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Abstract: Agriculture is the main driver of depletion resources worldwide, and its duty is to ensure food 

security within a rapidly increasing demographic and urbanization, so it is important to transition to 

sustainable production systems. Vertical crops (VCs) can reduce the pressure on conventional agriculture 

because they save water and nutrients and increase crop yield. Therefore, this study aimed to validate a 

proposed predictive model (PM) to simulate water and nutrient uptake in vertical crops under greenhouse 

conditions. Based on the Penman-Monteith equation, PM estimates transpiration, while nutrient uptake was 

estimated using the Carmassi-Sonneveld submodel. PM was experimentally evaluated for vertically grown 

lettuce under Mediterranean greenhouse conditions, during spring 2023. The irrigation technique was a closed-

loop fertigation circuit. The experimental consisted of testing two densities (50 and 80 plants·m-2), where each 

unit of the experiment unit was divided into three heights (low, medium, and upper). It performed ANOVA 

with a value of p < 0.05 and R2 to assess PM performance. The results suggest a high degree of PM, since R2 

ranged from 0.7 to 0.9 for the uptake of water and nutrients. Both densities had a yield between 17-20 times 

higher than conventional lettuce production and significant savings in water, between 85-88%. In this sense, 

PM has great potential to intelligently manage VC fertigation, saving water and nutrients, which represents an 

advance towards reaching SDG 6 and SDG 12, within the 2030 Agenda. 

Keywords: vertical crops; urban agriculture; hydroponics; sustainability; closed-loop fertigation 

systems; crop modelling; protected horticulture; 

 

1. Introduction 

Rapid demographic growth will cause the world’s population to reach 10 billion people by 2050, 

and 7 out of 10 people will live in cities [1,2]. To ensure food security, agrifood systems must be able 

to increase production by around 3 billion tons [3,4], and reduce losses by around 30% to achieve 

SDG 12 of the 2030 Agenda [5]. Likewise, there is a profound concern about the depletion of resources 

and climate change and its relationship with agricultural activity [6]. Agriculture accounts for 37% of 

the land surface [7], consumes 74% of freshwater withdrawals [8], and produces 31% of greenhouse 

gas emissions [9]. Today, agriculture has become one of the main drivers of land degradation, water 

shortages, and climate change [5]. Therefore, it is important to face these world hazards and 

challenges through sustainable strategies that include stopping arable land expansion, increasing 

crop yields, reducing waste food and land degradation, and protecting biodiversity [10]. Closed-loop 

fertigation systems (CLFS) for soilless crops allow improving the efficiency of water and fertilizer 
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use, but require adequate knowledge of the behavior of the system to optimize the process with 

benefits for crop growth and development [11,12]. 

An innovative and sustainable alternative to food production in urban and peri-urban areas is 

vertical crops (VC) [13–15], which can reduce the high pressure of conventional agriculture. Vertical 

crops require short production cycles, between 60 and 90 days, and can produce year-round, 

increasing the efficiency of arable land efficiency between 4 and 10 times [12], reducing 60% of 

transport costs and carbon footprint, reducing food waste by up to 30% [16], and saving water 

between 90 and 95% through accurate and efficient irrigation strategies [17–19]. These systems have 

great potential to reduce the use of water and fertilizers and are competitive and feasible with yields 

of close to 500 t·ha-1 per year [20]. Currently, VCs are carried out in buildings, basements, 

warehouses, growth chambers, containers known as Vertical Farms (VF), greenhouses, or even in an 

open field, and allow the production of a wide variety of fresh and nutritious foods such as fruits, 

verdures, herbs, cereals, mushrooms, and flowers with high profits [15,18,21,22]. In greenhouses, VC 

consume 40% less energy than VF or plant factories (PF) because they increase the energy demand 

by around 42% just for LED lighting [23]. In addition, they reduce crop water needs between 20 and 

40% [24], and increase the yield 5-8 times regarding to conventional agriculture [25]. Therefore, 

vertical crop production in greenhouses can increase yield even more without the need for more 

energy for radiation supply [25]. 

Modeling closed-loop fertigation systems (CLFS) for soilless culture such as used in vertical 

farms allows us to understand the behavior of the system and, at the same time, improve its control 

and optimization [26]. A model that describes crop growth in a CLFS greenhouse must be capable of 

simulating water and nutrient uptake by the crop as a function of its concentration and distribution 

on the substrate. Moreover, it must consider the accumulation of salts and the effects of salinity on 

crop production [26,27], which after a specific threshold can reduce the yield of crops [28]. 

Greenhouse crop models about salt accumulation in CLFS, such as the Giuffrida model, show a 

simplified management of crop fertigation based on two rules. Replace all the nutrient solution when 

the initial electrical conductivity reaches a threshold or eliminate a fraction of the nutrient solution 

(approximately 65%) when sodium reaches a specific concentration, both strategies mean lower water 

consumption between 51-61% compared to open growing systems [29]. The model proposed by 

Silberbush & Ben-Asher is more complete but at the same time more complex. This includes the 

expected concentration of all nutritive ions (NO3-, NH4+, K+, H2PO4-, Ca2+, Mg2+, SO42-) and non-

nutritive ions (Na+ and Cl-) within a hydroponic channel. It assumes that water losses are due solely 

to the transpiration process and solute depletion to root absorption. In addition, it simulates plant 

growth parameters such as root length density and leaf area index (LAI) [30]. Unlike before, the 

conceptual model proposed by Carmassi et al. is simpler and simulates changes in the recirculating 

nutrient solution for CLFS for ion concentration and electrical conductivity (EC) with respect to 

sodium (Na+) variations. This model is derived by a balance equation for the uptake of nutrients from 

crops and the equation proposed by Sonneveld et al. for estimating EC as a function of the sum of 

cation concentration that is useful for estimating Na+ concentration [31–33]. This model is also applied 

to calculate leaching requirements in semi-closed systems for a soilless crop such as rockwool 

tomatoes. The conceptual and mechanistic nutrients uptake submodel is based on an apparent ion 

uptake concentration and not on a real ion uptake concentration of ions; and the empirical water 

uptake submodel is a function of LAI and radiation intercepted by the plant, calculated through the 

canopy light extinction coefficient [34,35]. These mathematical and agronomic bases set up useful 

tools to establish an optimum algorithm to manage fertigation in closed loop hydroponics since 

allowing prediction of amount of replacing nutrient solution along time and adjustment of nutrient 

concentration in nutrient solution, which means a best decision support system for automatic 

function of fertigation in greenhouse closed hydroponics systems [36]. 

