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Abstract: In closed-loop soilless culture systems, variation in nutrients can lead to instability in the
nutrient management and forced discharge of nutrients and water. Total nutrients absorbed by plants
are replenished in an electrical conductivity-based closed-loop system, and fluctuation in electrical
conductivity within a certain range around the initial value can be expected. However, this is not
always observed in systems using conventional nutrient-replenishment methods. The objectives
of this study were to analyze nutrient variation in a closed-loop soilless culture system based on
a theoretical model and derive an alternative nutrient-replenishment method. The performance of
the derived alternative method was compared with a conventional nutrient-replenishment method
through simulation analysis. A demonstration experiment using sweet peppers was then conducted
to confirm whether the theoretical analysis results can be reproduced through actual cultivation.
The average amounts of injected nutrients during the experimental period of four months in the
conventional and alternative methods were 2257 and 1054 g, respectively. There was no significant
difference in the yield of sweet peppers between the two methods. The substrate electrical conductivity
in the alternative method was maintained at 2.7 dS·m−1

± 0.5 within the target electrical conductivity
value, while that in the conventional method gradually increased to 5.0 dS·m−1

± 1.2. In a simulation
study, results similar to the demonstration experiment were predicted. Total nutrient concentrations
in the alternative method showed fluctuations around the target value but did not continuously
deviate from the target value, while those in the conventional method showed a tendency to increase.
As a whole, these characteristics of the alternative method can help in minimizing nutrients and
water emissions from the cultivation system.
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1. Introduction

Closed-loop nutrient-management techniques are essential for sustainable soilless cultures with
resource savings [1]. Nutrients in soilless culture systems are managed primarily with an open-loop
nutrient supply [2,3]. Open-loop soilless culture systems are easier to implement, but resource losses
are inevitable. Moreover, due to the intensive use of fertilizers, the threat posed to aquatic environments
by repeated discharging a certain ratio of drainage is serious enough to warrant regulation by national
governments [3–6]. Since a closed-loop soilless culture system reuses its drainage, the resulting
variation in nutrient concentration can significantly affect the plant growth as the reuse period becomes
longer [5,7–9]. It is therefore difficult to intuitively explain or interpret nutrient-variation management
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techniques, unlike open-loop systems. In order to appropriately apply those techniques, theoretical
models are required and the problems should be precisely defined [10].

In both closed-loop and open-loop soilless culture systems, the electrical conductivity (EC) of the
nutrient solution in the mixing tank is adjusted to a target value before the solution is applied to the
plant [9,11,12]. However, unlike an open-loop system, the mixing ratio of tap water to stock solution in
a closed-loop system is adjusted by considering the change in nutrient concentration due to the inflow of
drainage [12]. Alternatively, in simple systems, a premixed standard nutrient solution of a certain EC is
supplied based on the difference between initial and current water levels in the circulation tank, which
simultaneously performs drainage collection and nutrient-solution feeding [13,14]. In an EC-based
closed-loop soilless culture system, supply of stock solution or standard nutrient solution and tap
water is intended to replenish nutrients and water consumed in the system [12]. For a single system in
which the plants are grown directly in a nutrient solution container, the nutrients and water consumed
due to absorption of plants in the system can be estimated almost exactly [15]. However, errors may
occur in systems in which the root zone and nutrient supply are separate from drainage collection.
Both elements are widely used in commercial farming conditions.

Considering the functional objective of nutrient and water replenishment in a closed-loop soilless
culture system, relatively stable fluctuations within a certain range around the initial EC value should
be observed. However, EC changes far exceeding the initial values in the system have generally been
observed [13,14,16]. In addition, the effects of these fluctuations are linked to forced discharge of
recirculated nutrient solution outside of the system [13,14]. The problems associated with variations in
nutrient concentration or EC observed in soilless culture systems are presumed to be inevitable due to
the nutrient uptake concentration affected by the environment [5,14]. The experimental results are
interpreted depending on the responses of the system according to the treatment application [9,14,16–18],
and these have proven difficult to interpret in an integrated way. As a result, technical approaches to
managing nutrient variation and the design of experiments are limited. To block nutrient emissions
from a soilless culture system, nutrient reuse practices must be standardized, which requires a precise
problem definition based on variations of nutrient concentrations or EC.

