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Abstract: A model was developed for phosphorus (P) concentration over time in a closed aeroponic coriander culture. In
addition, the setting and starting up of the soilless culture is described, and the measurements of electrical conductivity (EC),

pH and concentration of major ions in the mixing tank are provided.

By using mass balance principles, the dynamics of the

nutrient concentration in the mixing tank and in the drainage solution are stated. Two series of continuous stirred tank reactors
are considered for the flow structure, using a power law relationship to represent the rate of nutrient removal, considering water
volume changes. Phosphorus concentration measurements were used for model fitting, and the resulting simulation is in good

agreement with data.
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1 Introduction

Hydroponic systems allow increased food production and
reduced land requirement, consumption of water and nutrients, and
harvest time. In turn, this contributes to tackle the increasing food
demand resulting from continuous growth of world population*?,

Closed loop hydroponics lead to significant reduction of
fertilizer and water consumption and groundwater pollution, which
is associated to zero discharge of nutrient solution to the
environment. However, long-term recycling of the drainage water
results in the accumulation of nutrient ions (eg. Na* and CI) in the
plant root zone and in the recycled nutrient solution. Thus, the
quality and quantity of crop growth are significantly affected.
Indeed, crop yield decreases if either the electrical conductivity
(EC) or the concentration of potentially toxic ions is higher than a
threshold value.  For instance, the threshold value of Na*
concentration for tomato is 8 mol/m®.  To avoid toxic ion levels
in the rhizosphere, nutrient solution must be partially replaced
when the electrical conductivity and/or the concentration of
potentially toxic ions reach the threshold value. The term
‘semi-closed’ is used for these systems®®. In turn, this discharge
reduces the aforementioned benefits of closed loop hydroponicst.

Automatic monitoring and control of nutrient solution leads to
improved crop quality, reduction of manpower, and reduction of
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consumption and flushing of nutrient solution™”®!.  Automation
can be used for pH control, nutrient solution supply (fertigation),
control of nutrient solution concentration, and flushing of nutrient
solution.  In particular, fertigation automatic control comprises
management of the frequency of application of nutrient solution,
and it provides the following advantages: i) unnecessary
application of nutrient solution is reduced, and consequently the
consumption of fertilizer and water resources is also reduced; ii)
plant water stress related to water demand is reduced™; iii)
discharge of drainage water is reduced!.

In studies on automation of nutrient solution management, the
control strategies are usually based on mathematical models, with
monitoring of the electrical conductivity, individual ion
concentration and pH"%.  Indeed, nutrient models provide
information on crop-water requirements and can be used for
fertigation management™. In particular, mass balance based
modeling facilitates to account for several process units, fluxes and
transformation mechanisms, as deduced from!*214],

In this paper, a simple mass balance based modeling is
performed for the time course of nutrient concentration in a closed
aeroponic coriander crop. In addition, the setting and starting up
of the soilless culture is described, and the measurements of
electrical conductivity (EC), pH and concentration of major ions in
the mixing tank are provided. The model was developed via mass
balance principles, and it was fitted on the measurements of
phosphorus concentration over time. The main contributions over
closely related works are: i) the detailed application of the mass
balance principles is provided, which allows further extension of
the model in order to account for other fluxes or transformation
mechanisms; ii) the mixing tank is considered as a different process
unit, and the differential equation of its concentration is stated,
accounting for the time varying volume.

The paper is organized as follows. The methods are
described in section 3, including the hydroponic system, the
irrigation cycles, the plant growth stage, and the measurement stage.
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The model development and fitting are presented in section 4.
Finally, the discussion is presented in section 5 and the conclusions
are drawn in section 6.

2 Preliminaries

Coriander (Coriandrum sativum) is widely used because of its
flavor, nutritional and medicinal properties*>®!,

Coriander soil culture is typically found in tropical and
mountainous zones as in the study place, achieving 40 to 60 cm
height in approximately 60 d. Also, coriander can be grown in
aeroponic systems*%,

2.1 Survey of mechanisms and modeling of P removal

The nutrient models allow scaling up hydroponic pilot systems
to full-scale hypothetical systems intended for small communities.
In the nutrient model in literature [20], the phosphorus
concentration was considered as the limiting component that shows
the effect of the water concentration on plant production.

