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Abstract

Drainage solution reuse in soilless strawberry production can reduce nutrient-rich dis-
charge, but adoption requires microbial control, hydraulic reliability, and manageable
energy demand. This field study evaluated a photovoltaic (PV) assisted ultraviolet-C (UV-
C) treatment loop for substrate derived drainage solution in a 132 m2 three-tier natural light
greenhouse producing ‘Solhyang’ strawberry in Sokcho-si, Republic of Korea. The system
used an 11.25 kWp vertical windbreak-type PV facility and a 650 W treatment loop compris-
ing a 250 W low-pressure mercury UV-C reactor, a 350 W pump, and a 50 W controller. The
loop operated for 2.5 h day−1, processed 3.25 m3 day−1 as cumulative reactor throughput,
and consumed 1.625 kWh day−1, equal to 4.22% of the measured daily PV alternating
current (AC) output (38.5 kWh day−1). The drainage solution had low ultraviolet trans-
mittance at 254 nm (UVT254; 25–50%) and moderate turbidity (5–30 NTU), conditions that
can attenuate UV radiation and shield microorganisms. Across six post fruit set sampling
events, the mean log10 reductions were 1.15 ± 0.09 for culturable molds/fungal propagules
and 1.64 ± 0.09 for culturable aerobic bacteria; paired tests on log10 transformed counts
were significant (p < 0.001). Total coliform bacteria were not detected after treatment, corre-
sponding to a detection limit-based lower-bound reduction of ≥2.69 ± 0.17 log10. Apparent
fluence values were treated as engineering estimates rather than validated delivered dose.
The results support UV-C sanitation as a preliminary enabling step for drainage solution
reuse, while biodosimetry, untreated circulation controls, multi-stage seasonal sampling,
full-season recirculation, and crop response validation remain necessary.

Keywords: drainage solution reuse; ultraviolet-C disinfection; ultraviolet transmittance;
turbidity; microbial indicators; soilless culture; protected strawberry production; photovoltaic
energy; nutrient solution; agricultural water reuse

1. Introduction
Drainage solution reuse is an important agricultural water management strategy

for soilless greenhouse production because it can reduce freshwater demand, fertilizer
discharge, and nutrient-rich effluent losses [1–5]. In protected strawberry production,
drainage solution discharged after fertigation still contains water and residual macro- and
micronutrients, making it a potentially valuable reuse stream. However, reuse is only
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acceptable when microbial risk, optical water quality, and nutrient balance are controlled
under practical farm conditions.

The motivation for drainage solution reuse has strengthened in Korea because water
resource efficiency, renewable energy use, and circular hydroponics are increasingly linked
in agricultural policy [6–9]. Government led programs promote drainage solution recircu-
lation as a resource-saving technology that can reduce water use, fertilizer use, production
costs, and carbon emissions when nutrient correction is properly managed [8,9].

Fertilizer market instability adds an economic driver for water and nutrient reuse. The
Korean mineral fertilizer sector depends heavily on imported raw materials, making fertil-
izer prices sensitive to supply chain disruptions, export controls, exchange rate changes,
and geopolitical conflicts [10,11]. The Russia–Ukraine war caused major disruptions in fer-
tilizer production, trade flows, and prices, exposing the vulnerability of import-dependent
fertilizer markets [11–13]. Under these conditions, reusing drainage solution becomes both
a water quality measure and a farm level cost control strategy.

Despite this need, adoption of closed or semi-closed nutrient solution reuse remains
limited because farms must install collection tanks, return plumbing, nutrient correction,
microbial control, monitoring routines, pumps, and sanitation equipment. Dutch green-
house horticulture provides a useful precedent: closed soilless systems and drain water
reuse have been developed over many years, and UV-based disinfection has been used
as a practical treatment option before reuse [14–16]. This precedent is directly relevant
to agricultural water management because it links water quality control, microbial risk
reduction, and nutrient solution recirculation.