The objectives of this study were to analyze the cause of EC variation in closed-loop soilless
culture systems based on a theoretical model, to derive an alternative nutrient-replenishment
method for managing nutrient fluctuation, and to evaluate the performance through theoretical
and experimental analyses.

2. Materials and Methods

2.1. Soilless Culture System Model

The model used in this study simulated nutrient changes in a soilless culture system with
an automated nutrient-mixing system (Figure 1). The basic structures of the soilless culture system
and plant growth models were constructed by referring to the nutrient transport model in a substrate
condition [6,19–21]. The measured data of incident radiation intensity in the greenhouse from
10 September 2011 to 9 March 2012 were used as an input variable of transpiration and irrigation
control in the simulation. Some units of parameters and variables were converted from the references
for simulating the minute-based time scale of the automated soilless culture system. Values and
description of the parameters used in the simulation were summarized in Table 1.
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Figure 1 Schematic description of a closed-loop soilless culture system in a simulated condition. Solid 
lines indicate water and nutrient flow, and dotted lines indicate data flow for nutrient solution mixing 
and irrigation control. CM and AM mean conventional and alternative nutrient-replenishment 
methods, respectively. 

Figure 1. Schematic description of a closed-loop soilless culture system in a simulated condition.
Solid lines indicate water and nutrient flow, and dotted lines indicate data flow for nutrient solution
mixing and irrigation control. CM and AM mean conventional and alternative nutrient-replenishment
methods, respectively.

Table 1. Parameters used for the simulations of soilless culture system.

Symbol Description Value Reference Number

aLAI Leaf area index parameter 3.5 [22]
bLAI Leaf area index parameter 13.2 [22]
x0 Leaf area index parameter 37.2 [22]
aT Evapotranspiration parameter 0.98 [22]
bT Evapotranspiration parameter 2.08 × 10−4 [22]
λ Latent heat of vaporization 2.45 [22]
k Light extinction coefficient 0.84 [22]
RLDmax Maximal root length density 50,000 m m−3 [20]
K1 Coefficient of the root growth function 770 [20]
k1 Coefficient of the root growth function 500 [20]
JK
max Maximum absorption rate 2.89 × 10−3 [20]

JCa
max Maximum absorption rate 3.54 × 10−4 [20]

JMg
max Maximum absorption rate 4.20 × 10−4 [20]

KK
m Michaelis-Menten constant 0.0127 [20]

KCa
m Michaelis-Menten constant 0.039 [20]

KMg
m Michaelis-Menten constant 0.015 [20]

CK
min Minimal concentration for uptake 0.002 [19]

CCa
min Minimal concentration for uptake 0.002 [19]

CMg
min

Minimal concentration for uptake 0.002 [19]
CT Target total equivalent concentration 15
CW Total equivalent concentration in tap water 1
F Field capacity 0.74 [4]
WDAW Difficult available water 0.0068 [4]
Ssub,n Volume of substrate layer n 1.35

2.2. Water and Nutrient Transport in a Substrate

According to standard practices for automated irrigation of a soilless culture system, the mixing
process for a nutrient solution is initiated in the mixing tank, and the nutrient solution is supplied
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to the substrate after mixing. The target nutrients for the simulation were selected as macronutrient
cations (K+, Ca2+, and Mg2+).

dVn

dt
= Qn−1 −Qn − Tn (1)

The volume of water in a substrate layer (Vn, L) was calculated depending on the flow rate of the
water from the former (Qn−1, L min−1) and to the next layer (Qn, L min−1) and the evapotranspiration rate
(Tn, L min−1). The flow rate of the water to the first substrate layer (V1) was the irrigation flow rate (Q0).
Qn is the difference between the flow rate of the water from the former layer and the evapotranspiration
rate (Qn−1 − Tn) or the difference between the irrigation rate and the evapotranspiration rate in the
first substrate layer (Q0 − T1) [23]. The field capacity (F, dimensionless) and difficult available water
(WDAW , dimensionless), respectively restrict Qn and Tn. The flow for Qn occurs only when Vn > Ssub,nF,
and Tn flows only when Vn > Ssub,nWDAW . Ssub,n (L) is volume of the substrate layer n.

