots and roots 
were determined after counting the number of leaves and measuring the 
surface area with the Li-3100 Area Meter (Li-COR Inc., USA). In order to 
collect the dry matter data of the roots and shoots, the different parts of 
the plants were placed in a dry oven at 80 ◦C evaporating water until 
constant weight. We used four plants from each chamber as samples for 
the post-harvest measurements. 

Finally, in order to measure the input of the electrical energy in each 
chamber, we used the PEL103 power-energy logger (Chauvin Arnoux, 
UK). The electrical energy consumed for the basil production was 
measured for each treatment taking into consideration the total leaf 
biomass produced by eight plants in each chamber, the photoperiod 
(hours of light) for each treatment as well as the energy consumed in 
each chamber. The results are presented in kWh kg− 1. 

2.4. Statistical analysis 

Data were subjected to a one-way analysis of variance (ANOVA) 
followed by Bonferroni’s multiple comparison test, and Tukey’s post- 
hoc analysis test. The analyses were performed using SPSS for Win-
dows (IBM Statistics for Macintosh, version 25.0). For the statistical 
analysis, we performed a one-way ANOVA on each of the three inde-
pendent variables (C8D16L, I10D14L, and I10D14Ls). The sample size of 
our statistical analysis was the 32 plants per chamber measured daily for 
the 37 days of the experiment. The data were tested for homogeneity of 
variances using Levene’s test. The one-way ANOVA tests were followed 
by post-hoc tests in order to identify the current statistical significant 
differences between the groups (only for those variables that showed a 
statistically significant difference in the ANOVA table). The one-way 
ANOVA table can accept or reject the null hypotheses of equal vari-
ances of the data of the three independent variables under each 
dependent variable. 

2.5. Hypothesis 1 

There is no significant difference in the growth rate of basil plants 
grown under different light treatments of continuous and intermittent 
photoperiods. 

Fig. 2. Graphical representation of the light schedules in each camber. [a] Control treatment (C8D16L) with 16 hours of continuous light and eight hours of 
continuous darkness. [b] Stress treatment (I10D14L) with four hours of continuous light followed by four hours of darkness with ten minutes of light per hour of 
darkness. [c] Stress treatment (I10D14Lshift) with fluctuating electricity prices: Nine hours of continuous light (10 p.m.-7 a.m.), seven hours of darkness with ten 
minutes of light per hour of darkness (7 a.m.-2 p.m.), three hours of continuous light (2 p.m.-5 p.m.), and five hours of darkness with ten minutes of light per hour 
of darkness. 

Table 1 
Climate conditions in the three climate chambers (Chamber A: C8D16L; 
Chamber B: I10D14Ls; Chamber C: I10D14L).  

Treatment Length 
(days) 

Relative 
Humidity 
(RH%) 

Vapor 
Pressure 
Deficit 
(VPD) 
(Pa) 

T_air 
(◦C) 

CO2 

(ppm) 
Energy 
demand 
(kWh) 

C8D16L 37 64.6 ± 4.3 1119 ±
145 

25.0 
± 0.4 

589 
± 39 

545 ± 21 

I10D14L 37 58.5 ± 4.4 1187 ±
157 

24.5 
± 0.7 

614 
± 44 

458 ± 42 

I10D14Ls 37 61.6 ± 3.9 1200 ±
142 

24.8 
± 0.4 

614 
± 66 

457 ± 47  
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2.6. Hypothesis 2 

There is no significant difference in the growth rate of basil plants 
grown under a normalised intermittent light schedule and basil plants 
grown under intermittent light with load-shifting demand response. 

3. Results 

This section presents the data collection results for various physio-
logical parameters of the basil crops during the experiment. The data 
were tested under one-way ANOVA to compare the equality of means of 
the samples against the control and study the equality of means between 
the samples at a = 0.05. In the one-way ANOVA test, F expresses the 
distribution of data at N-k degrees of freedom (df) at the value of sig-
nificance of the test (p-value) a = 0.05, where df1 describes the degrees 
of freedom between the groups, df2 the degrees of freedom within the 
groups. In the text is described by the following format F (df1, df2) = F- 
stat, p = p-significance value. Subsequently, a post hoc analysis was 
performed to reveal statistically significant differences between the 
groups. Additionally, M expresses the mean values and SD the standard 
deviation. 

3.1. Water status of basil crops under different photoperiod treatments 

The substrate temperature (T_sub in ◦C) of the basil grown under 
each of the three light treatments (C8D16L, I10D14L, and I10D14Ls) 
was compared to identify statistically significant differences between 
the means of the groups. The one-way ANOVA analysis showed that 
C8D16L presents a statistically significant difference compared to the 
two stress treatments I10D14L and I10D14Ls at the p < 0.05 level with F 
(2, 108) = 512.9; p = 0.00. The post-hoc analysis revealed a significant 
difference between C8D16L (M = 25.2, SD = 0.4) and I10D14L (M =
22.3, SD = 0.4) (Fig. 3a). 