Lettuce (Lactuca sativa L.) belongs to the Asteraceae family and is a crop commonly eaten as 

salads around the world due to its high nutritional value and medicinal properties. It is a rich source 

of polyphenols, carotenoids, fiber, antioxidant compounds such as vitamin C, and minerals such as 

Ca, P, among others. It is classified as one of the most relevant leaf vegetables on the economic level 
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and one of the products of the IV-Gamma (minimally processed vegetables and fruits) with a greater 

demand world-wide [37–39]. Currently, net lettuce production around the world is approximately 

27 million tons, whose main producers are China, the United States, India, and Spain [40]. This 

vegetable can be used as a model plant in VC due to its rapid growth, short production cycle, and 

small size [41] 

Despite the efforts and scientific studies carried out in recent years around VC, it is important to 

encourage more R&D activities to determine the feasibility of this crop system at the economic, social, 

and environmental level [17,20,42]. It is possible to use a predictive model to improve the 

management and refreshment needs of the recirculating nutrient solution to make better performance 

and productivity in a closed vertical farming system. 

Therefore, this research project aimed to prove the validity of a predictive model of water and 

nutrients uptake in a closed-loop fertigation system established within a vertical crop under 

greenhouse conditions, allowing the establishment of additional sustainable fertigation strategies 

through fewer resources used with high yields in greenhouse horticulture. 

2. Materials and Methods 

2.1. Predictive model of water and nutrients uptake 

Two submodels working together compose this proposed predictive model (PM): water uptake 

submodel (WUS) and nutrients concentration submodel (NCS). PM is adapted for vertical crops 

under greenhouse conditions. 

2.1.1. Water Uptake Submodel 

The water uptake submodel (WUS) was derived from the Penman-Monteith equation 

established as the FAO standard method to measure crop evapotranspiration. This version was 

modified by the American Society of Civil Engineers (ASCE) to calculate the reference crop 

evapotranspiration (ETo) in hourly periods (mm·h-1). The model run according to two different factors 

that consider daytime and nighttime hours [43,44], as follows: 

ETo = [0.408Δ(Rn – G) + 37u2γ(es - ea)·(T + 273)-1]·[Δ + γ(1 + u2Cd)]-1 (1)

Where: Δ (KPa·C°-1) is the slope of the relationship of saturation vapour pressure with temperature. 

Rn and G (MJ·m-2·h-1) are net radiation at the crop surface and the soil heat flux at the soil surface, 

respectively. γ (KPa·C°-1) is the psychrometric constant. u2 (m·s-1) is the mean hourly wind velocity. 

(es-ea) (KPa) represents the VPD of the air. T (°C) is the mean hourly air temperature and Cd (s·m-1) is 

the day and night factor: Cd = 0.24 for hours of the day and Cd = 0.96 for hours of the night. 

Two modifications were conducted to adapt the Equation 1 to the reference crop 

evapotranspiration on vertical crops in the greenhouse (ETo'). The term G was assumed to be zero 

because the soil does not exist in this type of system. Rn was calculated as the product between solar 

radiation (Rs) outside and the transmissivity coefficient (α) associated with the characteristics of the 

greenhouse film. In addition, the crop coefficient used to calculate the standard evapotranspiration 

(ETc) was equal to the basal crop coefficient (Kcb) to consider only the transpiration (Tr) process. 

Finally, a new factor (Φ) was included that considers the relationship between the density of the 

vertical crop (a) and its equivalent in a standard horizontal density (b), so the results (a·b-1). In this 

way, the proposed Tr predictive model is the following: 

ETc’ = ΦKcbETo’ (2)

Tr ≈ AETc’ (3)

Where: ETo' (mm·h-1 = L·m-2·h-1) is the crop reference evapotranspiration for vertical crops in the 

greenhouse. Kcb (-) is the basal crop coefficient, whose is calibrated by the PM. Φ is the density index. 

ETc’ (L·m-2·h-1) is the crop evapotranspiration under standard conditions for vertical crops in the 
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greenhouse. A (m-2) is the land surface of the vertical crop, and Tr (L·h-1) is the hourly crop 

transpiration for vertical crops under greenhouse conditions. 

2.1.2. Nutrient Concentration Submodel 

The nutrient concentration submodel (NCS) is based on a simple model of ion concentration 

variations proposed by Carmassi et al. in 2003 for closed-loop hydroponic systems, which is a function 

of crop transpiration and other fertigation parameters [32,33,45]. The concentration (expressed as 

mM) of the nutritive ions can be calculated with Equation 4, while the non-nutritive ions can be 

computed with Equation 5 as follows: 

[I]t+1 = [I]t + TrV-1([I]R – [I]U) (4)

[I]t+1 = ([I]t - [I]Rp-1)exp(-pTrV-1) + [I]Rp-1 (5)

Where: [I]t+1 is the concentration of ion I at time t+1. [I]t is the concentration of ion I at time t. [I]R is 

the recharge concentration of ion I at time t+1, [I]U (mM) is the crop uptake concentration (CUC) of 

ion I that stays constant over time. V (L) is the volume of the nutrient solution tank. p (-) is a coefficient 

that depends on the sensibility of a the crop in front of specific ion, and ranges from 0.01-0.3 [31]. 

This submodel includes the electrical conductivity as a function of the sum of cations in the 

nutrient solution (Equation 6), proposed by Sonneveld & Van der Wees in 1990, as shown below [31] 

EC = 0.19 + 0.095[C+] (6)

Where: EC (dS·m-1) is the electrical conductivity and [C+] (meq·L-1) is the sum of cations concentration 

in the nutrient solution (NH4+, K+, Ca+2, Mg+2, and Na+). 

2.2. Modelling process 

The simulation time was 24 days, which started at 7 day and finished at 31 days after 

transplanting (crop time). 

The WUS submodel worked with initial Kcb values equal to 0.15 for the initial crop stage and 0.9 

for the midseason and final crop stages, which were later calibrated. The durations of the crop stages 

were as follows: 0 days for the initial stage because the transplantation was carried out 19 days after 

the sowing, 30 days for the development stage, 15 days for the mid-season stage, and 0 days for the 

late season because the harvesting was done before this stage started [43,46]. The standard horizontal 

density (11 plants·m-2) was calculated from a distance be-tween plants and furrows of 0.3 m. 

Adjustment of WUS to measured data was carried out through a nonlinear least squares process 

using the generalized reduced gradient (GRG) method that tries to minimize a target value [47]. [45]. 

For this, the Microsoft Excel© Solver tool [48], and mean absolute error (MAE) as target value, whose 

variable cells during the simulation process were Kcb values. 

The NCS submodel used as initial values for crop uptake concentrations [I]u in (mM), as follows: 

5.73 K+, 3.20 Mg+2, 9.06 Ca+2 and 0.97 NH4+ [49]. Likewise, it used an initial sensibility coefficient p 

equal to 0.2 for Na+ [33]. Both these values and initial concentrations in the nutrient solution 

calculated were calibrated by PM through Solver tool as well, where target value was the total sum 

of mean absolute error of each cation.  