The flow of nutrients in the medium is generated by the flow rate of water.

Vn
dCI

n
dt

= Qn−1CI
n−1 −QnCI

n − PRSA JI
n (2)

C is the molar concentration of nutrient (mM), superscript I is the type of ions (K+, Ca2+, Mg2+),
JI
n is the uptake rate of nutrients (mmol m−2 min−1), and PRSA is the specific root surface area (m2),

which is described as the root length density and specific root surface area.

2.3. Plant Variables and Growth Parameters

In this simulation, evapotranspiration and nutrient uptake rates were applied as plant variables
in the substrate. In general, the plant parameters relate to changes in evapotranspiration and nutrient
uptake rates with plant growth. The relationship between solar radiation and evapotranspiration is
adjusted by the leaf area index [24]. The parameters related to the nutrient uptake rate are derived
from the characteristics of the plant ion transporters and are modeled as increasing with growth of the
root surface area [25].

2.3.1. Leaf Area Index

The Boltzmann sigmoid equation was used to apply changes in the leaf area index to the
evapotranspiration rate:

PLAI,t =
aLAI[

1 + e
x0−t
bLAI

] (3)

where aLAI, bLAI, and x0 are constants, and t is time.

2.3.2. Evapotranspiration

The evapotranspiration rate was modeled using the simplified Penman-Monteith equation
by Baille et al. (1994) [24].

Tn = aT
[
1− e−kLAIPLAI

]R
λ
+ bT (4)

Tn (L min−1, numbers were converted from kg min−1) was calculated depending on the radiation
for a minute (R, MJ m−2 min−1), the latent heat of vaporization (λ, MJ kg−1), the light extinction
coefficient (kLAI), and the leaf area index (PLAI). aT (dimensionless) and bT (kg m−2 min−1) are
regression parameters.
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2.3.3. Root Length Density and Specific Root Surface Area

Root length density was used to calculate the specific root surface area and modeled using
a logistic function of time [20,26]:

Plen,t =
RLDmax

1 + K1e−k1t
(5)

PRSA,t = 2πr0Plen,t (6)

where RLDmax (m m−3) is the maximal root length density, and K1 and k1 are coefficients. r0 is the
mean root radius (m). Root length density was set to start at the top layer of the substrate and be
sequentially assigned to the subsequent layer as the value increased. The allocation of root length
density for each layer was calculated by dividing RLDmax by the total number of layers.

2.3.4. Nutrient Uptake

The nutrient uptake rate of the plant in the substrate was simulated as a function of
Michaelis–Menten:

JI
n =

JI
max

(
CI

n −CI
min

)
KI

m +
(
CI

n −CI
min

) (7)

where JI
max (mmol m−2 min−1) is the maximum absorption rate of nutrient I, KI

m (mM) is the
Michaelis-Menten constant, and CI

min (mM) is the minimal concentration at which JI
n = 0.

2.4. Mixing of Nutrient Solutions

The conventional mixing process for stock solution, tap water, and drainage under the automated
closed-loop soilless culture system is performed in the mixing tank [11,12]. When the system receives
an irrigation command, the entire volume of collected drainage is diluted with tap water within the
range of the irrigation volume, and the stock solution is added to the target EC.

However, because drainage is included in the automated mixing process in closed-loop soilless
culture systems, the Equation needs to solve for target EC with mixing stock solution, drainage,
and water [12]. The nutrient solution mixing process occurs intermittently according to the irrigation
interval, and the basic Equation for conventional nutrient replenishment can be summarized based on
the dilution Equation:

VTCT = VDCD + VWCW + VSCS (8)

Vw = VT −VD −VS (9)

VS =
CTVT −CwVT + CWVD −CDVD

CS −CW
(10)

where VT (L) is the target irrigation volume per event, CT (mEq L−1) is the target total equivalent
concentration, VD is the drainage volume, CD (mEq L−1) is the total equivalent concentration in
drainage, VW (L) is the amount of tap water input to the mixing tank, VS (L) is the amount of stock
solution input to the mixing tank, Cw (mEq L−1) is the total equivalent concentration in tap water, and CS
(mEq L−1) is the total equivalent concentration of the stock solution. Equation (8) can be summarized
as Equation (10) by substituting Equation (9) for VW . Equation (10) is calculating the amount stock
solution input based on the total equivalent concentration. In this simulation, we assumed the total
equivalent concentration as EC based on the linear relationship between EC and the total equivalent
concentration of nutrient solution presented by Savvas and Manos (1999) [27].