A one-way ANOVA performed to compare the electrical conductivity 
(EC in dS*m− 1) of the substrate (perlite) environment in the three 
chambers showed no statistically significant results between C8D16L 
(M = 1.1, SD = 0.2), I10D14L (M = 1.11, SD = 0.2), and I10D14Ls (M =
1.1, SD = 0.1) at the p < 0.05 level with F (2, 108) = 0.180, p = 0.836. 
Fig. 2 shows the daily evolution curve of T_sub and EC with the three 
light treatments (Fig. 3b). 

3.2. Development and study of physiological parameters under different 
photoperiod treatments 

A one-way ANOVA was performed to compare the three light treat-
ments in order to determine if there was a statistically significant dif-
ference between the means of the multiple growth indicators for basil 
crops grown in an indoor controlled environment. 

One of the indices examined was the leaf temperature (T_leaf in ◦C). 
The average leaf temperature varied from 24.1 ◦C to 25.5 ◦C for the 
C8D16L treatment, from 24 ◦C to 25.6 ◦C for the I10D14L treatment, and 
from 24 ◦C to 25.3 ◦C for the I10D14Ls treatment. There was no sig-
nificant effect in the change of leaf temperature at the p < 0.05 level for 
the three photoperiod treatments, F (2, 108) = 512.9, p = 0.060. Post- 
hoc comparisons using Tukey’s honestly significant difference (HSD) 
test indicated that the mean value of the leaf temperature with the 
C8D16L treatment (M = 24.6, SD = 0.4) did not differ much from the 
I10D14L treatment (M = 24.4, SD = 0.4) or the I10D14Ls treatment (M 
= 24.5, SD = 0.4). In Fig. 4a, the curves of leaf temperature for the three 
treatments are shown. 

From Fig. 4b, we observe a continuous and parallel increase in the 
NDVI in all three light treatments. More specifically, the one-way 
ANOVA showed no statistical significant differences between C8D16L 
(M = 0.91, SD = 0.05, N = 37), I10D14L (M = 0.9, SD = 0.04, N = 37), 
and I10D14Ls (M = 0.91, SD = 0.04, N = 37) with F (2, 108) = 0.419, p 
= 0.659. 

3.2.1. Statistical analysis of photosynthesis 
To identify statistical differences in terms of the photosynthetic rate - 

As (μmol*m− 2s− 1) between the three treatments, the C8D16L treatment 
(M = 8.96, SD = 2.6) was compared with the I10D14L treatment (M =
7.9, SD = 2.1) and the I10D14Ls treatment (M = 8.3, SD = 2.6) with N =
37 in all three treatments. Subsequently, we used a one-way ANOVA to 
examine and compare the differences in terms of the photosynthetic rate 
among the three groups. The ANOVA tests showed that the means be-
tween the groups performed no statistically significant differences under 
continuous or intermittent light with F (2, 108) = 1.656, p = 0.196. 

As mentioned in the methodology section, we measured the photo-
synthesis every day and seven times a day from 9 a.m. to 9 p.m. The 
measurements made during the intermittent treatment took place dur-
ing the 10-min light intervals with limited radiation. In both stress 
treatments (I10D14L and I10D14Ls), we also measured the photosyn-
thesis rate at the end of each continuous light treatment, where the 
plants had sufficient time to receive, absorb, and process more light 
radiation and convert the electrical energy into chemical energy. 
Therefore, we proceeded to statistical analysis on the photosynthetic 
rate during the 10-min intervals and the 4-h intervals compared with the 
continuous treatment (every three to 6 h depending on the treatment). 

The C8D16L treatment As10-min with (M = 8.96, SD = 2.6) for the 10- 
min measurements of the photosynthesis rate (As10-min in μmol*m− 2s− 1) 
was compared with the corresponding measurements of the I10D14L 
treatment (M = 7.47, SD = 2.07) and the I10D14Ls treatment (M = 7.9, 
SD = 2.7) with N = 37 in all the three samples. A one-way ANOVA was 
conducted for each of the three groups, showing a statistically signifi-
cant difference at F (2, 108) = 3.546, p = 0.32. These results suggest that 
intermittent light, when applied for 10 min, has a significant effect on 

Fig. 3. Average daily evolution of [a] substrate temperature (T_sub in ◦C) & [b] electric conductivity (EC in dS*m-1) for healthy plants, i.e., C8D16L (the blue line), 
and stressed plants, i.e., I10D14L (the orange line) and I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal 
intermittent light), and c) I10D14Ls (stress/shifting intermittent light). 
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the photosynthesis of the plants. Post-hoc analysis showed that I10D14L 
was statistically significant lower from the control treatment – C8D16L, 
while the I10D14Ls did not show any statistically significant differences 
between the treatments. 

