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A B S T R A C T  

Leafy vegetable production in hydroponic systems under a controlled environment by 

regulating lighting has many advantages. Nonetheless, the high initial start-up and operation 

costs are limiting factors. In order to design an optimal lighting environment for plant growth, 

quality and quantity of the provided light energy must match each crop’s demand. For lettuce, 

this demand is established as a daily light integral (DLI) of 17 mol/m²/day within the 

photosynthetic active radiation (PAR) spectra. Sunshine data from the two considered 

locations Aachen and Cairo have been collected and edited. With these data, the available 

PAR-fraction was calculated with the Angstrom-Prescott equation and compared to the plants 

demand. The available sunlight energy exceeds the crops demand all year round in Cairo 

(maximum in June, five times higher than demand) and in the summer months in Aachen. In 

the winter months in Aachen the sunlight energy is lacking (only 14% of the required DLI in 

December). The results reveal that light intensity and duration of light (photoperiod) should 

be controlled for an optimal balance between artificial light and shading nets, which promotes 

lettuce growth and enhances hydroponic cultivation in semi-controlled environments. 

Moreover, results of this study may contribute to estimate the amount of energy use for CapEx 

(capital expenditures) and OpEx (operating expenses) in environmental closed agricultural 

settings. 

 
  

1. INTRODUCTION 

The size of the increasing global population is estimated 

to reach 9.7 billion people by 2050 according to the  report of 

the United Nations (United Nations Department of Economic 

and Social Affairs,  2022). The rapid increase of the world's 

population also raises global food consumption and 

necessitates agricultural and expansion of global food supply  

(Searchinger, 2019). Although the technology for increasing 

food production has remarkably progressed, the crop 

production volume per land area has steadily decreased 

(Javadinejad et al., 2020). The arable lands are decreasing due 

to natural disasters and global warming which causes an 

increase in the rate of dry land (Dai et al., 2018). Additionally, 

rapid urbanisation leads to losses in arable lands, and 

agricultural productivity in urban and peri-urban areas 

(Barthel et al., 2019). Furthermore, climate change causes 

droughts by shrinking surface and groundwater resources. 
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As agricultural production is highly dependent on water, it 

is increasingly subject to water scarcity risk (Mahato, 2014; 

Leng et al., 2015; Hamed et al., 2018). 

A hydroponic growing system is a cultivation method in 

which plant roots are surrounded by nutrition solution 

without using any soil and instead mediums such as 

vermiculite or rockwool to provide mechanical support 

(Sharma et al., 2018). This soilless technique allows more 

efficient use of natural resources such as water and land 

(Chen et al., 2020). Moreover, hydroponics have potential 

benefits such as shorter cropping periods and a higher yield 

per land compared to conventional agriculture, even though 

they consume a certain amount of energy, need know-how 

and high investment (Aires, 2018). Another possible 

advantage of hydroponic cultivation is that these systems 

allow the growth of crops at any time of the year. Moreover, 

indoor soilless farming systems enable agricultural 

production in urban areas (Kozai, 2016). Nonetheless, the 

light energy demand of the plants is an important limiting 

factor for all-season and urban cultivation (Albright et al., 

2000).  

Lettuce (Lactuca sativa L.) is one of the leafy vegetables 

that can be successfully and easily grown in a hydroponic 

system in greenhouses (Sharma, 2018). Climatic conditions, 

especially temperature and light intensity, affect growth and 

yield of plants in closed systems. Moreover, the light 

intensity has an effect on the nutrient component and 

antioxidant contents of plants. Lettuce is also known to  have 

a high content of antioxidant compounds, primarily vitamin 

C and polyphenols, as well as fibre  (Kang et al., 2013; Sharma 

et al., 2018; Materska et al., 2019; Song et al., 2020). Light 

quality, light intensity, and photoperiod are three significant 

elements consisting of the light conditions for plant growth, 

development, and nutritional quality.  Morover, light quality 

influences the root organic carbon and autotoxin secretions. 