The amount of stock solution input to the mixing tank was calculated through this process,
and when the irrigation control command was generated during the simulation, the mixing process
began based on the volume of drainage stored in the drainage tank at that moment. If the calculated
value of the Equation (10) was less than zero, dilution using tap water could not be adjusted to the
target concentration within the range of irrigation amount. In this case, the amount of tap water
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required for diluting the drainage to target total equivalent concentration (CT) was calculated, and then
the ratio between the drainage and calculated tap water was multiplied by VT. When the doses of VD,
VW , and VS were determined through the abovementioned calculation, a flow rate was generated until
the corresponding amount was transferred to VM according to Qdrg, Qwtr, and Qstk, respectively. In the
simulation, irrigation was controlled by a radiation integral method, which is conventionally used
in automated irrigation control [28]. 140 mL of nutrient solution per plant in the mixing tank were
supplied whenever the accumulated radiation reached 100 J m−2.

2.5. Experimental Analysis

2.5.1. Cultivation Conditions

Three sweet pepper (Capsicum annuum L. “Derby”) plants were grown in a rockwool slab, and seven
slabs were used per row. Four cultivation lines were installed in a Venlo-type greenhouse at the
experimental farm of Seoul National University (Suwon, Korea, Lat. 37.3◦ N, long. 127.0◦ E). Each line
was an independent closed-loop soilless culture system with a mixing tank, drainage tank, and stock
solutions. The stock solution was prepared based on the PBG nutrient solution of the Netherlands.
In the greenhouse, daytime temperature was maintained at 25–35 ◦C and nighttime temperature at
17–22 ◦C. The solar radiation-based irrigation control was applied; when the cumulative radiation
measured by a pyranometer (SP-110-L10, Apogee Instruments, Logan, Utah, USA) reached 100 J cm−2,
150 mL of the nutrient solution was supplied to each plant. However, the irrigation amounts were
adjusted according to meteorological conditions to maintain a drainage ratio of approximately 30%.
The composition of nutrient solution was 14.17 mM of NO3

−, 1.14 mM of H2PO−, 5.92 mM of K+,
4.43 mM of Ca2+, 1.59 mM of Mg2+, and 1.6 mM of SO4

2– as macro-elements; and 0.019 mM of Fe2+,
0.01 mM of Zn2+, 0.002 mM of Cu2+, 0.01 mM of Mn2+, and 0.0005 mM of MoO4

2– as micro-elements.
After an irrigation event, the drainage solution was returned to the drainage tank (11.7 L). The EC
and pH of tap water were 0.17 dS·m−1 and 7.11, respectively, and contained 0.21 mM of Na+, 0.29 mM
of Cl−, 0.04 mM of K+, 0.36 mM of Ca2+, 0.11 mM of Mg2+, 0.10 mM of SO4

2−, 0.39 mM of NO3
−,

and 0.0 mM of PO4
3–.

2.5.2. Measurement of Fruit Yield and Analyses of Nutrient Content in Leaves and Substrate

The total yield and average fruit weight during the experimental period were measured.
The proportion of blossom-end rot (BER) fruits on a sweet pepper plant was measured. At the
end of the experiment, 18 leaves (including petiole) from the middle to the top nodes of a sweet pepper
were randomly collected from each treatment. Leaves were washed in tap water and dried for 48 h
at 70 ◦C in an oven. The dried leaves were ground, and 0.5 g of each ground sample was digested
using concentrated nitric acid. Next, 1 mL of concentrated perchloric acid was added to maintain a set
solution temperature of 180 ◦C, and the digestion process was accelerated on a hot plate at 90 ◦C for
approximately one h, until a clear-colored solution was obtained. After digestion, the tube was cooled,
filled with 25 mL deionized water, and the total contents of K+, Ca2+, and Mg2+ in the leaves were
determined with an inductively coupled plasma-optical emission spectrometer (ICP-730ES, Varian,
Mulgrave, Australia). To determine the nutrient concentrations in the rockwool substrate, samples
of nutrient solution in the rockwool slabs were extracted using a syringe. The collection points of
the nutrient solution in the rockwool slab were randomly selected to ensure representative samples
of the overall concentration in the rockwool slabs. Five 10 mL samples of a rockwool slab nutrient
solution were collected for each extraction, for a final volume of 50 mL sample. Four 50 mL samples
per treatment were collected every week. SAS (version 9.2, SAS Institute, Cary, NC, USA) was used for
statistical analysis.
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2.5.3. Nutrient-Replenishment Method