Ultraviolet-C (UV-C) disinfection is attractive for agricultural water reuse because
it can inactivate microorganisms without chemical disinfectant dosing or the formation
of disinfectant residues [17–20]. Reactor and lamp factors that affect UV-C performance
include reactor geometry, flow rates, hydraulic residence times, lamp output, and quartz
sleeve conditions. Water matrix factors include turbidity, suspended particles, organic
matter, and ultraviolet transmittance at 254 nm (UVT254) [20–22]. These constraints are
especially important for substrate-derived strawberry drainage solution, which can contain
fine particles, root zone organic matter, humic-like substances, and biofilm fragments
that attenuate UV radiation and shield microorganisms. Related ultraviolet disinfection
and microbial monitoring systems for nutrient solution residual liquids have also been
proposed [23], but the present study focuses on 254 nm UV-C treatment.

Renewable energy integration can reduce the operating energy barrier of on-farm
water treatment. Photovoltaic (PV) and agrivoltaic systems have been studied as ways to
couple agricultural production with renewable electricity [24,25], and vertical PV structures
may reduce direct competition with crop light interception while providing site-specific
wind-sheltering functions [26]. The Sokcho installation evaluated here was an electrical
vertical windbreak-type PV generation facility, not a thermal hybrid photovoltaic system.
Windbreak performance was not a study endpoint; the present analysis focuses on water
treatment energy demand and PV coverage of UV-C operation.

The objective of this study was to evaluate the water reuse feasibility, field energy bal-
ance, and microbial indicator reduction of a PV-assisted UV-C treatment loop operated with
substrate-derived strawberry drainage solution. The study was intentionally framed as a
field feasibility evaluation rather than a validated UV dose response study or a full-season
recirculating crop trial. The specific aims were to: (i) describe the greenhouse, drainage
collection, and UV-C water treatment configuration; (ii) quantify hydraulic throughput,
specific energy demand, and PV coverage; (iii) evaluate microbial indicator log10 reduc-
tions across six post fruit set sampling events; (iv) assess UVT254 and turbidity as optical
constraints on UV-C performance; (v) distinguish directly measured values from energy
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allocation estimates; and (vi) define the validation requirements needed before full-season
drainage solution recirculation.

The novelty claim is therefore limited to PV-assisted field operation of a dedicated
UV-C drainage treatment loop in a substrate derived strawberry drainage matrix rather
than UV-C recirculation or strawberry drainage solution reuse itself.

2. Materials and Methods
2.1. Greenhouse Site and Water Reuse System

The experiment was conducted in a vinyl greenhouse located in Sokcho-si, Republic
of Korea. The greenhouse scale was approximately 132 m2 (40 pyeong). Strawberry plants
(Fragaria × ananassa Duch. cv. ‘Solhyang’) were transplanted in August, and the crop cycle
was terminated in April. Approximately 1000 plants were cultivated in natural light, in a
three-tier substrate culture system using drip fertigation and a commercial horticultural
substrate rather than rockwool. The production system was normally operated as a non-
recirculating fertigation system; for the present water treatment experiment, drainage
collection and the UV-C loop were operated in temporary circulation mode.

Environmental and PV operating conditions were recorded as operational descriptors
rather than as controlled experimental factors. The greenhouse was operated under natural
daylight without supplementary lighting, and the vertical PV modules were installed along
the greenhouse boundary rather than above the crop canopy; therefore, no intentional crop
shading treatment was imposed by the PV facility (Hanwha Q.Tron XL-G2, Seoul, Republic
of Korea). The drainage solution temperature during the microbial treatment tests was
19–22 ◦C. Continuous greenhouse air temperature, global solar irradiance, and shade maps
were not available for all six microbiological sampling events, so sunlight/PV conditions
were described using the measured daily PV AC output (38.5 kWh day−1), specific PV
yield (3.42 kWh kWp−1 day−1), the 2.5 h day−1 UV-C operating schedule, and the allocated
75% direct PV/25% battery-mediated PV electricity pathway.

The crop was supplied through the grower’s standard commercial strawberry nutri-
ent solution, prepared as a two-part A/B stock fertilizer diluted with source water and
managed through the farm fertigation controller. The fertilizer recipe was not varied as
an experimental treatment, and complete stock solution composition and full ion-balance
data were not generated for this field feasibility study. Available pH, electrical conductivity
(EC), turbidity, and UVT254 records from NICEM-accredited water quality analyses are
identified in Table S2, whereas full ion-balance validation is treated as a required follow-up
step before repeated recirculation.