Previous studies have shown that increased light intensity 

usually promoted lettuce growth, above-ground biomass, 

and the activity of antioxidative enzymes (Fu et al., 2012; 

Kang et al., 2013; Viršilė et al., 2019, Zhou et al., 2020). To 

achieve good plant growth through photosynthesis every 

crop needs a certain amount of light energy which is to be 

measured in photosynthetic photon flux density (PPFD, 

μmol/m²/s) and summed up to a daily light integral (DLI, 

mol/m²/d) (Ge et al., 2011). Only a part of the solar spectrum 

can be absorbed by plants, which is called photosynthetic 

active radiation (PAR) and ranges between 400 nm and 700 

nm (Feng et al., 2018). In regions where solar radiation is not 

sufficient, all-year-round supplemental light could provide 

the absent PPFD. For areas with excessive solar radiation, 

shading materials or devices are necessary to protect the 

crops from diseases and disorders. (Namgyel et al., 2018). 

The different morphogenetic and photosynthetic 

responses of each plant to different DLIs vary for the plant 

species.  Many studies have demonstrated that the optimal 

light requirement is 17 mol/m²/d for lettuce growth. The 

supplemental lighting and moveable shade can be used to 

provide a target amount of light requirement (Kang et al., 

2013; Mattson, 2015; Chinchilla et al., 2018). Another affecting 

factor   of lettuce growth in a controlled system is the 

photoperiod, which affects vegetative and reproductive 

growth, and the level of secondary metabolites (Kang et al., 

2013). Therefore, this total amount of 17 mol/m² per day is 

recommended as a balanced light energy supply in a 

photoperiod of 16:8 h (light:dark).Therefore, supplemental 

light can be provided before sunrise and after sunset if 

necessary (Shimizu et al., 2011; Zhang et al., 2018). 

LED-lamps became the common supplemental light 

source in horticulture in the last decade (Gómez and Mitchell, 

2015). LED-lamps consist of semiconductor diode chips that 

emit light energy following the principle of 

electroluminescence. Compared to other light sources LED-

lamps are advantageous due to their small energy demand 

and their long lifetime. Moreover, the light spectrum of LED-

lamps can be adjusted suitably to the characteristics of the 

crop and provide light energy with matching wavelengths 

(Nhut et al., 2017). If the supply of sunlight energy exceeds 

the crops’ demand the plants could be protected through the 

installation of shading nets. Shading nets are available with 

different shading factors which reflect and absorb different 

shares of PAR (Stagnari et al., 2015). 

In this study, the two locations, that are, Aachen in 

Germany and Cairo in Egypt, are examined on their light 

balance for lettuce growth in environmentally controlled 

greenhouse conditions. The PAR-fraction of the solar 

radiation is calculated by sunshine data from 2019 and 2020 

through the Angstrom-Prescott equation and then compared 

to the crop’s requirement. This study aims at providing the 

daily light requirements of lettuce, comparing them with the 

available sunlight energy thereby contributing to optimising 

hydroponic systems and maximising the economic benefit of 

obtaining high quality and quantity of lettuce growth in a 

semi-controlled system. 

2. MATERIAL AND METHODS 

Study Location and Data Collection  

In this study, calculations were performed based on 

meteorological data in Aachen and Cairo. Aachen is located 

in western Germany (50.775 latitude, 6.084 longitude, 173 m 

asl) and is exemplary for the middle European temperate 

climate. Egypt’s capital Cairo is located in the northeast of 

Africa (30.056 latitude, 31.239 longitude, 23 m asl) and next 
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to the Nile delta. Cairo is situated in the subtropical climate 

zone (Westermann, 2022). 

Two main data series were required to calculate the 

photosynthetically active radiation (PAR): Sunshine duration 

(n, hours) and global solar radiation (H0, kWh/m²). These 

parameters were provided by the German weather service 

(CDC, 2022). The following settings were used for the 

sunshine duration: Station data, radiation and sunshine 

duration, sunshine duration, and monthly mean. The global 

radiation values H0 were found by the following settings: 

Grid data, satellite and station data, radiation and sunshine 

duration, global radiation, and monthly sum (CDC, 2022).  

The solar radiation data for Cairo used in this study was 

collected in a weather station from the American University 

of Cairo. The sunshine duration shown in Table 1 is the 

average sunshine duration between 1999 and 2019. It is 

calculated through measured cloud covering data by 

Climate-Data.org (Climate Data, 2019). 