A conventional nutrient-replenishment method (CM) and an alternative nutrient-replenishment
method (AM) derived from the theoretical analysis in this study were performed in the mixing tank
with two applied nutrient solution mixing modules. In the CM, as explained in Section 2.4, when the
system received an irrigation command, the entire drainage volume was diluted with tap water
within the range of irrigation volume, and the stock solution was added to match the fixed target
EC [12]. In the case when the calculated volume of the diluted drainage exceeds the irrigation volume,
the injection ratio of drainage and water was multiplied by the irrigation volume, and the converted
drainage and water volumes were injected into the mixing tank without injection of the stock solution.
In the AM, the additional volume of the stock solution was determined by the equation derived from
the simulation study at every irrigation event (Equation (14)).

2.5.4. Nutrient Solution Mixing Module and Data Collection

The ECs of the nutrient solutions in the mixing tank and drainage tank were measured by EC
sensors (SCF-01A, DIK, Chuncheon, Korea). Light intensity in the greenhouse was measured with
a pyranometer (SP-110, Apogee, Logan, UT, USA) and used for input data for solar radiation-based
irrigation control. Data were measured every 10 s from 15 October to 31 December 2014. Mean values
for every hour were used. A datalogger (CR1000, Campbell Scientific, Logan, UT, USA) was used to
measure and control the drainage and nutrient mixing process. Water levels of the stock solution tanks
and the drainage tanks were monitored by ultrasonic sensors (UHA-300, Unics, Daegu, Korea) and
used to estimate the stored volume changes of stock and drainage solutions. ECs in the substrates
were measured at intervals of two to five days using a multimeter (Multi 3420 SET C, WTW, Weilheim,
Germany).

3. Results and Discussion

3.1. Theoretical Analysis: Reconsideration of Problem and Derivation of Possible Solution

The total concentration of nutrients in the system using CM for nutrient replenishment gradually
increased with diurnal level fluctuations, and after approximately 60 days, the total concentration
showed repeated fluctuations within a certain range (Figure 2a). The changes with an increasing
tendency in total nutrient concentrations relative to initial values have been typically reported in
most EC-based closed-loop, semi-closed-loop, and open-loop soilless culture systems [8,13,14,16,29].
Theoretically, the concentration of nutrient solutions in the substrates can be explained by the difference
between the concentration of irrigated solution and the concentration of nutrient uptake when the
boundary area is limited to a substrate [5]. This can simply explain the nutrient variations in open-loop
soilless culture systems. In closed-loop soilless culture systems, on the other hand, the concentration of
irrigated solution is also affected by the drained solution, but most of studies on nutrient variations in
closed-loop systems have been carried out with a premise that nutrient variations are the result of the
changing dynamics of uptake concentrations [5,14,16,30–32].

The total amount of nutrients in the system using CM also increased with time (Figure 2b).
In a closed-loop system, the changes in the total amount of nutrients can be interpreted more
straightforwardly. The increasing tendency in the total amount of nutrients indicates the accumulation
of surplus nutrients supplies. However, most of the previous studies did not attempt to interpret the
fluctuations from the perspective of total amount of nutrients. Thus, our theoretical analyses reconsider
problems for the nutrient concentration changes in the closed-loop soilless culture system; the nutrient
fluctuation with increasing tendency is mainly caused by the accumulated difference between nutrient
uptake and replenishment.
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Figure 2. Changes in total ion concentration in the substrate (a) and total ions in the system (b) in the
closed-loop soilless culture system using conventional (CM) and alternative (Equation (12) applied)
nutrient-replenishment methods.