2.2. Vertical Windbreak-Type Photovoltaic Facility for Water Treatment Energy Supply

The installed energy system was officially designated as a vertical windbreak-type PV
generation facility. The facility comprised 18 PV modules, each rated at 625 W, giving a
total nominal installed PV electrical capacity of 11.25 kWp. The modules were installed
vertically along the greenhouse boundary. This configuration was selected because the
Sokcho site is exposed to wind and because greenhouse structural designs in this region
must consider wind conditions. The present study analyzed the electrical role of the facility
in supporting UV-C drainage solution disinfection and reuse. No thermal recovery function
was installed or evaluated, and windbreak performance was not quantified.

2.3. Drainage Collection, UV-C Reactor, and Water Treatment Loop

Nutrient solution was supplied through drip fertigation, and substrate-derived
drainage solution was collected from the three-tier strawberry cultivation system. The
collected drainage solution was transferred to a storage or mixing tank and circulated
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through the UV-C reactor before potential reuse. The irrigation reservoir volume was
0.5 m3, and the collected drainage volume used in the hydraulic analysis was 0.15 m3. The
design/measured flow rate was 1.3 m3 h−1, and the nominal hydraulic residence time used
for microbial treatment tests was ≤1 min in the irradiated section.

The UV-C reactor used a low-pressure mercury lamp (UV module T24, UV Plus Co.,
Gwangju, Republic of Korea) rated at 250 W. The reactor included an internal quartz sleeve
maintenance function based on periodic acid cleaning to reduce fouling and sustain UV
transmittance. The loop also included a 350 W circulation pump and a 50 W controller,
resulting in a total connected treatment loop load of 650 W. The monitored operating
schedule was 2.5 h day−1, yielding a cumulative reactor throughput of 3.25 m3 day−1 and
a total loop electricity demand of 1.625 kWh day−1. The distribution of PV electricity use
(75% direct PV and 25% battery-mediated PV) was allocated from the typical daytime
dominant fertigation and drainage profile of substrate grown strawberries, where most
UV-C operation occurs during peak solar irradiation hours while battery storage buffers
late afternoon or cloudy condition operations. This allocation was not treated as a fixed
inverter-reported ratio.

Turnover time was calculated as V/Q. UV-C only specific electrical energy consump-
tion was calculated as PUVC/Q. Total loop specific electrical energy consumption was
calculated as (PUVC + Ppump + Pcontroller)/Q. In these equations, V is solution volume, Q is
flow rate, PUVC is the UV-C lamp electrical power, Ppump is the pump electrical power, and
Pcontroller is the controller electrical power.

2.4. Engineering Apparent Fluence Estimate

The nominal reactor pipe inner diameter was approximately 0.10 m. The cross-
sectional area was calculated as A = πD2/4, and the mean flow velocity was calculated as
Q/A. The electrical input normalized apparent fluence estimate was calculated as Helec = Pe

× D/(4 × Q), and the UVT254-adjusted apparent estimate was calculated as HUVT254 = fUV

× UVT254 × Pe × D/(4 × Q). In these equations, D is the nominal reactor diameter, Pe is the
UV-C electrical input, fUV is an assumed lumped UV delivery coefficient excluding UVT254,
and UVT254 is the decimal UV transmittance at 254 nm. This calculation was used only for
engineering interpretation and does not replace direct radiometry, biodosimetry, reduction
equivalent dose analysis, or validated delivered dose determination [27,28]. Therefore,
microbial reductions are reported as field indicator reductions under the tested reactor,
flow, and optical water quality conditions, not as a transferable UV dose response curve.

Supporting device calibration and quality control documentation were managed
within NICEM’s accredited laboratory quality system and the field operation log. NICEM’s
testing framework is based on KOLAS accreditation under the ISO/IEC 17025:2017 com-
petence framework for testing and calibration laboratories. The supporting water quality
records were interpreted with reference to applicable ISO water quality standards, includ-
ing ISO 5667-3:2024 for sample preservation and handling, ISO 10523:2008 for pH, ISO
7888:1985 for electrical conductivity, ISO 7027-1:2016 for turbidity, and ISO 8466-1:2021
for analytical calibration. Because a calibrated in-reactor UV radiometer or biodosimetric
challenge test was not performed, apparent fluence values are retained only as engineering
estimates rather than a validated delivered UV dose [29–35].