Subsequently, we compared the mean values of the three treatments 
during the continuous light periods as well. More specifically, the 
I10D14L treatment with the continuous light periods lasted 4 h each, 
while for the I10D14Ls treatment, the first continuous light period lasted 
9 h and the second 33 h. For practical reasons, we refer to this as a ‘4-h’ 
light period for both treatments: As4-hour in μmol*m− 2s− 1. A one-way 
ANOVA used to compare the 4-h time intervals in the C8D16L treat-
ment (M = 8.96, SD = 2.6, N = 37), the I10D14L treatment (M = 8.7, SD 
= 2.4, N = 37), and the I10D14Ls treatment (M = 8.8, SD = 2.6, N = 37) 
showed no statistically significant difference among the groups with F 
(2, 108) = 0.132, p = 0.876. 

The above results indicate that the plants under intermittent light 
continued to grow at a steady pace like the plants under continuous 
light. To be more specific, the 4 h of intermittent light were sufficient for 

the plants to develop their photosynthetic capabilities and absorb 
enough light energy to grow. On the other hand, when the plants only 
received 10 min of light, they failed to achieve an optimum level of 
photosynthesis. However, as can be observed from As, when comparing 
the means of the three groups, the total photosynthetic rate of the groups 
increased continuously without any statistical difference between the 
three groups during the experiment (Fig. 5a). As seen in Fig. 5, the 
photosynthetic rate of the I10D14L and I10D14Ls treatments started to 
decrease on day 29 of the intermittent light until the end of the exper-
iment (day 37). 

3.2.2. Statistical analysis of transpiration rate 
The transpiration rate (E in mmol H2O m− 2 s− 1) of the basil leaves 

under the three light schedules was also examined. We performed a one- 
way ANOVA to compare the daily means between the C8D16L treatment 
(M = 1.39, SD = 0.56, N = 37), the I10D14L treatment (M = 1.16, SD =
0.33, N = 37), and the I10D14Ls treatment (M = 1.36, SD = 0.37), which 
showed no statistical significant differences: F (2, 108) = 3.018, p =

Fig. 4. Average daily evolution of [a] leaf temperature (T_leaf in ◦C) and [b] NDVI for healthy plants, i.e., C8D16L (the blue line), and stressed plants, i.e., I10D14L 
(the orange line) and I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal intermittent light), and c) I10D14Ls 
(stress/shifting intermittent light). 

Fig. 5. Average daily evolution of [a] the photosynthetic rate As (in μmol*m-2s-1), [b] the photosynthetic rate during the ten-minute light period As10min (in 
μmol*m-2s-1), and [c] the photosynthetic rate during the four-hour light period As4-hour (in μmol*m-2s-1) for healthy plants, i.e., C8D16L (the blue line) and stressed 
plants, i.e., I10D14L (the orange line) and I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal intermittent light), 
and c) I10D14Ls (stress/shifting intermittent light). 
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0.53. 
Similarly, we conducted a statistical analysis of the three light vari-

ables with the 10-min intermittent radiation and the 4-h continuous 
light treatments. The transpiration rate in the 10 min of radiation 
showed statistically significant results at F (2, 108) = 3.546, p = 0.032 
between the C8D14L treatment (M = 1.39, SD = 0.56, N = 37), the 
I10D14L treatment (M = 0.85, SD = 0.38, N = 37), and the I10D14Ls 
treatment (M = 1.11, SD = 0.41, N = 37). Post-hoc analysis showed 
significant differences between C8D16L and the two stress treatments 
(I10D14L and I10D14Ls); however, the two stress treatments did not 
present any significant difference (Fig. 6b). 

Subsequently, the one-way ANOVA comparing the 4-h intervals of 
light between the three groups C8D16L (M = 1.39, SD = 0.56, N = 37), 
I10D14L (M = 1.19, SD = 0.54, N = 37), and I10D14Ls (M = 1.44, SD =
0.54, N = 37) showed no statistical significant differences: F (2, 108) =
2.234, p = 0.112. As can be observed from the presented data, E had a 
similar pattern as As, where 10 min of light was not sufficient for the 
plants to transpire. However, the following continuous light treatments 
provided the crops with enough light to compensate for the transpiration 
rate in the control group. 

3.2.3. Statistical analysis of stomatal conductance 
An analysis of stomatal conductance [gs in mmol/(m2s)] was con-

ducted between the C8D16L treatment with (M = 0.14, SD = 0.03, N =
37), the I10D14L treatment with (M = 0.12, SD = 0.03, N = 37), and the 
I10D14Ls treatment with (M = 0.13, SD = 0.03, N = 37). A one-way 
ANOVA test showed no statistical significant differences between the 
three treatment groups: F (2, 108) = 2.924, p = 0.058. 

We then performed a further analysis of the two time intervals with 
intermittent light (10 min) and continuous light (4 h) to test whether the 
stomatal conductance was affected by the limited radiation. A one-way 
ANOVA comparing the continuous treatments with the 4-h light 

intervals [gs4-hour in mmol/(m2s)] between the three groups C8D16L (M 
= 0.14, SD = 0.032, N = 37), I10D14L (M = 0.14, SD = 0.03, SD = 37), 
and I10D14Ls (M = 0.15, SD = 0.04, N = 37) showed no statistical 
differences: F (2, 108) = 2.884, p = 0.060 (Fig. 7c). 