2.3. Location, climatic conditions, and time experiment 

The experiment was conducted in a tunnel-type medium technology greenhouse (TG) of the 

Almeria University close to the Mediterranean Sea (La Cañada de San Urbano, Almería, Spain; 36° 

46' 37.8" N, 2° 24' 20.1" W) with northwest-southeast orientation. The TG had a surface of 51 m2, 6.3 

m wide, 8.1 m long, 3.5 m height up to the ridge, with polycarbonate side, front, and back walls. The 

roof cover material was polyethylene low density 720 gauge with radiometric properties in front of 

UV radiation and whitened with lime. Ventilation was natural and consisted of a longitudinal 

window mechanic with axis on the roof (zenithal ventilation), 8.1 m in length, with an opening of 
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94% and totally covered with anti-aphid mesh of 50 x 25 threads per inch. Inside a mobile black shade 

screen to a height of 2.5 m. The transmissivity coefficient (α) of the film cover was 0.2, indirectly 

measured relating the measurements outside of TG by a pyranometer of an automatic climate station 

(ACS) and the measurements inside of TG by a luxometer, Sekonic C-7000, the conversion factor used 

was 1 lx = 118 W·m-2 [50]. 

Within TG, three Elitech RC-51H sensor dataloggers (DT) were strategically placed in the vertical 

crop, which registered temperature (°C) and relative humidity (%) each 30 minutes at a height of 1.2 

m. ACS was a greenhouse climate control system installed by Atenix Electronics & Automatics S.L. 

and placed 15 m from TG, and 4.5 m height. This device had sensors to measure irradiance (W·m-2), 

temperature (°C), humidity (%), and wind velocity (km·h-1), whose data also registered each 30 

minutes. 

The climate database used by the predictive model was based on information from ACS and DT 

devices. Data were complemented with the European Commission Photovoltaic Geographical 

Information System (PVGIS) [51], and the Almería airport automatic meteorological station (36° 50' 

47" N, 2° 21' 25" W) of the State Meteorological Agency (AEMET) [52]. The outside wind velocity 

measurements were transformed into the inside greenhouse velocity measurements with a linear 

model of Wang, proposed for this type of greenhouse [53]. The average climate conditions of Almería 

belong to a hot semi-arid climate according to Köppen’s classification with an average month 

temperature of 19 °C, an average month relative humidity of 65%, an annual precipitation equal to 

200 mm with 25 rain days and an annual insolation of 2,800 hours [54] 

Error! Reference source not found. shows outside environmental conditions during the time 

experiment, spring season 2023 (transplant March 15, harvest April 19). The average temperature for 

35 days was 17.3 °C and ranged from 21.7 to 14.4 °C. The diary humidity had an average value of 

63.6% and ranged from 31.1 to 86.1%. The average irradiance was 7.2 KW·m-2 and ranged from 5.9 to 

8.0 KW·m-2. The diary average wind speed was 3.3 m·s-1 and ranged from 0.9 to 7.1 m·s-1. 

 

Figure 1. External environmental conditions with diary frequency for the day after transplantation 

(DAT): temperature (°C), humidity (%), irradiance (KW·m-2) and wind velocity (m·s-1). 

2.4. Plant material 

The vegetable used was baby lettuce cv. Gatsby supplied by the house seeds Gautier Semences. 

Lettuce seeds sown on 24 February 2023, on a substrate composed of a mixture of peat moss and 

vermiculite, were transplanted 20 days after sowing (15 March) in the first hours of day, in 

polystyrene foam (3 x 3 cm). At DAT 0, lettuce plants were 15.5 ± 0.2 cm in height, stem diameter 4.86 

± 0.11 mm, root length 18.4 ± 1.2 cm and had average eight leaves. The harvest process was carried 

out 35 days after transplantation (DAT) in the morning (19 April). 

2.5. Experimental Design and Vertical Crop set-up 

Two different experimental designs were implemented. The first (ED1) aimed to evaluate the 

performance of the predictive model by measuring water and nutrient uptake on the vertical crop, 

and the second (ED2) aimed to assess the effects on physiological and development crop parameters 

under these environmental and system conditions. 

2.5.1. Experimental Design 1 (ED1) 
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The experimental unit was a vertical crop tower type (VCT) of 2.25 m height arrangement in a 

row of 6 m length (Error! Reference source not found.-a), elevated 0.25 m over the ground and 

mounted over a collection drainage pipe (250 mm Ø), both components were supported by a 

structure of anodized aluminum resting on ground. Each vertical crop was made up of cylindrical 

units or towers designated as columns (CLs). In turn, 15 individuals GrowPipes® (GP) units (Error! 

Reference source not found.-b) formed each column. Each GP has 15 cm height and 7.5 cm diameter; 

moreover, divided inside into two cavities by an inner septum and features a hole in one of the sides, 

which supports a plant by an integrated water collecting slide. The setup of multiple GP was 

conducted placing one on the other, opposing the holes for the plants 180 °, while the vertical distance 

between plants was 30 cm (Error! Reference source not found.-c).  

The performance of the predictive model was assessed under different conditions through ED1, 

which consisted of a completely randomised design to compare two crop densities (CDs). The two 

crop densities were obtained by modifying the distance between CLs. Low density (LD) comprise 20 

CLs placed each 0.3 m including 300 plants at 50 plants·m-2. High density (HD) consists of 32 CLs 

placed each 0.19 m, including 480 plants at 80 plants·m-2. Each with three replicates. The distance 

between two consecutive rows of vertical crops was 1 m. Furthermore, days after transplantation 

(DAT) and replications (RP) were included as variation sources to increase the accuracy of the 

experiment. 

2.5.2. Experimental Design 2 (ED2) 

The developmental crop response to the system was evaluated with the ED2 experiment, which 

consisted of a nested or hierarchical design in which the relative plant position (PP) of plant relative 

to the ground was nested in the CD. The PP nest factor had three levels: Low (L), where plants were 

located between 0.25-1.0 m; Medium (M) between 1.0-1.75 m, and Upper (U) between 1.75-2.5 m 

above ground. In this way, the experimental unit VCT was divided into these three levels (Figure 3-

d). Thus, the vertical crop LD had 100 plants per level and HD vertical crop had 180 plants per level. 

Likewise, RP was included as variation sources again to increase the accuracy of the experiment. 

Lettuce plants at the U level received 100% indoor radiation (57 W·m-2 = 260 µmol·m-2·s-1), M 

level 36% (21 W·m-2 = 96 µmol·m-2·s-1) and L level 24% (14 W·m-2 = 64 µmol·m-2·s-1). The conversion 

factor used to transform sunlight, since the units of irradiance to units of photons, was 1 µmol·m-2·s-1 

= 0.219 W·m-2 [55]. The U level had an average value of sunlight photons 4% higher than ideal 

photosynthetically active radiation (PAR) for lettuce, established at 250 µmol·m-2·s-1 [56]. 

 

Figure 2. Montage of vertical crops according to the experimental designs: (a) experimental unit and 

ED1 CD levels of ED1; (b) GrowPipes® unit; (c) assembly of GP units; and (d) levels of nested factor 

P in ED2 (d). 