2.5. Microbiological Sampling and Accredited Laboratory Analysis

Six sampling events were conducted during the crop growth period (n = 6), mainly
after fruit set according to flower cluster developmental progression. At each event,
a pre-treatment grab sample was collected from the well-mixed drainage storage tank
immediately before UV-C operation. A post-treatment grab sample was then collected from
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the treated water stream or tank after operation through the UV-C loop at the design flow
condition. Samples were collected in sterile containers, kept chilled during transport, and
submitted for laboratory analysis.

Drainage solution samples were analyzed by the National Instrumentation Center
for Environmental Management (NICEM, Seoul National University, Republic of Korea).
NICEM is a Korea Laboratory Accreditation Scheme (KOLAS) internationally accredited
testing laboratory (KT 375) and is also listed as a drinking water quality testing insti-
tution [29]. Therefore, the water quality and microbiological results used in this study
were generated through NICEM’s accredited testing procedures, within the ISO/IEC
17025:2017 laboratory competence framework [30]. Microbiological sampling and culture-
based enumeration were interpreted with reference to the relevant ISO water microbiology
standards, including ISO 19458:2006 for microbiological water sampling, ISO 8199:2018
for culture based microbiological examination, ISO 6222:1999 for culturable microorgan-
ism colony count enumeration, and ISO 9308-1:2014/Amd.1:2016 for E. coli and coliform
bacteria by membrane filtration [36–39]. The design did not include an untreated circu-
lation time control; therefore, the analysis evaluates paired field before/after changes
under UV-C operation and does not separately quantify possible settling, handling, or tank
circulation effects.

NICEM certificate values were standardized and reported on a colony-forming unit
(CFU) basis. For plate count indicators, diluted aliquots equivalent to 1 mL were reported
as CFU mL−1 for culturable molds/fungal propagules and culturable aerobic bacteria. For
total coliform bacteria, the analysis was reported on a 100 mL water sample basis as CFU
100 mL−1. All post-treatment total coliform samples were reported as not detected (ND),
with a method reporting limit of 1 CFU 100 mL−1. Therefore, total coliform log10 reductions
were interpreted as detection limit-based lower-bound values rather than exact residual
counts. Trial level certificate values and reporting limits are provided in Table S1.

2.6. Optical Water Quality and Nutrient Solution Monitoring

Optical water quality and nutrient solution status were assessed through NICEM-
accredited water quality records and field operation records. Optical water quality was
characterized by UVT254 and turbidity; turbidity was interpreted under ISO 7027-1:2016-
type nephelometric/turbidimetric guidance, while UVT254 was used as an engineering
optical constraint based on UV-C absorbance/transmittance at 254 nm under the laboratory
standard operating procedure. Nutrient solution status was assessed operationally using
pH and electrical conductivity (EC), with reference to ISO 10523:2008 and ISO 7888:1985,
respectively. Complete event-paired ion-balance analysis was not performed in this feasi-
bility study; future recirculation validation should include NO3

−–N, NH4
+–N, PO4

3−–P,
K+, Ca2+, Mg2+, Na+, Cl−, and SO4

2− by appropriate ion chromatography, colorimetric, or
ICP-based methods [29,31–34].

UVT254 varied from 25 to 50% across growth stage and seasonal conditions, with an
average value of approximately 35%. Turbidity ranged from 5 to 30 NTU, with an average
value of approximately 20 NTU. These values were treated as water quality constraints
because low UVT254 and suspended particles can reduce delivered fluence and promote
microbial shielding. UVT254 and turbidity were not paired with every microbial certificate
value in a formal dose response design; therefore, the study cannot define optical threshold
values for reliable inactivation.

NICEM-accredited water quality analysis and field operation records indicated no
operationally significant nutrient solution composition change between before and after
UV-C treatment, but this observation should not be interpreted as a complete ion bal-
ance validation. For long-term drainage solution reuse, fresh nutrient solution, untreated
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drainage solution, and UV-C-treated drainage solution should be periodically analyzed
for pH, EC, NO3

−–N, NH4
+–N, PO4

3−–P, K+, Ca2+, Mg2+, Na+, Cl−, and SO4
2−. This

monitoring is needed to manage recycling driven ion balance, not because short UV-C
exposure is expected to alter the fertilizer recipe. The actual statuses of available water
quality and ion data are clarified in Table S2.