In hydroponic cultures, the nutrient changes depend on plant
age, nutrient concentration and number of plants. In particular,
phosphorus (P) is removed by plant uptake and surface sorption
(adsorption), but majorly by adsorption. The percentage of P
removed through plant uptake decreases with water concentration.
The presumed reason is that the more concentrated water implies a
toxic effect that suppresses the growth potential of plants®?®.

In the plant uptake process, P is absorbed via root uptake and
then it is conveyed to plant tissues. Plant uptake depends on the
age of plants and P concentration. In the surface sorption process,
P moves

towards the surfaces of plant roots and other system surfaces.
In the study [20], the majority of surface sorption occurred within
the root mat.  Also, it was observed that sorption to root surfaces
decreases with time, which indicates saturation of the P binding
sites.  In the nutrient model proposed in literature [21], the rate of
nutrient uptake is represented through an empirical relationship.
An average constant nutrient flow rate is considered in the mass
balance, despite the nutrient flow rates are different between
irrigation and resting moments.

3 Materials and methods

The aeroponic culture was performed in a 120 m? greenhouse
at Universidad Nacional de Colombia, Medellin, Colombia. The
city is at 1479 elevation, with a constant subtropical climate during
the whole year, and absolute temperatures ranging between 16.9°
and 27.6=Celsius. Previous research on aeroponic culture in this
greenhouse is described in [3, 19].

3.1 Hydroponic system and irrigation cycles

The hydroponic system consisted of: i) the cultivation bed,
which is 6.0 m in length and 1.0 m in width (Figure 1); ii) three
pipes of half an inch and 5.8 m long each; iii) 24 micro sprinklers
of 180°with irrigation capacity of 26.0 L/h and 12 micro sprinklers
of 360° with irrigation capacity of 26.0 L/h; iv) a motor pump
(Pearl PSP 05, 373 W, 110 VAC) for nutrient solution supply; v) a
storage tank of 130 L; vi) a collection channel covered with black
polyethylene sheets, below the cultivation beds (see Figure 1c); vii)
the electric system, involving a continuous power supply and a
dsPIC (see Figure 2).

The nutrient solution was pumped and recycled according to
the following irrigation cycles. At the start, the storage tank
contained fresh nutrient solution. During the irrigation events, a
fraction of the nutrient solution was pumped from the storage tank
with a flow rate of 3000 L/h and sprayed to the plant root surface.

The drainage water was conveyed by the collecting channel to the
storage tank, where it was mixed with the remaining nutrient
solution. Each of the pumping events lasted 20 s, followed by a
rest period of 160 s. The cycles of nutrient solution irrigation
were triggered by the electric system, involving a continuous power
supply and a dsPIC that performs the automatic control of the
cycles (see Figure 2 and Appendix Al, A2, A3). The irrigation
cycles were applied during both the plant growth and the
measurement stages, as is detailed in follows. The nutrient
solution was prepared using the composition described in
literatures [22,23]. The concentration of nutrients in parts per
million (ppm) in this solution was N = 250.81, P = 25.64, K =
278.82, Ca=157.20, Mg=35.64, S=81.20, Fe=4.02, Mn=0.74,
Cu=0.25,Zn=0.57, B=0.55 and Mo =0.03.
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Figure 1  Aeroponic system with coriander plants after 42 d under
nutrient solution
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Figure 2 The electrical system, water pump, storage tank and
cultivation bed

3.2 Plant growth stage

At first, coriander seeds were sown in wet sawdust in 2 cm
diameter plastic cups to facilitate germination (see Figure 3). After
a week, coriander seedling cups were transferred randomly to a
final position in the bed. Next, plants were nourished with the
complete nutrient solution for 42 d by applying irrigation cycles,
with adjustment of pH within 5.5 and 6.5. The plant growth is
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shown in Figure 4. The final plants (Figure 1) have 40 cm of
average length.

E‘ ' =
S — - -
a. Coriander seeds in sawdust

b. Cultivation beds with plastic cups
Figure 3  Growth of coriander plants
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Figure 4 Growth of coriander plants in the cultivation beds after
seeding

3.3 Measurement stage

During the measurement stage, closed loop irrigation cycles
were applied, following the aforementioned irrigation strategy, so
that nutrient solution was neither replaced nor flushed nor adjusted,
and pH was not modified. Samples of nutrient solution were
collected from the storage tank, 0 d, 2 d, 4 d and 6 d after the start
of the water cycle experiment.