In a simple cultivation system sharing root-zone and nutrient solutions in a single container,
measurement of changes in nutrient concentration, and water volume in the container corresponds to
the actual amount of consumed nutrients in the system [15]. On the other hand, a typical soilless culture
system consists of subsystems, including mixing tank, drainage tank, and substrates [6,12]. However,
in the conventional nutrient solution mixing method of closed-loop soilless culture, the amount of
nutrients replenishment has been mainly determined as a function of EC and volume of irrigation water
and drainage [12]. Thus, to remove the errors between the actual nutrient consumption by plants and
nutrients supplies in the closed-loop soilless culture system, the determination of the replenishment
amount should consider the system-wide nutrients and water. We summarized equations for the
estimation of nutrient consumption in the typical soilless culture system as Equation (11) and for the
determination of nutrient replenishment as Equation (12)

VinitCinit = VdrgCdrg + VsubCSub + VmixCmix + VUCU (11)

Vstk =
CinitVinit −CdrgVdrg −CmixVmix −CsubVsub

Cstk
(12)

where Vinit is the initial volume of water in the system; VU is the amount of water absorbed by the
plant; Cinit is the initial total concentration of the system; CU is the average total nutrient uptake
concentration; Vdrg, Vsub, Vmix, and Vstk are the volumes of water stored in the drainage tank, substrate,
mixing tank, and the input volume of stock solution, respectively; and Cdrg, Csub, Cmix, and Cstk are
the total nutrient concentrations in the drainage tank, substrate, mixing tank, and the stock solution
concentration, respectively.

In the calculation using Equation (12) for nutrient replenishment by stock solution, the total nutrient
concentration showed repeated fluctuations near the initial concentration (Figure 2a). The amount
of total nutrients in the system also stayed near the initial value without any apparent increasing or
decreasing tendency (Figure 2b).

Precise measurements for the variables in Equation (12) in a real cultivation system have technical
limitations. In particular, the amounts of total nutrients Csub and Vsub in the substrate are difficult to
estimate. In a soilless culture system, the field capacity (F) of a substrate corresponds to the parameters
of the system, and the volume of water cannot exceed the volume of the substrate multiplied by the
field capacity. The EC of the drainage (Cdrg) can be indicative of a change in concentration of substrate.
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Considering this, we can modify Equation (12) as follows for an alternative nutrient-replenishment
method (AM):

Vstk =
CinitVinit −CdrgVdrg −CmixVmix −CdrgF

Cstk
(13)

When the EC of the drainage (Cdrg) and the field capacity (F) are substituted for Csub and Vsub,
respectively, errors may occur. However, in this case, total ion concentration fluctuated around the
initial concentration (Figure 3).
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Figure 3. Changes in total ion concentration in the substrate according to the nutrient-replenishment
method (a) and mean and standard deviation of total ion concentration in the substrate according to
the nutrient-replenishment method (b). CM is the conventional nutrient-replenishment method and
AM is alternative nutrient-replenishment method (Equation (13) applied).

In the existing problem definition, the EC variation in the closed-loop soilless culture system
was derived from the dynamic change in nutrient uptake concentration [14,16,30–32]; thus, there
were restrictions on active control and interpretation. However, a series of analysis steps leading
to Equation (13) makes it possible to convert EC control in the closed-loop soilless culture system
to the problem of proper gain search through arbitrary adjustment of system parameters. That is,
in Equation (13), all but Cdrg can be viewed as parameters and the process of calculating the difference
between CinitVinit and the product of the parameters and Cdrg is performed in every mixing process.

3.2. Experimental Analysis: Demonstration Experiment for the Theoretical Analysis

The AM showed stable changes in the EC control of substrate and drainage against the CM
(Figure 4). While the EC of substrate and drainage in the AM was maintained near the initial value of
the system, an increasing tendency in stored drainage volume in the drainage tank was not observed
(Figure 5). The average level of stored drainage level in the CM was higher than in the AM, and the
range of variation was relatively wider (Figure 5).
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Figure 4. Comparison of electrical conductivity (mean ± SD) in the rockwool substrate (a) and
the drainage (b) of the closed-loop soilless culture system during the experimental period between
conventional (CM) and alternative (AM) nutrient-replenishment methods.
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Figure 5. Changes in stored drainage volume in the drainage tank (a) and box-plot comparison
between conventional (CM) and alternative (AM) nutrient-replenishment methods (b) during the
experimental period.