The intermittent light treatments with only 10 min of light radiation 
[gs10-min in mmol/(m2s)] were tested using the one-way ANOVA, where 
C8D16L (M = 0.14, SD = 0.032, N = 37), I10D14L (M = 0.099, SD =
0.02, N = 37), and I10D14Ls (M = 0.12, SD = 0.02, N = 37) showed 
statistically significant differences at F (2, 108) = 20.811, p = 0.00. A 
post-hoc analysis revealed significant differences between C8D16L and 
the two stress treatments I10D14L and I10D14Ls, indicating that the 
limited light radiation of 10 min was not sufficient to open the stomata 
during the photosynthetic process (Fig. 7b). 

3.2.4. Statistical analysis of chlorophyll 
For data collection, the portable CCM-200 plus sensor was used to 

measure the chlorophyll content index (CCI) of the basil plants. Fig. 8 
presents the evolution curve of the CCI under the three light treatments. 
The curve shows an aligned development of chlorophyll content for the 
plants exposed to the stress treatment with a 14-h photoperiod and 
intermittent light (I10D14L), the plants grown under a shifting inter-
mittent light treatment (I10D14Ls), as well as the plants following the 
control treatment (C8D16L). The CCI measurement for the C8D16L 
treatment was (M = 24.9, SD = 3.7, N = 37), (M = 22.9, SD = 3.7, N =
37) for the I10D14L treatment, and (M = 23.7, SD = 4.2, N = 37) for the 
I10D14L treatment. The three samples showed no statistically signifi-
cant differences between the three treatments: F (2, 108) = 2.221, p =
0.113. As the experiment progressed, the values of chlorophyll content 
continued to increase until day 27, after which the values for all three 
treatments remained stable until the end of the experiment, i.e., 28.7 for 
the C8D16L treatment, 28.1 for the I10D14L treatment, and 28.03 for 
the I10D14Ls treatment (Fig. 9). 

Fig. 6. Average daily evolution of [a] transpiration rate E (in mmol H2O*m-2s-1), [b] transpiration rate during the ten-minute light period E10-min (in mmol H2O*m- 

2s-1), and [c] transpiration rate during the four-hour light period E4-hour (in mmol H2O*m-2s-1) for healthy plants, i.e., C8D16L (the blue line) and stressed plants, i. 
e., I10D14L (the orange line) and I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal intermittent light), and c) 
I10D14Ls (stress/shifting intermittent light). 
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3.3. Quality and physiological evaluation of basil grown under different 
light treatments 

The duration of the experiment was 37 days for the three treatments 
(C8D16L, I10D14L, and I10D14Ls). The yield was measured in terms of 

the shoot and the root biomass in each of the three chambers. The LA 
measured at the end of the experiment obtained with the destructive 
method showed no significant differences after the statistical analysis 
with the one-way ANOVA. From Table 2 below, it can be seen that the 
LA mean values for the I10D14L treatment (417.5 cm2) and the 

Fig. 7. Average daily evolution of [a] stomatal conductance gs (in mmol H2O*(m-2s-1)), [b] stomatal conductance during the ten-minute light period gs10-min (in 
mmol H2O*(m-2s-1)), and [c] stomatal conductance during the four-hour light period gs4-hour (in mmol H2O*(m-2s-1)) for healthy plants, i.e., C8D16L (the blue line) 
and stressed plants, i.e., I10D14L (the orange line) and I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal 
intermittent light), and c) I10D14Ls (stress/shifting intermittent light). 

Fig. 8. Average daily evolution of chlorophyll content for healthy plants, i.e., C8D16L (the blue line) and stressed plants, i.e., I10D14L (the orange line) and 
I10D14Ls (the grey line). Days 1-37: a) C8D16L (control/continuous light), b) I10D14L (stress/normal intermittent light), and c) I10D14Ls (stress/shifting inter-
mittent light). 
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I10D14Ls treatment (422.9 cm2) are higher than the LA mean values of 
the C8D16L treatment (410.4 cm2). 

Table 2 shows that the measurements of plant quality and physiology 
did not show statistically significant differences. For most indices, 
however, a small increase in height, as well as mass and surface area, 
was observed among the crops that received the intermittent light 
treatment (I10D14L and I10D14Ls) compared to the mean values of the 
control treatment (C8D16L). 

The total biomass of the plants in each treatment was estimated by 
the following equation:  

Biomassroot = Dry massroot (g) / growing area (m2)                               (2)  

Biomassshoot = Dry massshoot (g) / growing area (m2)                            (3) 

where the growing area was 0.5 m2 within each of the harvested plots. 
The biomass was measured in g/m2. 