2.6. Management of Fertigation System 

Fertilizers and the water dosage mechanism consisted of a closed-loop fertigation system (CLFS) 

with irrigation drip type. Below each experimental unit at ground level was located a 250 mm 

diameter PVC collection drainpipe, 6.26 m long, with 250 L capacity, whose purpose was to collect 

all drains from the vertical crop and, in turn worked as a nutrient solution tank (NST) of the 

fertigation system. Each NST had an automatic water replenishment mechanism composed of a 
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plastic buoy, which allowed filtered water from the reserve tank (RT) to maintain the same level in 

the NST during the time experiment. Each RT had a capacity of 100 L connected to NST by a 6 mm 

diameter polyurethane hose. The input of filtered water into RT came from a reverse osmosis system 

(ROS) Mega Grow 1000. The water output had a pH of 7 and an electrical conductivity (EC) of 0.52 

dS·m-1, with these ion concentrations in (mM): 0.50 HCO3-, 0.13 NO3-, 0.01 NH4+, 0.86 PO4-3, 0.01 K+, 

0.11 Ca2+, 0.73 Mg2+, 1.78 Na+, 0.49 SO42- and 1.85 Cl-. 

Automatic supply and adjustment of fertilizers and pH inside NST was conducted by a pH and 

EC hydroponic controller (HP) (Prosystem Aqua Europe S.L. model 04001), through three peristaltic 

pumps, two for fertilizers and one for pH. The nutrient solution in NST was pumped up to an 

irrigation lateral (IL) 20 mm diameter, placed over the VCT using a Monzana MZPP27 peripheral 

pump of 550 W, coupled to the filter system whose filtering material was balls of polypropylene. Each 

column had two flow-regulated drippers (Rivulis Supertit) with a flow rate of 2.2 L·h-1 flow rate, 

which supplied water through a 6 mm diameter microtube connected with irrigation pickets. The 

vertical crop LD had an IL with 40 drippers separated 15 cm, and the vertical crop HD 64 drippers 

separated 9.4 cm. 

The fertigation frequency was established using an analogic Coati irrigation timer. Irrigation 

programming consisted of irrigate each 15 minutes between 10:00 to 16:00, and each 45 minutes for 

the rest of the day. The nutrient solution was calculated using the Nutrient Solutions Calculator 

developed by Incrocci et al. [58]. The ion concentrations of macronutrients in (mM) and 

micronutrients in (µM) of the calculated nutrient solution (NS) were: 15.0 NO3-, 1.0 NH4+, 2.0 H2PO4-, 

10.0 K+, 4.5 Ca2+, 1.0 Mg2+, 2.6 SO42-, 1.78 Na+, 1.85 Cl-, 40 Fe, 5 Mn, 1 Zn, 1 Cu, 30 B, and 1 Mo. The NS 

was concentrated 100 times to prepare concentrated nutrient solutions (CNS) A and B. In tank A, Ca 

(NO3)2, and micronutrients were dissolved, while tank B, contained MgSO4, NH4H2PO4, KNO3, 

KH2PO4 and K2SO4. The pH was regulated with HNO3 nitric acid, as a result, NS EC was to 2.45 dS·m-

1 and pH 5.5. Three intervals for the management of the nutrient solution (fertigation phases) were 

defined: the EC target was set at 2.45 dS·m-1 between 0-6 DAT to acclimatize lettuce crop, then 

increased to 3.3 dS·m-1 between 7-31 DAT (simulation time), and finally not provided for the 

remaining time. 

2.7. Response variables 

For ED1, water uptake and nutrients concentration on NST were considered as response 

variables. The sampling process consisted of taking 21 samples from NST in the morning (9:00) 

between 6-30 DAT. The diary water uptake (DWU) was measured as the volume in liters of water 

needed to recharge NST at the original level through a plastic bucket calibrated to 1 L accuracy. Diary 

variation in ion concentration in NST was measured. For that samples were taken in containers of 50 

ml, which maintained in a refrigerator 4 °C until their measurement at the final experiment time. 

Specifically, the concentrations of nutritive cations (NH4+, K+, Ca+2, and Mg+2) and non-nutritive 

cations (Na+) were measured in mM, using a portable ion-selective electrode meter (ISE) Imacimus® 

IC-5 with a precision of 0.01 mM. 

The sampling in ED2 was 35 DAT collecting 16 plants per each level of PP factor.  Leaf number 

(LN) and productivity parameters were determined. Productivity (g·plant-1) was measured as fresh 

weight (FW) for the root, shoot (leaves + stem) and harvested head with an analytical balance with 

0.01 g precision. The root / shoot ratio (R/S), calculated for FW as Shoot·Root-1). Fresh weight of the 

heads was extrapolated to express yield as t·ha-1. To determine the dry mass, the fresh mass samples 

were dried (in a 631 Plus forced convection oven model) at 70 °C for 48 h to obtain dry weight (DW) 

of shoot and root. Water content of plants was expressed as percentage of (FW-DW)·FW-1. Shoot 

biomass index (SBI) calculates as shoot FW·LN-1 (in g·leaf-1). 

2.8. Statistical analysis 

Data from both statistical designs (ED1, ED2) were analyzed with IBM SPSS Statistics v.28 

software (IBM®, Armonk, NY, USA), using an analysis of variance ANOVA with statistical 

significance (p-value < 0.05) and Tukey test for the comparison of mean values in ED2. The fit 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0385.v1

https://doi.org/10.20944/preprints202401.0385.v1


 8 

 

goodness (accuracy) of PM was measured by statistics metrics for assessing performance of 

prognostic models: coefficient of determination R2, mean absolute error (MAE), mean square error 

(MSE) and root mean square error (RMSE) [59–62] 

3. Results and Discussion 

3.1. Statistical performance of the predictive model 

Error! Reference source not found. shows that PM had a better fit for water uptake, NH4+ and 

K+ concentrations for both densities, whose R2 ranged from 0.826 to 0.920, so these variables can be 

called “good fit variables”, while Mg+2 and Na+ concentrations, R2, ranged from 0.707 to 0.748, thus 

allowing the so-called “acceptable fit variables”. For the Ca+2 concentration, the PM could not explain 

its variation for both densities, a fact that will be discussed later. Comparing the two densities, found 

that NH4+, K+ and Mg+2 had a better R2 in the LD system than in HD, while quite the opposite for 

water uptake and Na+ concentration, whose R2 values were better in HD. 

Regarding the other metrics (MAE, MSE and RMSE), all cation concentrations had higher values 

in HD than in LD, being higher for K+ and Ca+2 concentrations, so PM was less accurate in denser 

vertical crops. MAE was less than 0.267 mM for all cations, except for K+ and Ca+2 concentrations, 

whose value ranged from 0.728 to 0.996 mM. The same occurred for RMSE, whose value was lower 

than 0.337 mM for the concentrations of NH4+ Mg+2 and Na+ concentrations and ranged from 0.882 to 

1.224 mM for the rest of the cations. However, with respect to water uptake, PM was less accurate in 

LD, with a MAE 40% higher and RMSE 31% higher than HD. Overall was, PM had a mean absolute 

error lower than 2 L·day-1. 