The mixing ratio of drainage, water, and stock solution in the conventional nutrient solution
mixing process depends on the target EC for the irrigation solution. However, this aspect could
generate significant fluctuations in the stored volume of drainage. No increasing or decreasing trend
in EC or stored drainage volume can be inferred over the entire experimental period in the closed-loop
system, meaning that total nutrient input to the system adequately followed total nutrient uptake by
the plant. In the CM, the EC of the rockwool substrate was relatively higher, and gradual increase was
observed. The EC in the substrate can eventually be reflected in the EC of the drainage. A high EC value
in a closed-loop soilless culture system where concentration control of the recycled nutrient solution
is carried out can lead to an increase in the volume of stored drainage solution and subsequently to
discharge of drainage when it exceeds system capacity [13,14]. This can be a factor in system instability.
The EC changes in the rockwool substrate of the AM applied system indicate a normal effect of the
proportional gain adjustment, as in the theoretical analysis in this study.

The cumulative amount of nutrients supplied to the system using the AM increased at a low
rate in comparison with the CM, and the final amount of supplied nutrients was also lower than that
of the CM; 1054 g for AM and 2257 g for CM, respectively (Figure 6). The AM appeared to work
normally, and a reduction in fertilizer input compared with the CM was also observed. In addition,
measurement of cumulative amount of nutrients in a state with no overall increases in EC and stored
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drainage volume were not observed indicates that the system can detect the total nutrient requirement
of a plant. This measure could be used as an as index for plant nutritional status, one that is not
provided in the CM.
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Figure 6. Accumulated amounts of fertilizers injected into the soilless culture systems with conventional
(CM) and alternative (AM) nutrient-replenishment methods.

In the case of stock solution input volume change, it was confirmed that the input amount of the
AM was relatively evenly distributed during the cultivation period (Figure 7b). On the other hand,
in the case of the CM, a concentrated period of nutrient solution injection occurred, and relatively long
periods during which the input of stock solution was blocked were observed (Figure 7a). The irregular
feeding rate of the stock solution could be an adverse factor in nutrient-balance control when nutrient
correction in the system is performed by input of stock or standard nutrient solution [13,14,32].
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Figure 7. Changes in volume of injected stock solution with conventional (CM, a) and alternative
(AM, b) nutrient-replenishment methods.

In the CM, overall tendencies of increasing Ca2+ and Mg2+ and decreasing K+ were observed
(Figure 8). In the AM, Ca2+ and Mg2+ concentrations were stable at a level relatively close to the initial
value, but K+ values showed a rapid decline and then fluctuated at a low concentration (Figure 8a–c).
For CM, variations in nutrient concentrations similar to those reported in previous studies were
observed [9,14,16]. Previous research on closed-loop soilless culture systems has determined that
nutrient variations are a result of dynamic changes in nutrient uptake concentrations, and following
those changes is challenging. [5,14,30,33]. However, Figure 8 indicates that a more deterministic change
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occurred in the system when nutrient replenishment was synchronized with total nutrient uptake
through the AM system.
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Figure 8. Changes in nutrient concentrations (mean ± SD) of K+ (a), Mg2+ (b), and Ca2+ (c) and
changes in cumulative standard deviation of nutrient concentrations of K+ (e), Mg2+ (f), and Ca2+ (g)
in the rockwool substrates using the conventional (CM) and alternative (AM) nutrient-replenishment
methods, respectively.

The cumulative standard deviations of the AM were maintained at a lower level than those of the
CM during the entire experimental period, and gradually decreasing tendencies were observed in K+

and Mg2+ for the AM (Figure 8e–g). This means that the changes in nutrient concentration in the AM
applied system were maintained close to the average concentration values during the experimental
period compared with the CM. Considering the nutrient variations of the AM system itself, there may
be a limit to defining it as steady state in the strict sense. However, in the actual cultivation conditions
in this experiment, input of nutrients and water into the root zone by irrigation occurs intermittently,
and the variation in the section where no input occurs cannot be controlled until the next input event.
Furthermore, the frequency of changes of such input can affect system fluctuations [34–36], and the
AM applied system is also under this influence. Considering these constraints and the CM changes,
it can be assumed that the AM entered an average steady state that fluctuated within a certain range.
The nutrient concentration control in the soilless culture system can therefore be seen as shifting the
fluctuation range of the average steady state to the target range through a compositional change in the
stock nutrient solution.