Fig. 8 shows the electrical energy necessary for the total crop pro-
duction in each treatment. The different light conditions applied in each 
chamber resulted in a statistically significant decrease in electricity 
consumption in both stress treatments; in fact, the two intermittent 
treatments led to a reduction in electricity consumption of approxi-
mately 16%. A one-way ANOVA showed a statistically significant 
reduced Biomassshoot production (g*m− 2) with F (2, 9) = 5.747, p =
0.025 for the C8D16L treatment (M = 3.8, DS = 0.7, N = 12) compared 
to the I10D14L and I10D14Ls treatments with (M = 5.5, SD = 0.8, N =
12) and (M = 5.6, SD = 0.9, N = 12), respectively (Fig. 8a). We also 
found a significant increase in the Biomassshoot of the two intermittent 

Fig. 9. [a] The left axis (histograms): The average shoot dry biomass (g*m-2). The right axis (line): The average electrical energy consumption to produce basil (kWh) 
grown under the three light treatment (g*m-2). [b] The left axis (histograms): The average shoot dry biomass (g*m-2). The right axis (line): The average electrical 
energy consumption to produce basil (kWh) grown under the three light treatments (g*m-2). The letters ‘a’ and ‘b’ indicate significant differences in energy con-
sumption between the three treatments (p < 0.05). The ‘*’ and ‘a’ indicate significant differences in dry biomass production between the three treatments (p < 0.05). 
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light treatments of 47% compared to the continuous light treatment. In 
addition, significantly lower electricity consumption in the cultivation 
system was also registered, and finally, the results of the one-way 
ANOVA for the Biomassroot measurements showed no significant dif-
ferences between the three treatments (Fig. 8b). 

4. Discussion 

The purpose of this study was to investigate and optimise the sus-
tainability and effectiveness of an indoor cultivation system by 
designing a more cost-effective and ecological plant production, mainly 
to satisfy the urban demand for fresh food. Especially in indoor vertical 
farms relying on artificial lighting, optimising the sustainability and 
efficiency of a lighting system has a significant impact on the operational 
costs. Therefore, reducing the amount of light delivered to the crops 
(photoperiod) and designing a more flexible system that balances the 
supply and demand in the electricity market without negative effects on 
yields and crop quality can greatly affect the profitability and yield 
production of indoor farms. To test the two hypotheses, we examined 
basil plants’ reaction between the three light treatments under various 
growth indices such as photosynthesis rate, transpiration rate, and sto-
matal opening. An important part of the study was also to find the best 
time (of the 37 days) to switch to a load-shifting demand response 
technique without affecting the crop yield and quantity of the basil. 

Teskey et al. (1995) note the importance of primarily environmental 
factors such as light, water, and CO2, which have a major impact on 
photosynthesis, as they can easily alter the rate of chemical processes 
that take place. Apart from the direct regulators of photosynthesis, a 
group of substances composes the physiologically active compounds and 
structures that form the basis of the dark and light reactions responsible 
for photosynthesis. These substances define the photosynthetic frame-
work that determines the physical structure of the plant, the arrange-
ment of the organs that promote photosynthesis as well as the nutrients 
involved in the photosynthetic pathway. To determine the response of 
the plants to intermittent light, we followed the gas exchanges, and the 
photochemical efficiency of the basil plants. 

4.1. The effect of different light treatments on basil quality, leaf function 
and physiological parameters 

Throughout the experiment, the leaf temperature (T_leaf) of the 
plants under the continuous light treatment was not significantly lower 
than the two intermittent light treatments, the main cause probably 
being evaporation that cools the leaves while light (radiation from light 
source) heats them up. The foliage, which is exposed to higher radiation 
levels, rarely performs temperatures that are equal to the air tempera-
ture (Idso et al., 1981; Gimnez & Thompson, 2005). Our results showed 
a positive difference between the leaf and air temperature, indicating 
that the growing conditions were sufficiently cool for plants growth. 
Additionally, the non-significant decrease in leaf temperature under the 
control conditions could be attributed to the increased thermal radiation 
reaching the leaf area surface under continuous light. 

The substrate temperature (T_sub), or root zone temperature, is one 
of the most important factors affecting the nutrient uptake from the 
water into plants. According to McMaster and Wilhelm (2003), T_sub 
can control the responses of plant shoots by changing the temperature of 
a shoot apical meristem, which allows to control and regulate the hor-
monal balance in the water and nutrient uptake (Bhattacharya, 2019). 
The values of electrical conductivity (EC) presented no statistically 
significant differences, indicating that there were no disturbances in the 
nutrient concentration of the irrigation water, which enhanced water 
and nutrient uptake in all three light treatments. 