Although EC is not estimated by PM, because this is a fixed parameter along the time established 

by the user for the simulation process, its value was 3.3 dS·m-1 (EC target) between 7-31 DAT 

simulation time. The mean absolute error (MAE), mean square error (MSE) and root mean square 

error (RMSE) of the measured data with respect to the EC fixed in PM were calculated. Therefore, in 

Table 1, it is shown that LD had an average error 41% higher than the vertical crop HD with respect 

to the MAE and RMSE statistic metrics, but for both densities the maximum error threshold was 

lower than 0.341 dS·m-1, meant a 10% of the EC target value. 

Table 1. Statistical performance metrics of PM in front of water uptake and cation concentrations for 

low and high density vertical crops. 

Density Statistic
Water 

uptake 

EC Cation concentrations (mM) 

(plants·m-2) metric (L·day-1) (dS·m-1) NH4+ K+ Ca+2 Mg+2 Na+ 

LD (50) R2 0.826 - 0.920 0.896 0.001 0.748 0.720 

 MAE 1.895 0.341 0.098 0.854 0.728 0.146 0.235 

 MSE 5.939 0.177 0.016 1.075 0.778 0.032 0.074 

 RMSE 2.437 0.420 0.128 1.037 0.882 0.178 0.272 

HD (80) R2 0.858 - 0.844 0.839 0.001 0.707 0.743 

 MAE 1.354 0.243 0.112 0.996 0.732 0.267 0.222 

 MSE 3.482 0.087 0.021 1.498 0.831 0.114 0.084 

 RMSE 1.866 0.295 0.144 1.224 0.912 0.337 0.290 

R2 (-): coefficient of determination; MAE: Mean Absolute Error; MSE: Mean Square Error; RMSE: Root Mean 

Square Error. MAE and RMSE are in L·day-1 for water uptake, mM for cation concentrations, and dS·m-1 for EC. 

MSE is in the same units, but in the second power. 

3.2. Water Uptake and Cation Concentrations 

Error! Reference source not found. shows the ANOVA for all response variables: water uptake 

and cation (NH4+, K+, Ca+2, Mg+2 and Na+) concentrations, for both densities in vertical crop. The CD 

together with DAT significantly affected all variables, even if their interaction was influential. 

Although not all-variable responses presented statistically significant differences between 
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replications, as expected. Similarly, the values of the HD vertical crop for all response variables were 

significantly higher than LD. In the case of water uptake, results were agreed on expected outputs 

because HD crop had 60% more plants than the LD. However, for all nutritive cation concentrations, 

it was expected that LD consumes less than HD vertical crop, in other words, the average cation 

concentration in LD was higher than HD vertical crop, as a result of a smaller difference between 

initial and final concentration of each cation, but it did not happen. In the same way, this reasoning 

is applicable for no-nutritive cation as Na+, because despite this being accumulated in the NST, the 

crop consumes little quantities over time. This fact can be explained later by analyzing how the crop 

was affected by the system and the climate conditions through the ED2 response variables. In 

addition, the management parameters of the nutrient solution as pH and EC also were shown in 

Table 2, which ones were significantly influenced by crop density, LD had an EC statistically lower 

than HD, while quite the opposite occurred for the pH parameter. 

Table 2. Water uptake, pH, EC and cation concentration for crop density (CD): high density (HD) and 

low density (LD) in the nutrient solution tank (NST) of vertical crop. 

Sources of Water uptake pH EC Cation concentration (mM) 

variation (L·day-1)  (dS·m-1) NH4+ K+ Ca2+ Mg2+ Na+ 

CD (plants·m-

2) 
* 

* * 
* * * * * 

LD (50) 15a 5.67b 3.25a 0.91a 9.05a 4.89a 1.71a 2.66a 

HD (80) 19b 5.27a 3.53b 0.97b 10.19b 5.20b 1.90b 3.09b 

DAT * * * * * * * * 

CD x DAT * * * * * * * * 

RP ns ns ns ns ns ns ns ns 

Mean values of three replicates. CD: crop density, DAT: days after transplanting. Asterisks denote statistical 

significance according to ANOVA with p-value < 0.05; ns means not significant. Different letters among 

treatments indicate Tukey test significant difference at p < 0.05. 

3.2.1. Water Uptake 

The graphs shown in Fig. 3 show that the PM overestimated quite the real water consumption 

using the initial values of Kcb. Since forecast a water consumption roughly 105 L for LD (Fig. 3a) and 

168 L for HD (Fig. 3b), at 31 DAT, while the PM adjusted with does Kcb values calibrated not exceed 

the 30 L consumed per day for both densities. LD got the following calibrated Kcb values, 0.01 for 

initial stage, and 0.21 for the midseason and late stages, meaning a decrease between 77 and 100%; 

while HD had Kcb equal to 0.04 for the initial stage and 0.14 for midseason and late stages, so the basal 

crop coefficient reduced between 74 and 85%. In this way, based on the modeling process deduces 

that the crop basal coefficients are lower in vertical crops than in conventional agriculture. 

According to Fig. 3c, the adjusted PM forecasted a diary water consumption for the vertical LD 

crop between 5 L and 24 L, at 7 and 31 DAT, respectively, while in Fig. 3d, it shows that the diary 

water consumed by HD ranged from 10 to 25 L (7-31 DAT). As a result, the compound diary growth 

rate (CDGR) was 6.4% for LD and 3.9% for HD, so the model established that LD consumed water 

faster. The adjusted PM had a good fit in both densities, since R2 was 0.826 for LD and 0.858 for HD, 

being a better performance better in HD because its R2 was higher than linear regression. 

HD consumed significantly more water than LD crop density, since had an average diary 

consumption of 15 L (4 L less than HD), whose average consumption was 19 L per day (Table 2). 

Therefore, the average consumption per plant was 50 ml·d-1 for LD, higher than 40 ml·d-1 for the HD 

system. For the same time interval, the PM adjusted, estimated an average diary consumption of 12 

L for LD and 20 L for HD, but with the same average consumption per plant, rough 40 ml·d-1, this is 

a proof that PM assumes that all plants are healthy and with the same irrigation conditions. When 

comparing the results with the water uptake for lettuce crop in conventional agriculture, whose diary 

consumption per plant is around 334 ml·d-1 [63]. Vertical crops were found to significantly save water, 

as the LD system reduced plant uptake by 284 ml, which represents 85% savings, lower than the HD 
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system, since the water reduction was roughly 294 ml, which is equal to an 88% savings. Even, 

compared to horizontal hydroponic lettuce, whose average consumption is approximately 94 

ml·plant-1·day-1 [63], vertical crops are better because the LD system saves 44 ml, equal to 47% savings, 

and the HD system 54 ml, 57% savings. In these ranges, water savings are close to those reported for 

vertical farms as plant factories, which are capable of saving water by more than 95% than 

conventional crop methods [63,64]. 