The electrical conductivity (EC), pH, sodium ion (Na%),
magnesium ion (Mg®"), potassium ion (K") were determined by
NTC methods: NTC 5596-2008 (EC) ?4; NTC 3651-2012 (pH)"?;
NTC 4124 - 1997 (Na*)%; NTC 5349-2016 (Mg®")!?"); and NTC
5349-2016 (K))¥7. Chloride ion (CI) was determined according
to soil analysis reference methods?®, whereas calcium ion (Ca®")
and phosphorus (P) were determined by validated methods of the
Chemical Analysis Laboratory of the Universidad Nacional de
Colombia (Medellin, Colombia).

3.4 Model development

The nutrient concentration model was developed via mass
balance principles, considering two series of continuous stirred
tank reactors (CSTR) for the flow structure, using a power law
relationship to represent the rate of nutrient concentration changes.
The model was fitted on phosphorus concentration measurements,
by minimization of the simulation errors.

4 Results

The measurements of pH, EC and nutrient ions over time
obtained in the measurement stage are shown in Figure 5.
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Figure 5 Time course of pH, EC and Na*, CI', Ca?*, Mg*", P, K*
in the closed aeroponic system

4.1 Development of the mass balance model

The system considered for modeling comprises the storage
tank, plants, and nutrient solution. There are no nutrient flows
between the outside and the inside of the system. It was assumed
that the system can be represented by two linked CSTR (Figure 6),
and the phosphorus (P) was selected as the limiting component that
represents the transformation of nutrients.

The upper tank corresponds to the plants and the nutrient
solution that drains from the plant roots. The lower tank
corresponds to the nutrient solution in the storage tank. The
notation used is: P;, the phosphorus (P) concentration in the lower
CSTR; P, the P concentration in the upper CSTR (outlet
concentration); V,, the water volume of the upper CSTR; r,, the
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rate of P transformation via plant uptake and adsorption; Q; the dv,
flowrate from the lower CSTR to the upper CSTR; Q, the flowrate dat Q= Qe ~Qer
from the upper CSTR to the lower CSTR; Qgy, the where, Qgr (L/d) is the evapotranspiration rate. As V, was
evapotranspiration rate; V,, the water volume of the lower CSTR. assumed constant, then:
The inflow of the lower tank (Q,) is also the outflow of the upper Q-Q.—Qc =0 @)
CSTR, whereas the ogtflow of the lower tank (Q;) is also the inflow and Equation (1) can be rewritten as:
of the upper CSTR (Figure 6). dP) O Q
Y — =R -SER 3)
| o= d v, v,
e The P mass balance for the lower CSTR is:
ViR
(\é't )_qr-an “

Lower CSTR
Figure 6 Structure of series continuous stirred tank reactors
(CSTRs) used for the mass balance modeling

The upper tank exhibits water evapotranspiration and nutrient
removal via sorption and plant uptake. The water volume V, was
assumed constant. Evapotranspiration and constant volume imply
that the outflow (Q) is lower than the inflow (Q;). The lower tank
comprises mixing of the incoming water solution with that
remaining. Therein, water evapotranspiration and nutrient removal
were assumed negligible.  The water volume (V)) is continuously
decreasing because the inflow (Q,) is lower than the outflow (Q;).
The decreasing rate of the water volume (C,= dV,/dt<0) was
assumed constant.  P; increases with time, as indicated by
experimental data; see Figure 5. Also, Na and Cl data are
increasing with time. This increasing nature of concentration
implies that the evapotranspiration effect is higher than that of the
removal process.

The nutrient flow rates are different between irrigation and
resting moments, which affects the P; time course. Nevertheless,
average constant flow rates (Q; and Q.) were considered in the
mass balance. Such simplification was also undertaken in the
modeling of literature [21]. In addition, the distribution of soluble
and particulate phosphorus in water was assumed uniform, and root
absorption of P was assumed to occur at the same time for all
plants. Since the samples are taken from the lower CSTR, its
concentration P; is known, whereas the concentration of the upper
CSTR (P¢) is unknown. So an empirical function was considered
to represent the phosphorus removal rate.

The P mass balance statement for each control surface is [net P
production or depletion rate] = [rate of P entering the control
surface] — [rate of P leaving the control surface] — [rate of P
removal via plant uptake and adsorption].