Table 1. The Data used in calculations for photosynthetically active radiation 

Months 
Aachen 2019 Aachen 2020 Cairo 2019 Cairo 2020 

H0  n H0 n H0 n H0 n 

Jan 20 1.55 23 1.92 102 7.9 97 7.9 

Feb 53 4.74 34 1.84 110 8.8 108 8.8 

Mar 69 3.19 90 5.51 159 10 161 10 

Apr 129 6.79 153 9.55 191 11.1 198 11.1 

May 139 5.44 185 9.66 231 11.9 235 11.9 

Jun 188 9.45 162 7.15 227 12.1 244 12.1 

Jul 162 7.34 155 6.53 232 11.6 244 11.6 

Aug 144 7.50 140 6.66 213 10.9 228 10.9 

Sep 97 5.24 102 6.66 X 10.3 163 10.3 

Oct 47 2.67 42 1.71 X 9.6 151 9.6 

Nov 27 2.29 35 3.90 118 8.6 105 8.6 

Dec 17 1.87 15 1.41 102 7.9 96 7.9 

Note: H0: the global solar radiation value in kWh/m², n: sunshine duration in hour

Angstrom – Prescott Model 

In this study, the PAR fraction of sunlight was calculated 

using the linear Angstrom-Prescott equation (compare 

equation 1). This empirical formula establishes a relationship 

between global solar radiation, sunshine duration, and PAR 

fraction using the two Angstrom coefficients a and b as well 

as geographic characteristics (Udo and Aro, 2000; Khalil and 

Shaffie, 2016). 

𝐻𝑝𝑎𝑟

𝐻0
= 𝑎 + 𝑏 ∗

𝑛

𝑁0
 ………..………………………………...(1) 

The two empirical Angstrom coefficients a and b are 

calculated by regression analysis using PAR measurements 

and can be expressed as either monthly or annual averages. 

For both Aachen and Cairo these coefficients are not available 

due to a lack of data. As Aachen is located in the centre of 

Europe, the available Angstrom coefficients for the European 

average (shown in Table 2) were used in this study (Paulescu 

et al., 2015). 

Angstrom coefficients from Tripolis, Libya's capital, were 

used for the calculation of the PAR fraction of Cairo, since 

Tripolis has a very similar climate to Cairo. Only annual 

values are available. Due to the subtropical, cloudless 

climate, this simplification is acceptable. The Angstrom 

coefficients a = 0.215 and b = 0.53 were used for Cairo 

(Paulescu et al., 2015). 

Besides these Angstrom coefficients, the geographical 

location was involved in the Angstrom-Prescott formula in 

terms of the maximum day length N0 which was calculated 

through equation 2 considering geographical latitude and 

solar declination. 

𝑁0 =  
2

15
∗ 𝑐𝑜𝑠−1(−𝑡𝑎𝑛∅ ∗ 𝑡𝑎𝑛𝛿) …………………………(2) 

The solar declination δ was evaluated through equation 3 

according to Spencer (Spencer, 1971) using the day angle 

calculated through equation 4 (Udo and Aro, 2000). 

𝛿 = (0,006918 − 0.399912𝑐𝑜𝑠𝜑 + 0.070257𝑠𝑖𝑛𝜑 − 0.006758𝑐𝑜𝑠2𝜑 +

0.000907𝑠𝑖𝑛2𝜑 − 0.002697𝑐𝑜𝑠3𝜑 + 0.00148𝑠𝑖𝑛3𝜑) ∗ (
180

𝜋
)…...…(3) 

 

The day angle φ is calculated for the 15. day of every 

month assuming an average value. 

𝜑 =  2 ∗ 𝜋 ∗ (𝑑𝑛 − 1) ∗
1

365
………………………………...(4) 

 

Table 2. Monthly Angstrom coefficients from European average (Paulescu et al., 2015) 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

a 0.18 0.2 0.22 0.2 0.24 0.24 0.23 0.22 0.2 0.19 0.17 0.18 

b 0.66 0.6 0.58 0.62 0.52 0.53 0.53 0.55 0.59 0.6 0.66 0.65 
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Table 3. Geographical and sun parameters 