 

Figure 3. Lettuce water uptake days after transplantation (DAT) of the adjusted predictive model, for 

low (a and c) and high density (b and d), respectively. In: (a,b) graphs with predictive model run with 

initial and adjusted parameters. In (c,d) graphs of adjusted model with linear regression of the data 

and R2. 

3.2.2. Sodium Concentration (Na+) 

The initial Na+ concentration used by the PM at 0 DAT was 1.78 mM for both densities, according 

to the quality of the irrigation water. The initial value of the sensibility coefficient p was 0.2, later 

calibrated was equal to 0.27 for LD and 0.29 for HD, so within the range (0.01-0.3) reported by 

Carmassi et al. [33,45]. 

In Figure 4, the blue graph shows that the predictive model run with the initial values 

overestimated the data. The red graph, corresponding to the adjusted PM, shows that Na+ 

concentration at 7 DAT was 1.88 mM for LD and the 2.11 mM for HD, and the final values were 3.39 

and 3.80 mM, respectively. This establishes a difference of 1.51 mM for LD and 1.69 mM for HD, 

despite that, the CDGR values for both densities were equal to 2.5%, so based on PM deduces that 

Na+ was accumulated in the same ratio independent of density. In both densities, adjusted PM 

presented a high correlation with measured data, since R2 was 0.720 for LD and 0.743 for HD, but no 

greater than linear regression, indicating that it could be feasible and simpler to use a straight line 

instead of an exponential function just as PM works for non-nutritive ions.  

The sensibility coefficients were calibrated together with the average Na+ concentration by the 

model fitted between 7-31 DAT, 2.60 mM for LD and 2.99 mM for HD. For this, we estimate that the 

Na+ crop uptake concentration (CUC) by the lettuce crop was 0.71 mM for LD and 0.87 mM for HD, 

values close to 1 mM, a value reported for the formulation of the nutrient solution for the lettuce crop 
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[66,67]. Furthermore, the measured data indicate that the average Na+ concentration for the vertical 

HD crop during the experimental calibration time was 3.09 mM, significantly higher than the LD 

system, whose value was 2.66 mM (Table 2). This indicates that CD of the vertical crop significantly 

affected this variable, suggesting increased accumulation of Na+ in the denser systems. In 

comparison, the average concentrations from the data and the adjusted model found that during 24 

days of simulation time there was a relative error range of 2-3%. The CUC based on the measured 

data was 0.72 mM for LD and 0.90 mM for HD. 

 

Figure 4. Days after transplant (DAT) concentration of Na+ in the nutrient solution tank (NST) at (a) 

low density (LD) and (b) high density (HD); also contains measured data, predictive model (PM), 

adjusted PM and linear regression of measured data with their equation and R2. 

3.2.3. Ammonium Concentration (NH4+) 

Figure 5, show the graph of the PM run with initial values does not adjust to the data, while the 

PM run with parameters adjusted accordingly. The adjusted model used initial concentrations (0 

DAT) calibrated at 0.45 for LD and 0.49 mM for HD. These values differ more than twice with respect 

to the initial concentration of NH4+ in the NST, set at 1 mM. 

 

Figure 5. Days after transplant (DAT) concentration of NH4+ in the nutrien solution tank (NST): (a) 

low density (LD) and (b) high density (HD); also contains measured data, predictive model (PM), PM 

adjusted, and a linear regression of the measured data with their equation and R2. 

If we analyze the model adjusted between 7-31 DAT, we found that initial concentration was 

1.66 mM for LD and 1.59 mM for HD, and their corresponding final values were 0.28 and 0.55 mM, 

so results differences of 1.38 and 1.05 mM, respectively. Both values are close to 1 mM reported in the 

nutrient solution for lettuce [68,69]. As a result, the compound diary decrease rate (CDDR) was 7% 

for LD and 4% for HD. So one deduces that LD consumed this cation almost to double the velocity 

than HD. Overall. The adjusted PM suited well with the measured data because R2 was 0.920 for LD 

and 0.844 for HD, and linear regression had an R2 higher than LD. 
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The average NH4+ concentration for CD between 7 and 31 DAT was 0.91 mM, significantly lower 

in LD than in HD, whose value was 0.97 mM (Table 2). If we compare these values with the average 

concentrations of the model adjusted, 0.92 mM for LD and 0.97 mM for HD, we find a maximum 

relative error of 1%. The calibrated crop uptake concentration (CUC) values were 1.72 mM for LD 

and 1.12 mM for HD. These differs maximum 77% from 0.97 mM reported for tomatoes and sweet 

peppers [49][70]  

3.2.4. Potassium Concentration (K+) 

Figure 6 shows that the model run with initial values did not adjust to data (blue graph). The 

adjusted model worked with an initial K+ concentration (0 DAT) calibrated of 3.56 mM for LD and 

4.15 mM for HD, both values differ more than double regarding the initial concentration in the NST, 

whose value was 10 mM. The initial concentration predicted by the adjusted model at 7 DAT was 

13.99 mM for LD and 14.90 mM for HD, with their corresponding final concentrations (31 DAT) equal 

to 4.60 and 6.72 mM. As a result of differences of 9.39 and 8.18 mM were obtained, both values differ 

between 4-10% with respect to K+ value reported in the nutrient solution for horizontal hydroponic 

lettuce, 8.5 mM [71]. CDDR was 4.5% for LD and 3.3% for HD, so the conclusion is that LD consumed 

K+ faster. The performance of the adjusted model was good because R2 in both densities was 0.896 

and 0.839, for LD and HD, respectively. Linear regression in both cases had a R2 higher. 

The average K+ concentration between 7-31 DAT for LD was 9.05 mM, significantly lower than 

that of the HD system, whose value was 10.19 mM (Table 2). Compares these values with average 

concentrations of the adjusted model, 8.93 mM for LD and 10.05 mM for HD, it finds a relative error 

lower than 2%. The CUC values calibrated by model were 11.71 and 8.79 mM for LD and HD, 

respectively, which compared to literature, whose value reported is 6.6 mM for cucumber [49], result 

in a differ between 33-77%. 

 

Figure 6. Days after transplantation (DAT) K+ concentration in nutrient solution tank (NST): (a) low 

density (LD) and (b) high density (HD); also contains measured data, predictive model (PM), adjusted 

PM, and linear regression of measured data with their equation and R2. 