Light is one of the most crucial factors directly influencing plant 
growth and biomass production. Natural light due to the high fluctua-
tion in both intensity and spectral composition, lead vegetation plants to 
evolve abilities that allow them to adapt to acclamatory responses of 
light fluctuations (Chen & Yang, 2018). The amount of light harvested 
by plants is highly determined by the relationship between the optical 
characteristics and the physiological-biochemical capacity of the leaves 
(Smith & Hinckley, 1995). Light is transmitted or scattered forward 
through the epicuticular layers and interacts with the cuticle of the 
leaves and the epidermal/hypodermal layers. The way plants respond to 
light can provoke physiological alterations that affect the CO2 assimi-
lation and optimisation of gas exchanges inside the plants. As already 
stated by Savvas (2016), the photoperiodic reaction is very important in 
the cultivation of leafy greens intended for the production of edible fresh 

Table 2 
Results of statistical analysis comparing the quantitative mean values of the three treatments C8D14L (control), I10D14L (stress), and I10D14Ls (stress). The columns 
represent the sample size (N), mean values (Mean), standard deviation (SD), degrees of freedom between the groups and (df1) and within the groups (df2), F-test (F), 
and level of significance (p-value). Significant at the p < 0.05 level.   

Treatment N Mean SD df1 df2 F p-value 

Heightshoot (cm) C8D16L 12 18.0 1.4 2 9 0.191 0.829  
I10D14L 12 18.2 1.3      
I10D14Ls 12 18.5 0.6     

Heightroot (cm) C8D16L 12 6.0 0 2 9 0.457 0.647  
I10D14L 12 6.8 1.7      
I10D14Ls 12 6.2 1     

Number of leaves C8D16L 12 13.7 1.9 2 9 0.076 0.929  
I10D14L 12 14.0 1.6      
I10D14Ls 12 13.5 1.9     

Leaf Area – LA (cm2) C8D16L 12 410 75 2 9 0.034 0.966  
I10D14L 12 418 52      
I10D14Ls 12 423 75     

Fresh massroot (g) C8D16L 12 9.8 2.7 2 9 0.020 0.980 
I10D14L 12 9.9 3.2  
I10D14Ls 12 10.2 2.5 

Fresh massshoot (g) C8D16L 12 31 7 2 9 0.127 0.882 
I10D14L 12 33 5     
I10D14Ls 12 33 5     

Dry massroot (g) C8D16L 12 1.14 0.5 2 9 1.141 0.362  
I10D14L 12 1.87 0.9      
I10D14Ls 12 1.38 0.6     

Dry massshoot (g) C8D16L 12 1.9 0.4 2 9 5.747 0.025  
I10D14L 12 2.8 0.4      
I10D14Ls 12 2.8 0.5      
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products such as basil. For such vegetables, the goal is to delay the 
growth of flowers to increase the number of edible shoots. In other 
words, flowering is undesirable in crops such as basil, since it causes 
hardening of the leaves, i.e., they become inedible and fail to grow 
properly. Therefore, when growing such vegetables, the light period 
should not coincide with the flowering needs of the plants. 

Since light has such a major impact on various qualitative and 
quantitative processes in plants, we proceeded to study the photosyn-
thetic status of plants under continuous and intermittent light modes. In 
a previous publication by Avgoustaki et al. (2020), the significance of 
dark periods was examined and explained, including how their duration 
and frequency can affect the response and processing of the plants in the 
following light period. Regardless of the length of the intervening dark 
period in the 24-h cycles, the same amount of photochemical product 
was obtained with only a few minutes of light in the initial period of high 
irradiation to which the plants were exposed. According to Grobbelaar 
et al. (1996), longer and continuous dark periods do not necessarily lead 
to higher photosynthetic rates. This has been studied by various re-
searchers (Iluz, 2011; Tzinas, 1987; Withrow & Withrow, 1944), who 
have found that the balance between light and dark cycles is of signifi-
cant importance in improving the photosynthetic activity of plants. 
Many studies focus on defining the optimal irradiation that plants 
receive daily and the dark and light intervals to which they are exposed. 
Iluz et al. (2012, pp. 115–134) stated that plants absorb all the necessary 
irradiation during a light period (gross photosynthesis) and use it 
continuously during the following dark period. Our results showed that 
the photosynthetic rate of the plants receiving intermittent light per-
formed higher, independently of the limited irradiation. In this study, 
the only statistically significant difference was observed in the photo-
synthetic rate (As) of the 10-min light interval after day 29 of our 
experiment. This could be explained by the fact that the cells did not 
have sufficient energy to perform photosynthesis with a 10-min light 
interval, thus meeting their metabolic requirements. However, as can be 
seen in Fig. 4a, the total photosynthetic rate of the plants was not 
significantly affected by the use of intermittent light. At the same time, 
during the 4-h light period, the cells actually managed to process enough 
energy through photosynthesis, i.e., the As, without affecting the pri-
mary production. 