Months dn φ in rad δ in ° N0 in h in Aachen N0 in h in Kairo 

Jan 15 0.24 -21.28 8.2 10.26 

Feb 46 0.77 -13.05 9.8 10.97 

Mar 74 1.26 -2.59 11.58 11.8 

Apr 105 1.79 9.48 13.57 12.74 

May 135 2.31 18.73 15.27 13.51 

Jun 166 2.84 23.3 16.25 13.92 

Jul 196 3.36 21.65 15.88 13.77 

Aug 227 3.89 14.32 14.43 13.13 

Sep 258 4.42 3.44 12.56 12.27 

Oct 288 4.94 -8.21 10.64 11.36 

Nov 319 5.47 -18.25 8.82 10.53 

Dec 349 5.99 -23.23 7.77 10.08 

Note: dn: The day number of the year.,φ: the day angle  which is calculated for the 15. day of every month assuming an average 

value, δ °: solar declination in rad, N0: maximum day length in h

Solar declination and day angle were calculated using 

equation 2 and equation 3 and are presented in Table 3. 

By using these solar declination values and the 

geographical latitude the maximum day length N0 can be 

determined using equation 2 (see Table 3). Since all variables 

are determined, the PAR fraction Hpar of the global radiation 

H0 can be calculated in dependence on the sunshine duration. 

The global radiation and PAR fraction were measured in 

kWh/m². However, the demand of crops is often indicated as 

mol/m²/dor μmol/m²/s. Therefore, the PAR fraction was 

converted with the McCree-factor 4.57 μmol/J and the 

translation of kWh in MJ with 3600 s/h (McCree, 1972). 

Hydroponic growing beds 

Plants inside greenhouses are protected from unstable 

weather conditions, which could limit plant growth. In this 

study, a hydroponically grown lettuce cultivation in an 

environmentally semi-controlled greenhouse with partially 

transparent cover is presumed. How light balance tools such 

as supplemental lighting or shading nets contribute to 

optimal growing conditions and a balanced light energy 

supply is conducted in this study (Brechner and Both, 2013; 

Aires, 2018). In addition to these light balance tools, the 

greenhouse cover itself influences the light balance. A 

fraction of the solar radiation, depending on the cover 

material, is reflected, and cannot be used by the crops. For 

this study, transmission of 85% is presumed, which is a 

typical proportion for common polyethylene cover (Baeza et 

al., 2018; Sahdev et al., 2019). 

To maintain the target DLI of 17 mol/m²/d, additional 

light balance tools can be introduced. If the supply of sunlight 

energy is deficient, supplemental light sources can be 

installed above the crops to provide additional light energy 

(Figure 1). We simulated the supplementary lighting using 

LED lamps in our study, since these lamps have become most 

preffered horticulture lighting in the last decade (Gómez and 

Mitchell, 2015; Nhut et al., 2017). 

 

Figure 1. Lighting balance using tools supplemental light and 

shading net in greenhouse in two different season (left: 

winter, right: summer) 

If the supply of sunlight energy exceeds the crops’ 

demand the plants should be somehow protected from the 

excessive light energy to prevent pests like tip burn (Mattson, 

2015). An affordable and feasible solution for reducing solar 

radiation is the installation of shading nets. These shading 

nets are available with different shading factors, which 

provide information about the share of sunlight that can be 

absorbed or reflected. Shading nets with shading factors 

between 20% and 80% are common (Abdel-Ghany et al., 

2019). 

3. RESULTS  

The Angstrom-Prescott equation is used to calculate the 

PAR-fraction (DLI) of global solar radiation, which is 

summarized in Table 4. The finding reveals that the DLI in 

Aachen is significantly lower than in Cairo. The proportional 

difference is greatest in December and January, with a ratio 

of about one to ten, and smallest in June and July, with a ratio 

of one to two, respectively. Furthermore, the DLI in Cairo 

exceeds the DLI required by lettuce every month, with the 

maximum DLI being five times higher than the required DLI 

in the summer months of June and July. 
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Table 4. Daily light integrals for Aachen and Cairo in 2019, 2020, and available average 

Months Aachen 2019 Aachen 2020 Available DLI Difference Cairo 2019 Cairo 2020 Available DLI Difference 