3.2.5. Calcium Concentration (Ca2+) 

According to Table 2, there were statistically significant differences between the LD and HD 

systems, so CD was influential in Ca2+ concentration in the NST. The average value for LD was 4.89 

mM and 5.20 mM for HD. Figure 7 shows that the PM (blue graph) run with initial values follows a 

decrease tendency but without any adjustment over the data. Whereas the adjusted model (red 

graph) does not follow a decrease trend for HD and presents a light decrease tendency for LD, a 

strange behavior that does not correspond to normal nutrient consumption. In contrast, in the case 

of HD it seems that Ca2+ concentration increases along crop time, resulting in accumulation in the 

NST. The linear regression shows this unusual behavior because the slope of the straight line is 

positive for both densities, an indication that Ca2+ concentration is increasing over time. Just like the 
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PM run with initial data, the adjusted PM had no correlation with the data because R2 were 0.001, 

because the measured data are very disperse. The CUC calibrated by the model were negative values 

or small, 0.41 mM for LD and -0.95 mM for HD. This unusual behavior can be explained as a system 

response to two reasons: low velocity uptake by the crop and the crop uptake concentration was 

lower than the concentration replenishment in the NST by the pH and EC controller; as a result, there 

was accumulation. Consequently, lettuce plants expressed a physiological disorder known as tip 

burn, the cause could have been a deficient ventilation within the greenhouse [72]. 

 

Figure 7. Days after transplantation (DAT) Calcium concentration in nutrient solution tank (NST): (a) 

low density (LD) and (b) high density (HD); also contains measured data, predictive model (PM), 

adjusted PM, and a linear regression of measured data with their equation and R2. 

3.2.6. Magnesium Concentration (Mg2+) 

Figure 8 shows a no correlation to the PM data (blue graph) running with the initial values. The 

adjusted model used initial concentrations (0 DAT) calibrated at 0.54 and 0.66 mM for LD and HD, 

respectively. These values differ between 56-64% in terms of the initial concentration of NST, whose 

value was 1.50 mM. At 7 DAT, the adjusted model predicted a magnesium concentration of 2.31 mM 

for LD and 2.53 mM for HD, and final concentrations (31 DAT) of 1.28 and 1.32 mM, respectively. 

This resulted in differences of 1.04 mM for LD and 1.21 mM for HD, both values are within the range 

values reported for hydroponic lettuce (0.7-1.40 mM) [66,73]. CDDR was 2.4% for LD and 2.7% for 

HD, so based on the model it is deduced that HD consumed this cation faster. In relation to the 

adjusted PM performance, this was a good fit to data because R2 for LD and HD were 0.748 and 0.707, 

respectively, being LD higher than HD. Linear regression only had an R2 higher than the model for 

the LD crop density. 

The average magnesium concentration for LD between 7-31 DAT was 1.71 mM, significantly 

lower than that of the HD system, whose value was 1.90 mM (Table 2). Comparing these values with 

the average concentrations of the adjusted model, 1.75 and 1.81 mM for LD and HD, results in relative 

error ranges 2-5%. The CUC calibrated by model were 1.29 mM for LD and 1.30 mM for HD, which 

when comparing them to the literature, whose value is 0.9 mM for tomato [49], determines a 

difference of 44%. 
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Figure 8. Days after transplantation (DAT) Magnesium concentration in nutrient solution tank: (a) 

low density (LD), (b) high density (HD); also contains measured data, predictive model (PM), 

adjusted PM, and a linear regression of measured data with their equation and R2. 

3.3. Crop behavoir: physiological and production parameters 

Table 3 shows the mean values and statistical significance of lettuce crop behaviour in vertical 

cropping systems with two planting densities (CD) nested at three levels of plant positioning (PP). 

Replicas of the experimental design did not show significant differences, so they can be considered 

homogeneous. All variables are affected by PP in the crop column and by CD (except for water 

content). 

Table 3. Fresh and dry weight, yield, and related parameter behavior at 35 DAT for vertical lettuce 

crop growth with different crop density (CD) and plant position (PP). 

Variation 

Sources 

Fresh Weight Dry Weight 
Leaf 

(nº) 

SBI 

(g·leaf-1) 
Shoot Root  Yield  Shoot Root Water 

(g) (g) R/S (t·ha-1) (g) (g) (%) 

CD 

(plants·m-2) 
* * * * * * ns * * 

PP * * * * * * * * * 

LD (50) 148.6b 14.6b 0.09b 74.3b 5.8b 0.9b 96.0 20.2a 7.53b 

Upper 172.7b 18.1b 0.10b 86.4b 7.4b 1.2b 95.5 16.8a 5.7a 

Medium 135.4a 13.5a 0.09b 67.7a 4.9a 0.8a 96.2 20.2b 8.2b 

Low 137.5a 12.1a 0.08a 68.7a 5.1a 0.8a 96.2 23.6c 8.7b 

HD (80) 80.6a 5.9a 0.07a 64.5a 3.1a 0.4a 95.9 22.4b 3.48a 

Upper 126.5c 10.8c 0.08b 101.2c 5.0c 0.7c 95.6a 20.1a 5.0c 

Medium 71.9b 4.3b 0.06a 57.5b 2.7b 0.2b 95.9ab 21.9b 3.2b 

Low 43.6a 2.5a 0.06a 34.8a 1.5a 0.1a 96.4b 25.3c 2.1a 

CD x PP * ns ns * ns ns ns ns * 

RP ns ns ns ns ns ns ns ns ns 

Mean values of three replicates. For each parameter, different letters among treatments indicate significant 

difference at p < 0.05. CD: crop density (plants·m-2); PP: Plant Position; DAT: days after transplanting; RP: 

Replications. Asterisks denote statistical significance according to ANOVA with p-value < 0.05; ns means not 

significant. 

The increase in CD results in a reduction in the individual fresh and dry biomass of each plant 

(46-47 % in the shoot and 60-61% in the root), which means a reduction in the R/S ratio of 22- 13%, 

but does not affect the water content of the plant. The rate of accumulation of shoot biomass (SBI) 

decreases by more than half in high CD and by 40% with decreasing PP. On the other hand, the 

number of leaves developed per plant increases by 10% with higher CDs and by 33% with decreasing 
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PP. This increase is progressive with the decrease in PP and is more pronounced for LD (up to 40%) 

than for HD (up to 25%). The fresh weight of the aerial part (shoot) and the shoot biomass index (SBI) 

show significant interactions between CD and PP. The behaviour of leaf development and shoot fresh 

weight is responsible for the significant interaction of CDxPP for shoot FW and SBI, while these 

reductions are progressive for HD, and they are only visible between the top level and the rest of the 

column for BD. 

According to Table 3, the shoot and root fresh biomass of lettuce plants for LD whose respective 

mean values were 148.6 and 14.6 g, were between 55-67% higher than the FW values of shoot FW 

reported for lettuce grown in horizontal hydroponic greenhouses (HHG), and between 41-66% higher 

than values of the roots of HHG, whose respective ranges of literature are 88.8-96.1 g for the shoot 

and 8.78-11.5 for root FW [74], while the HD system had a FW soot FW between 9-16% lower than 

lettuce in HHG, and a FW of the root between 33-49% lower than HHG. If we compare these values 

with data reported for lettuce in open field systems (OFS), which range between 5.32-9.07 g for shoot 

and 0.24-0.84 g for root FW [75], founds that both crop densities in vertical crops had on average a 

shoot FW between 11-21 times higher than OFS and a root FW between 11-27 times higher than OFS. 