However, because the K+ concentration of the AM was maintained at a very low level in this
study, the impacts on sweet pepper productivity need to be considered [37]. Total sweet pepper
yields during the experiment were compared (Figure 9). The average total yield was 827.5 g per plant
(standard deviation [SD] ±106.5) in the CM and 838.8 g per plant (±109.8) in the AM, and statistically
significant differences were not observed (t-test, P > 0.05; n = 10 per treatment). The average fruit
weights were 133.7 g (±35.2) and 137.8 g (±38.6) for the CM and AM, respectively, but no significant
effect was observed.
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Figure 9. Comparisons (mean ± SD) of total yield (a) and fruit weight (b) of sweet pepper during the
experimental period between conventional (CM) and alternative (AM) nutrient-replenishment methods
(t-test). NS: Not significant (P > 0.05); n = 10 per treatment.

In the case of blossom-end rot, the mean value was low in the AM but not by a significant
difference (Figure 10). This is considered to be due to the difference in concentration of the root zone
when considering the characteristics of sweet pepper responses to root zone nutrient concentration [38].
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Figure 10. Comparison of blossom-end rot (mean ± SD) of sweet pepper between conventional (CM)
and alternative (AM) nutrient-replenishment methods (t-test). NS: Not significant.

When comparing the changes in the nutrient ratio in the substrate during the experiment, the AM
showed a tendency to accumulate calcium (Figure 11), but it was not in the range of physiological
limitations of Steiner’s standard [39]. Leaf analysis confirmed that absorption selectivity is maintained
by achieving the ratio range of standard nutrient solutions, unlike the ratio of nutrients in the substrate
nutrient solution (Figure 11). In the AM, the concentration of K+ was maintained at a low level, but
the supply interval of the stock solution was relatively uniformly distributed, resulting in a periodic
supply. That could correspond to the prevention effect of nutrient deficiency through the constant
feeding rate of nutrients even at lower concentrations [40].
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Previous studies and techniques for the EC-based closed-loop soilless culture systems interpreted
the nutrient variations mainly focused on the discrepancies between supplied nutrient concentrations
and uptake concentrations. Due to the dynamic features in the uptake concentrations and seemingly
complex changes of each nutrient in the substrate, this has been a limiting factor in the systematic
approach and the development of appropriate technologies so far. Therefore, most of the studies have
been carried out through relative comparison by controlled experiments. However, there was no proper
theoretical platform for nutrients variation in the closed-loop soilless culture system, so the stability of
the cultivation has been verified by changing the terminal factors such as the irrigation, composition of
the nutrient solution, and reuse period [9,14,16–18,41,42]. Our study redefined the problem of nutrient
variation control in the EC-based closed-loop soilless culture system in the whole system perspective
through the theoretical analysis and deduced the proper solution. The experimental results showed
theoretically-predicted behaviors in the EC variation control. In addition, the ion concentrations
showed convergent changes, which are providing a basis for future studies for technical advancement.

4. Conclusions

The effects of synchronized total nutrient supply on total nutrient uptake by the alternative
nutrient-replenishment method (AM) were confirmed and compared with those of the conventional
nutrient-replenishment method (CM) in the soilless culture system for sweet pepper cultivation. In the
AM, electrical conductivity (EC) was maintained close to the initial value, and the use of fertilizers was
reduced by about 45% without significant yield losses compared with the CM. This could mean that
a closed-loop soilless culture system, showing complicated nutrient variations, can be stably controlled.
Through this study, the problem of EC variation in closed-loop soilless cultures was theoretically
analyzed. In addition, more advanced and sustainable control techniques could be applied based on
the problem definition provided by this study and repeated experiments for other crops are required
to ensure the on-site feasibility.
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