It should be mentioned that circadian rhythm is responsible for 
controlling the stomata opening and time components of photoperi-
odism, and at the same time circadian rhythm can indirectly benefit the 
physiological responses of plants under unnaturally short periods of 
light (Green et al., 2002). According to Dodd et al. (2005) the 
enhancement of circadian photosynthesis can significantly improve the 
growth and survival of plants by synchronizing the endogenous clock 
period of plants and the exogenous dark-light cycles managing to opti-
mise the relation between clock-controlled biology and the exogenous 
photoperiodic cycles. 

Stomatal conductance (gs) can be used to indicate the water status of 
the canopy and has a significant role in regulating the gas exchanges 
between the exterior environment (atmospheric CO2 concentration) of 
the plant and the interior of the leaf (Zhu et al., 2018). In other words, 
the role of stomata is to control the leaf transpiration and maintain the 
water status by closing and opening the stomata pores (Moriana et al., 
2002). Water stress causes stomata closure, where the amount of the 
CO2 available in the chloroplast is reduced, which ultimately reduces the 
photosynthetic capacity (Smith & Hinckley, 1995). This is the reason 
why stomata are considered one of the most important regulators of the 
leaf’s photosynthetic induction response (Kirschbaum & Pearcy, 1987). 
In a cultivation environment with a controlled CO2 level, a photosyn-
thetic induction response takes a few minutes, while it takes at least 30 
min when the CO2 status is unstable. This is because stomatal conduc-
tance is largely correlated with the induction process and therefore 
highly affected by the VPD values, which tend to decrease when the CO2 
level in the growing area increases (Gimmez and Tompson, 2005). As a 
result, the stomatal conductance showed significant differences between 

continuous and intermittent light during the 10-min light intervals but 
not in terms of the average daily means. Our data indicate that the plants 
were able to successfully absorb CO2 and traverse it via the epidermal 
layer at the photosynthetically active leaf mesophyll cells, contributing 
to the steady, continuous growth of the plants. At the same time the 
photosynthetic rate is saturated at high levels of intercellular CO2 
concentrations. 

Previous researches (Avgoustaki et al., 2020 and Tzina et al., 1987; 
Chen & Yang, 2018) have shown that the amount of chlorophyll accu-
mulation in the early growth stage of plants depends on the total daily 
amount of light radiation that plants receive and does not depend on the 
dark periods of the daily photoperiodic cycle. As mentioned, the 
photosynthetic rate during the intermittent photoperiod is highly 
dependent on the interruption and sequence of the dark intervals. Fig. 7 
shows that the chlorophyll content maintained an increasing rate during 
the experiment in all three light treatments, demonstrating a positive, 
stable, and increasing rate at the different radiation treatments. This 
phenomenon could be explained by the behaviour of plants that are 
exposed to shorter dark periods of light to develop larger photosystem 
units, such as large protein complexes implanted in the thylakoid 
membrane of plants to absorb and convert the given light radiation. In 
order for plants to maintain the same accumulation rate of chlorophyll, 
thylakoids found in short dark periods develop few but large photosys-
tems, as opposed to thylakoids found in long dark periods that develop 
small photosystems. Additionally, changing the photoperiod did not 
seem to affect the circadian clock of plants which acts to regulate the Chl 
tot binding protein responsible for forming parts of the photosynthetic 
machinery of plants. Finally, as Meng (2013) reports, positive expres-
sion of chlorophyll content in plant leaves indicates enhanced flavonoids 
in plants. Chlorophyll increasing results of this study indicate a correct 
matching of the endogenous rhythms of plants with the environmental 
rhythms, leading to increased chlorophyll content, increased growth and 
increased assimilation (Dodd et al., 2005). 

Transpiration is the loss of water vapor from plants and consists of a 
physical process that is highly dependent on the external physical and 
physiological factors of plant growth. Transpiration refers to the water 
losses from the foliage of the canopy and is involved in the carbon 
assimilation process. The movement of any type of gas from and to the 
leaves is controlled by the gradient of water vapor pressure between the 
tissue of the plant and the surrounding atmosphere (Madani et al., 2019, 
pp. 405–423). Light radiation provides the necessary energy light source 
to perform the transpiration process. Previous studies have addressed 
the link between stomatal function and control of photosynthesis and 
the transpiration processes of plants. Stomata allow plants to minimise 
water loss while obtaining CO2 for photosynthesis (Jones, 1995). In 
Figs. 5 and 6, similar patterns and tendencies in transpiration rate and 
stomatal conductance can be observed. Our results showed that on a 
daily average, the photoperiodic treatments produced similar transpi-
ration rates and stomatal conductance values. The high level of atmo-
spheric CO2 concentration in all three treatments led to an increase in As 
of the plants despite the reductions in stomatal conductance and tran-
spiration rate during the intermittent photoperiod. The reduction in 
average transpiration and the slightly higher leaf temperature under 
intermittent light increased the evaporative demand of the plants (Jarvis 
et al., 1999). 