Jan 3,23 4,08 3,11 13,89 33,73 32,08 27,97 10,97 

Feb 15,27 5,02 8,62 -8,38 41,38 40,62 34,85 17,85 

Mar 13,91 23,69 15,98 -1,02 56,04 56,75 47,94 30,94 

Apr 36,1 53,39 38,03 21,03 70,89 73,49 61,36 44,36 

May 31,37 55,86 37,07 20,07 83,59 85,04 71,67 54,67 

Jun 56,52 42,04 41,89 24,89 84,12 90,42 74,18 57,18 

Jul 40,84 36,85 33,02 16,02 81,44 85,66 71,02 54,02 

Aug 38,66 35,21 31,4 14,4 74,04 79,25 65,15 48,15 

Sep 23,73 28,69 22,28 5,28 0 58,99 58,99 41,99 

Oct 8,49 6,38 6,32 -10,68 0 53,12 53,12 36,12 

Nov 5,05 8,86 5,92 -11,08 41,92 37,30 33,67 16,67 

Dec 3,04 2,37 2,3 -14,7 34,12 32,12 28,15 11,15 

Note: The difference is calculated with the daily demand of lettuce. All elements are in mol/m²/d. (The values for Cairo in 

September 2019 and October 2019 are not available due to irregularities in the data documentation).  

Table 5. Light balance tools overview for Aachen and Cairo 

Months Supplemental light duration Power Shading factors Aachen Shading factors Cairo 

Jan 13.4 166.1 0 39.22 

Feb 8.08 100.1 0 51.22 

Mar 0.98 12.1 0 64.54 

Apr 0 0 55.3 72.29 

May 0 0 54.1 76.28 

Jun 0 0 59.4 77.08 

Jul 0 0 48.5 76.06 

Aug 0 0 45.8 73.91 

Sep 0 0 23.7 71.18 

Oct 10.3 127.7 0 68 

Nov 10.69 132.5 0 49.51 

Dec 14.18 175.8 0 39.61 

Note: Supplemental light duration in hours per day, Power in kWh per lamp per month, and Shading factors in percent 

Table 4 shows the differences between the calculated 

DLI and the optimal target DLI for lettuce growth. The 

available DLI is the arithmetic mean from the presented 

PAR-fraction of 2019 and 2020 including the transmission 

share of the greenhouses.  

Between October and March, negative values in Aachen 

indicate a light energy deficit that could be addressed by 

installing supplemental lighting. For this study, the LED-

lamp with a power requirement of 400 Watt is used for 

further calculations. Its constant PPFD of 288 μmol/m²/s and 

its light spectra with peaks in blue and red wavelengths is 

suitable for lettuce growth. According to the results, the 

months of April to September have positive values and 

thereby require light protection. The same applies to Cairo 

all-year-round. Especially noticeable is the great surplus in 

the summer months in Cairo. Light balance requirements 

are calculated with equation 5 and summarized in Table 5, 

which provides an overview of the needed duration time 

and energy requirements of supplemental light as well as 

the shading factors for Aachen and Cairo. 

The amount of required electric power of one LED-lamp 

for the required duration in a certain month is shown in 

Table 5. 

The configuration of LED-lamps in a particular 

greenhouse must be calculated individually. To give an 

order of magnitude of the area with sufficient light intensity 

of one LED-Lamp, we recommend that the lighting distance 

can be set 40 cm with a 40° angle light beam, based on the 

distance between the crop and the bottom of the LED bars. 

This setup results in a radiated area of 0.353 m². Through 

convenient alignment of multiple LED-lamps, this area can 

be increased through the overlapping of sections with lower 

intensities.  

Table 5 points out the high energy demand of 

supplemental light for winter months in temperate regions 

with a continental climate like Aachen. Even though 

shading nets do not cause running costs and have low initial 

costs the different shading requirements between 39% in 

January and 77% in June require adjustment of shading 

devices throughout the year. 

4. DISCUSSION 

The amount of solar radiation and the subsequent PAR-

fraction is calculated in monthly averages. This 

simplification provides no information about day-specific 

DLIs but allows an annual overview and helps to scale 



Kummer et al. (2022). Muş Alparslan University Journal of Agriculture and Nature, 2(2), 92-100 

97 

further applications. The monthly averages are compared to 

the light energy demand of lettuce (17 mol/m²/d) measured 

in controlled environments (Pinho et al., 2012; Zhang et al., 

2018; Viršilė et al., 2019). Based on the difference, 

approximations of supplemental light demand and shading 

measures were determined. The calculated data indicates 

that there is a general oversupply of sunlight energy in Cairo 

and in Aachen during the summer months. Ilíc et al. (2017) 

showed that the reduction of solar radiation through 

shading nets helps to create optimal growing conditions. 