Regarding of mean values of these variables for PP levels within the LD system, which vary 

between 136.3-172.7 g for shoot and 12.8-18.1 g for root FW. These results found a major similarity to 

reported by Kerbiriou et al. for lettuce in HHG (152-167 g, shoot and 11.2-11.8 g root FW) [76], and by 

Gavhane et al. for lettuce in vertical hydroponic systems (VHS) (150-200 g, shoot and 9-15 g, root FW) 

[77]. However, within the HD system, mean values presented lower values, even below the threshold 

of 127 g for shoot and 11 g for root FW, reaching values of 43.5 g for the shoot and 3.4 g for root on 

the lower level, close to the values reported for lettuce in HHG by Voutsinos et al. (58.1 g, shoot and 

5.4 g, root FW) [41], or the values reported for lettuce in aeroponics and substrate (37.8-50.9 g, shoot 

and 3.9-11.5 g, root FW [74]. The mean values of the FW of the shoot for LD, and its values for each 

PP level, were higher than the range reported for a plant factory with artificial lighting (PFAL) 64.9-

123.3 g [41], while in the case of the HD vertical crop, they were within the range of the literature 

except the levels mean value of the U and L levels, that was higher and lower, respectively. Regarding 

the root FW, the literature reported a range between 9.4-17.8 g [41] for a PFAL, this range includes all 

mean values except the average value for HD and the levels of mean of the M and L in HD, that were 

lower; and the mean of the U level in LD, which was higher. 

The root-shoot ratio for both LD and HD, whose respective mean values were 0.09 and 0.07, 

were on average between 18-36% lower than the range reported for lettuce in HHG (0.10-0.12) [74,78], 

but equal to the 0.09 value reported by Voutsinos et al. [41] [40], in the case of LD. Compared to the 

VHS, whose range is 0.06-0.08 [78], [81], LD was 13% higher than maximum limit of the range, and 

HD was within the range, but at the same time, LD was a 36% lower than 0.14 reported for a PFAL 

[41], while HD had a mean equal to half of this. For both densities, the mean values were within the 

range reported for lettuce in OFS, 0.03-0.13 [75]. In relation to mean values of PP levels for LD, these 

were closer to values reported for lettuce in HHG and in turn within the OFS values, while for HD, 

were closer to the VHS values. 

None of the mean values of the shoot DW were within the range reported for lettuce in HHG 

(4.12-4.86 g) [41,74], but if within the range reported for the VHS and PFAL systems (4.00-8.77 g) 

[41,77], except the mean value of HD and the HD, and mean values of M and L levels of the HD, since 

they were lower than bottom limit of the range. The root DW of the LD and the U level in LD were 

higher than the top limit of the range reported for lettuce in HHG, 0.54-0.82 g [74,76]. The mean of 

the M and L levels in LD, together with the mean of the U level in HD within the literature range. 

The rest values were lower. However, compared to the VHS and PFAL systems, 0.3-0.7 g [41,77], the 

LD and its mean values of each PP level were higher, while the average value of the HD and its mean 

for U level were within the range; and the rest values were lower. 

All mean values of water content were within the general range published for the lettuce crop 

(90-99%) [79], being the more common value [80]. Likewise, they were close to the values informed 

for lettuce in HHG (94-95%) [74,81,82], and for the VHS systems (97%) [77]. 
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The lettuce productivity (extrapolated to t·ha-1) differs significantly between systems (Table 3). 

LD systems are 13% more productive than HD systems, and their average head weight is 45% higher. 

Plants in the upper levels produce, on average, 94 t·ha-1, 32% more than those in the middle and 44% 

more than those in the lower levels. However, there is a significant interaction between CD and PP 

for harvesting. Analysis of this interaction significantly differentiates the behaviour of both systems. 

First, the harvest in the LD system is more uniform than in HD, both for the production per unit area 

(t·ha-1) and for the average weight of the heads (shoot FW). At 35 DAT, all heads collected in LD reach 

marketable weights (>120g), while only those collected at the upper level for HD reach it. Second, the 

differences for PP are linearly descending for the HD (-57% for the medium and -65% for lower level), 

while there are only differences between the upper level and the rest for the LD (-20%). Finally, the 

highest yields are obtained at the upper level of HD (110 t·ha-1 with 127 g·head-1) followed by the 

upper level of LD (86 t·ha with 173 g·head-1).  

The LD system had a mean of 74.3 t·ha-1, 61% higher than the top limit of the range reported for 

lettuce in HHG (12-46 t·ha-1) [63,74,81,83], roughly 20 times more than yield of the OFS systems, 3.73 

t·ha-1, noted by Barbosa et al. [63], 55% higher than the value published by Orsini et al. for urban 

agriculture, 48 t·ha-1 [16], 2 times higher than value described by Voutsinos et al. for a PFAL (19-37 

t·ha-1) [41], but 20% lower than bottom limit of the range reported for VHS (93-125 t·ha-1) [77], which 

requires high energy imput. While the yield of the vertical crop HD was 40% higher than that of 

lettuce in HHG, 17 times higher than that of that of the OFS, 34% higher than urban agriculture, 74% 

higher than that of a PFAL, but 31% lower than the VHS. The average value of the low level in HD 

was within the range for lettuce in HHG, the medium level was closer to the value reported to urban 

agriculture since it differed only 20%, the mean value of the upper level in HD was within the VHS 

range, and the mean values of the PP levels in LD were closer to the VHS range since differ between 

7-27%. 

The behaviour of production at the lower levels allows us to assume that both systems can be 

used to obtain continuous harvests year-round (with different sowing and harvesting time schedules) 

in vertical systems in a Mediterranean climate. In other words, a stepped harvest, to minimize the 

effect of shadow casting on the plants further down and achieve more sustainable horticultural 

production and greater efficiency in water and nutrient resources.. 

4. Conclusions  

The predictive model is capable of forecasting the water uptake and cation concentrations in the 

nutrient solution tank of a closed-loop hydroponic circuit for vertical crops under greenhouse 

conditions, with better performance for the water uptake, the ammonium and potassium cations, 

followed by the sodium and magnesium cations. At the same time, is more accurate in less dense 

vertical crops. Moreover, the simulation process suggests new basal crop coefficients and crop uptake 

concentrations for vertical crops in these climate conditions that can be used as a reference point to 

design highly efficient fertigation strategies over the water and fertilizer resources. Nevertheless, the 

model has potential improvement points, on one hand, the addition of nutritive and non-nutritive 

anions, and also the regulation of the proportions among all ions to avoid issues about disequilibrium 

that will affect the product. 

Vertical crops under greenhouse conditions are more competitive to conventional agriculture 

and even horizontal hydroponics systems, due to their more yield and development of aboveground 

biomass, but at the same time are limited by the shade projection of the highest levels, so it is 

important to establish parameters for predict and carry out a stepped harvest year-round, being the 

net radiation, the canopy light extinction coefficient and leaf area index, key parameters with high 

potential to better simulate better the plant conditions in vertical crops and its relationship with the 

water and nutrients uptake. 
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