4.2. Effect of different light treatments on biomass accretion and energy 
demand 

NDVI constitutes a fast, non-destructive meter for estimating the 
green biomass, leaf area index (LAI), chlorophyll content, nitrogen level 
as well as grain yield at the canopy level (Cabrera-Bosquet et al., 2010). 
In Fig. 3b, it can be seen that the shift from the continuous to an inter-
mittent photoperiod did not affect the plant growth of the basil plants, 
resulting in the same amount of biomass and leaf area growth for all 
three treatments. 
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As mentioned by Goswami et al. (2015), there is a strong exponential 
relationship between NDVI and biomass. Adams and Langton (2005) 
have also highlighted that photoperiod and light distribution have a 
major impact on plant biomass production, leaf size, and leaf area. 
Table 2 presents the increase in leaf area (LA) under the intermittent 
light treatments. As explained by Cockshull (1966), this has an effect on 
plants despite the intermittent light, while the photoperiod treatments 
continue to affect the final leaf size in the final stages of leaf elongation 
and expansion when the rate of the cell division decreases. We can as-
sume from our results that the plants under intermittent light correlated 
positively with endogenous gibberellins, i.e., a group of hormones 
responsible for the stem elongation, germination, and flowering. It 
seems that the slight decrease in the daily averages of chlorophyll con-
tent for all the three light treatments from day 26 was merely an inci-
dental side effect of the increased expansion of the leaves at this time in 
their growth stage. As observed by Adams and Langton (2005), no sig-
nificant reduction in chlorophyll concentration per unit LA is caused by 
the increase of chlorophyll content during leaf expansion growth of 
plants. 

A continuous and longer photoperiod was expected to result in a 
higher biomass production. However, as presented in Fig. 8a, the shoot 
biomass obtained from both intermittent light treatments was signifi-
cantly higher than that of the continuous photoperiod. In parallel, the 
energy demand in kWh was significantly reduced [F (2, 108) = 2143.25, 
p =< .001] under the intermittent and shorter daily light treatment. The 
dry shoot biomass in the I10D14L and I10D14Ls treatments was 86 kWh 
and 89 kWh, respectively, and less energy-consuming than the C8D16L 
treatment. Using the price of electricity in Denmark2, which is around 
0.25 €/kWh for businesses, the I10D14Ls treatment with a load-shifting 
demand response that mimicked the daily electricity prices in the peak 
period resulted in an energy cost saving of 22.25 €/day with a 43-W LED. 

The purpose of this research was to determine the energy savings 
that could be made from growing basil under intermittent light in an 
indoor cultivation system. To test our hypothesis, we performed 
phenological measurements on the plants’ reactions both in terms of 
photosynthesis and carbon export linked to the electrical energy input 
for cultivation under continuous and intermittent light conditions. Post- 
harvest data collection of this experiment, including biomass production 
and leaf area, showed a positive correlation. A further research study is 
needed to make a taste evaluation and determine the correlation and 
variation of secondary metabolites (flavonoids, phenolics, etc.), carot-
enoids concentration, and essential oils in basil plant cells. 

5. Conclusions 

Basil cultivation in an indoor controlled environment under inter-
mittent light showed a positive effect on the growth, development, and 
quantity of the plants compared to continuous light, which is widely 
used in vertical/indoor farming. More specifically, basil plants grown 
under intermittent light with a reduced daily photoperiod presented a 
significantly enhanced final biomass production. Additionally, the daily 
monitoring of the photosynthetic rate, chlorophyll content, transpira-
tion rate, and stomatal conductance of the basil plants followed the same 
average development rate between the intermittent and the continuous 
treatment. The photosynthetic rate of the plants continued to increase 
during the experiment, where the plants were exposed to 10-min light 
intervals followed by 50 min of darkness both in the normal intermittent 
treatment (I10D14L), but also in the treatment that mimicked time-of- 
day pricing of electricity (I10D14Ls). Furthermore, the chlorophyll 
content maintained a steadily increasing rate under the intermittent and 
continuous light treatments. In this experiment, the irradiance (i.e., the 
flux density) was constant in both the continuous and the two inter-
mittent treatments. Therefore, the intermittent photoperiod was 
confounded by the decrease in the total PAR integral that the plants 
received daily. 

Based on our results, we can conclude that from energy consumption 

and biomass production perspective, intermittent light treatments dur-
ing dark hours were more efficient than providing the same light 
continuously during daylight hours. The results of this experiment 
suggest an electricity consumption system that is highly based on the 
energy prices across countries in parallel with monitoring the crop 
growth rate. Finally, vertical farms can profitably implement lighting 
solutions, where the energy consumption is adjusted for fluctuations in 
electricity market prices. 

Future research is needed in this field to examine the optimal light 
conditions in terms of light intensity and the selection of LEDs for more 
species that are best suited for indoor vertical cultivation. The experi-
ment should also be repeated and adjusted in a larger-scale installation 
in order to enhance the economic value of the product. Finally, in order 
to assess and optimise the utility costs of vertical farms, further research 
should examine economic and environmental potentials, making indoor 
farming even more sustainable, especially in a large-scale application. 
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