The study shows that a reduction from a peak point of 2020 

μmol/m²/s in the open field to a peak point of 934 μmol/m²/s 

with shading nets significantly increases fresh weight and 

leaf number of lettuce as well as contents of phenol, 

flavonoid, and antioxidant properties. Statuto et al. (2020) 

has demonstrated that reducing the sun irradiance through 

shading nets benefits plant growth in arid regions. Besides 

the positive effect on the light balance, shading nets also 

reduce the temperature inside the greenhouse and 

especially on the leaf surface, which is also an advantage for 

plant growth (Michelon et al., 2020). 

For the winter months in Aachen, a light energy deficit 

has been detected which could be balanced by introducing 

LED-lamps. That LED-lamps provide sufficient light spectra 

for plant growth and ensure high quality and quantity yield 

is proven not only for lettuce (Shimizu et al., 2011; 

Dzakovich et al., 2015). The main challenge in the present 

semi-controlled system is the unsteady solar irradiation. 

With the available data, the LED-lamp would radiate a 

certain time every day e.g. 13.4 hours in January. If the 

natural solar radiation on a certain day of a month is very 

different from the average DLI presented in table 4 two 

problems can occur. Firstly, if the solar irradiance exceeds 

the average DLI significantly, the crops are exposed to too 

much light energy and can be harmed (Mattson, 2015; 

Ahmed et al., 2020). Additionally, the overspent artificial 

light energy requires electricity, and thereby causes 

unnecessary costs. Secondly, if the solar irradiance 

undercuts the average significantly, plant growth is reduced 

(Viršilė et al., 2019).   

Indicated artificial light and shading nets with shading 

factors ranging from 40% to 75% promote the plant growth 

and allow an advanced approach of hydroponic agriculture. 

For further development, the short-term day-by-day 

variations in solar radiation must be handled. Recent studies 

like Namgyel et al. (2018) and Jiang et al. (2020) showed that 

smart solutions with real-time solar irradiance measurement 

and adapted artificial light intensity could improve plant 

growth. Besides that, real-time data and weather forecasts 

could be implemented as well in those smart lighting control 

panels. Not only artificial light can be real-time regulated, 

but also shading devices like nets or photovoltaic modules 

can be adjusted considering the solar irradiance and the 

sun’s revolution (Svanera et al., 2021). The more data 

processed from real-time sensors or external sources, the 

more computing capacity and networking are required 

which increases investment costs (Botero-Valencia et al., 

2022). Even though further development of real-time light 

balance management would increase yield and quality of 

lettuce, it’s economically feasibility depends on the 

difference which must be balanced besides external factors 

like power prices.  

Overall, our findings suggest that the use of light balance 

tools should take opportunities and costs into account that 

can influence the hydroponic farming system. Further 

research in the development of real-time light balance by 

considering economic factors is necessary. 

5. CONCLUSION 

The cultivation of lettuce with supplemental lighting in 

controlled environments like plant factories is subject of 

many research, whereas for the semi-controlled scenario 

with sunlight and artificial light balance tools only little 

research is applicable. Based on optimal light energy 

demand  for lettuce daily light integral (DLI) of 17 

mol/m²/day, this study processed sunshine data from 

Aachen and Cairo and determined the available PAR-

fraction in monthly averages. Comparing the available 

sunlight energy with the light demand of lettuce showed a 

great surplus of light energy in Cairo, especially in the 

summer. In Aachen, the available sunlight energy is lacking 

in the winter months and excessive in the summer months.  

Overall, our findings suggest that  the use of light 

regulator tools like supplemental lighting (LED-lamps) or 

shading nets iron out these imbalances  between summer 

and winter months. This study may contribute to upscale 

semi-controlled hydroponic systems in similar climate 

conditions to achieve optimized growing conditions for 

high quality and quantity of lettuce production. 
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