The P mass balance for the upper CSTR is:

d(V.P.)

dt _QIPI QEPE
where, V, is the water volume of the upper CSTR, L; Q; is the
flowrate from the lower CSTR to the upper CSTR, L/d; Q. is the
flowrate from the upper CSTR to the lower CSTR, L/d; P, is the
phosphorus concentration in the upper CSTR (outlet concentration),
mg/L; P; is the phosphorus concentration in the lower CSTR, mg/L.
In addition, r, is the rate of P removal via adsorption and plant
uptake (mg/L d), and is described via two empirical functions of
the P, concentration: r,=aP.’, and r,=aP.’+ ¢, where a, b, ¢ are
constants to be estimated. The water balance for the upper CSTR is:

-1V, Q)

where, V; (L) is the water volume of the lower CSTR. The water
balance for lower CSTR is:

dav,

E - Qe - Ql (5)
where, C,=dV,/dt, which is negative and constant. The above
expression leads to:

Vi =Vio +(Q: —Q)(t - to) (6)
where, Vi, is V) at initial time t,, Combining Equations (4) and (6)
yields:
diR) _Q
& v PR )

In summary, the system is described by Equations (3), (6), (7).
Arranging, one obtains:

dé) Q L&

Le-r)  ®

Lower CSTR: pTY
o4 (1)t -t
|Cv|+( )(t-1t)
d(R) _Q Q.
Upper CSTR: el _Xp_Xxp_p 9
i at v,V ©
r, ={aP’ or aP” +c} (10)

4.2 Model fitting

Model simulation and fitting were performed on Equations
(8)-(10), using MATLAB software. The differential equations
were solved by using the Ode45 command. The model
parameters were fitted via minimization of the squares of the errors
between the experimental and simulated values of P;. The
goodness of fit was evaluated by means of the R? valuel?>%],

The experimental points and the simulated time course of the P
concentration are shown in Figures 7 and 8.

For the model with r,=aP.” the estimated parameters are:
Q¢/|C,|=2960; V,,/|C,|=36000 d; Qi/V,=117.1 d™"; Q¢/V,=20.39 d*,
a=15.99 (mg/L)*"d™; b=1.672; and R?=0.990.

The R? value and Figs. 7 and 8 show that the model achieved a
satisfactory description of the measured time course of phosphorus
concentration.
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Figure 7  Fitting of P model, using r,=aP,
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5 Discussion

The concentrations of Na*, CI', Ca?*, Mg, PO,*, K*, and the
EC increased with time during the six days of the measurement
stage, which is in agreement with the salt build up pattern of the
closed loop irrigation cycles for different crop species, for instance,
tomato!™ and peppert®.

The obtained R? values imply that the power law r, = aP.’
expression of the removal rate and the assumed model structure
based on two CSTRs with flow exchange and the considered
assumptions are adequate for the working aeroponic culture.

The model simulation and calibration are simple, as it involves
a low number of parameters to estimate. It can be applied to other
aeroponic culture, with other climatic conditions (temperature and
radiation), nutrient solution composition and pH, type of growing
media, plant species, vegetative stage of growth.

Also, the model development can be improved by using a more
realistic representation of the nutrient and water uptake by plants,
and by incorporating: i) the effect of temperature on the water
volume and nutrient removal rate; ii) the effect of water
transpiration on the water volume; iii) the time varying nature of
the outlet and inlet flows of the mixing tank (irrigation and
drainage flows); iv) the use of flushing of the nutrient solution; v)
the addition of fresh nutrient solution, including nutrient concentration
and volume added,; vi) water losses in the mixing tank.

Also, an improved calibration for that improved model would
comprise: i) using measurements corresponding to several periods
of addition of fresh nutrient solution, and several concentrations of
the added nutrient solution; ii) performing different calibrations for
the seasons of the year; iii) using measurements of the
concentration of the drainage solution; iv) using measurements of
the mixing tank volume, which is time varying; V) using
measurements of the flows of the irrigation water and drainage
water, which are not constant.

6 Conclusions

The time course of the electrical conductivity (EC) and the
concentration of major ions (Na*, CI, Ca®, Mg®, P, K*) in the
mixing tank was increasing, whereas the pH is decreasing; this
agrees with current trend in closed loop hydroponic systems,
associated to salt buildup.

The model achieved a satisfactory description of the measured
time course of phosphorus concentration. This implies that the
assumptions undertaken, including the model structure based on
two CSTRs with flow exchange and a power type rate of mineral
removal, are adequate. As the model is based on mass balance, it
can be extended by incorporating different water and biological
effects.  Also, the calibration can be improved by using

measurements of volumes, flows, and by considering different
water and climatic conditions. That improved model would allow
testing different control strategies, using the flow of fresh nutrient
solution as control input, and electrical conductivity as output.
Also, it would allow optimization by proving different strategies of
application of fresh nutrient solution, with different times of
application and different concentrations.

Appendix

The irrigation cycle module in the dsPIC30F4011 (Microchip
Technology Inc.) starts the water pump, switching it ON for 20 s
and OFF for 160 s. Furthermore, the power supply involves a
sensor that measures the lack of electricity coming from the power
grid.

The design of the electric system (see Appendix Al to A3)
includes the electrical circuit for power supply, the irrigation cycle,
and the connection between the nutrient solution cycle and the
power supply system.

Al. Automatic irrigation system

The sequence blocks were implemented in
MATLAB-Simulink software.  Figure A3 shows the module
programed for the irrigation cycles of the aeroponic system.  After
some adjustments, the final program is downloaded to dsPIC and
facilitates the control of the ignition and irrigation system of the
motor pump. Furthermore, another block was program as a pulse
generator, where the electrical water pump produces a PWM signal
with ON for 20 s and OFF for 160 s. These times are set to
provide nutrients to the plants by switching the micro sprinklers.
The water pump is operated by the digital output of the BO electric
water pump, during which the valve must be turned off for 160 s to
complete the irrigation cycle.

MCHP MASTER y .
30F4011 Compllcr.-chon7
16.00 MIPS MPLAB C30-v3.12

Microchip master

Sien
Boolean B0 Digital
output

- Data type conversion Output electric water pump
Pulse generator electric water pump

Figure A1 Irrigation cycle blocks®!

AZ2. Electrical system

Figure A2 shows the diagram of the electrical circuit built with
micro sprinklers and irrigation cycles. This electrical system was
designed to provide all the nutrients to the plant. In this figure,
the block marked with BO is used to regulate K1 with the MOSFET
IRFZ44N and starts the electric water pump.
A3. Power supply

Electricity supply is very important for the aeroponic
food-producing systems because plants require waters and nutrients
continually®?.  Thus, water pumps need energy to supply
nutrients through micro sprinkler to plants. However, it is
sometimes difficult to maintain a continuous electrical service
because of disconnections in the power grid. If an electricity
outage is presented for up to 5 hours, then plants enter in a lengthy
process of tension due to water and nutrient shortages. Shortages
of water and nutrients decrease contribute to death of plants.

Therefore, an auxiliary battery system was designed to supply
electricity service for approximately 24 h.  The system consists of
two 12 VDC and 155 A h batteries, a 3 kW DC-AC inverter, and
an AC-DC battery adapter. Thus, the greenhouse is fed by
batteries and mainly used for the aeroponic irrigation systems.

Compiler options
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Figure A2 Diagram of the electric circuit!®
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The block diagram used to supply electricity for the aeroponic
system is presented in Figure A3. These blocks were
programmed in MATLAB-Simulink and implemented in
dsPIC30F4011. The AC voltage input sensor helps identify the
electricity absence of the power grid. The AC block triggers B3
output for the power grid or B4 output for batteries. The delay
feature includes a time of millis to prevent the ON of all outputs B3
and B4 or the presentation of short-circuits in the circuit. The
UART 2 block is located to display the real-time signal of the
voltage sensor.

The electrical circuit for the complete system is shown in
Figure A4. B3 input controls K4 which is responsible for
[supplying electricity with the power grid. However, when the
power grid is out of power, the B4 input controls K5 to feed
electricity with the battery.

UART 2 Config
115200 (-3.55%)
Bytes/Step: 1111.11

Compiler-Version
MPLAB C30-v3.12

UART configuration Compiler options

AC =¥ Inl

output

Data type conversion

ADC 1 ANS -| In116= Vi 4

Delay Power of the electrical network

fan

AC voltage sensor
Battery [=#{ Inl

Digital
o

Data type conversion

AC or battery selector

UART 2

S >Matlab

UART Tx-Matiab

Delay Power of the battery

Figure A3 Power supply of the aeroponic system™

K4 k/!" K5 t/’F—I-‘[ i
A A
110 VAC
L/J_ Continuous L/‘_r. Inverter Battery bank
K4 . power K5 ,
A supply A
. ) s
12vDC % T [)1odt.$ m Relay K4 Dmde# Relay K5
B4
dsPIC output

dsPIC output power

i .
of the electrical nctwork power of the battery ra
Mostct Mosfet 't

e AL

Figure A4 Electrical circuit designed for continuous power
supply®!
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