2.7. Statistical Analysis and Data Treatment

Microbial counts were analyzed across six post-fruit-set sampling events (n = 6). For
culturable molds/fungal propagules and culturable aerobic bacteria, before- and after-
treatment counts were log10 transformed and compared using paired t-tests. Mean log10

reductions and 95% confidence intervals (CIs) were calculated from event-level log10

reductions. Wilcoxon signed rank tests were also used as a non-parametric sensitivity check
because the sample size was small. For total coliform bacteria, post-treatment data were
left censored as ND with a reporting limit of 1 CFU 100 mL−1. Therefore, total coliform
reductions were summarized as detection limit based lower bounds rather than exact
paired residual counts. The 75% direct PV and 25% battery mediated PV values were
treated as energy balance allocation estimates and were not included in inferential statistics.
The six-event dataset was interpreted as preliminary field feasibility evidence and not as
full season performance validation across all seasonal, optical, and hydraulic conditions.

To strengthen the statistical reporting, homogeneous-group letters were used in the
Results section. For each microbial indicator, before- and after-treatment groups were
compared on log10 transformed values; groups sharing the same letter are not significantly
different, whereas different letters indicate a significant paired difference at α = 0.05.
Because the design contained only two paired levels for each indicator, these letters are
equivalent to the paired test grouping. Spearman correlation analysis was considered
for microorganism counts versus optical, nutrient, and PV variables; however, UVT254,
turbidity, and nutrient data were not available as complete event-paired measurements for
all six microbial certificates. To avoid generating unsupported correlations, this manuscript
reports the limitation explicitly and treats event-paired correlation analysis as a required
follow-up validation item.

3. Results
3.1. Water Treatment System, Reuse Context, and Energy Capacity

The experiment was conducted in an approximately 132 m2 vinyl greenhouse contain-
ing approximately 1000 ‘Solhyang’ strawberry plants in a natural light, three-tier substrate
culture system. The renewable energy structure was a vertical windbreak-type PV genera-
tion facility, not a thermal hybrid photovoltaic system. Eighteen 625 W PV modules were
installed vertically along the greenhouse boundary, resulting in 11.25 kWp nominal PV
electrical capacity. Detailed greenhouse, hydraulic, optical, energy, and nutrient solution
characteristics are provided in Table S4 rather than as a main text table.

3.2. Hydraulic Throughput, Specific Energy Demand, and PV Coverage

At the design flow rate of 1.3 m3 h−1, the 0.15 m3 collected drainage volume required
0.115 h, or approximately 6.9 min, for one theoretical pass through the UV-C loop. The 0.5
m3 irrigation reservoir required approximately 23.1 min for one theoretical turnover at the
same flow rate. The monitored operating schedule was 2.5 h day−1. Therefore, the UV-C
loop processed 3.25 m3 day−1 as cumulative reactor throughput, and consumed 1.625 kWh
day−1. The integrated system workflow and representative field photographs are shown in
Figure 1.
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Figure 1. System schematic and representative field photographs of the vertical windbreak-type
photovoltaic generation facility, the three-tier strawberry crop, and the greenhouse PV windbreak
interface. The upper schematic summarizes the PV electricity path, drainage collection, UV-C treat-
ment, and intended pH/EC correction step before reuse. The site layout and additional equipment
photographs are provided in Figures S1 and S2.

For the monitored operating condition, the daily electricity demand was allocated
as approximately 1.215 kWh day−1 direct PV supply (75%) and 0.410 kWh day−1 battery-
mediated PV supply (25%). This 75:25 distribution was not obtained as a fixed inverter-
reported ratio; it was allocated from the typical daytime dominant fertigation and drainage
profile of substrate grown strawberries, in which most UV-C operation occurs during peak
solar irradiation hours while battery storage buffers late afternoon or cloudy condition
operation. The measured PV AC output and treatment loop energy records are provided in
Table S3.

The energy balance shows that hydraulic components are important in water treatment
design. Although the UV-C lamp required 250 W, the pump and controller required
350 W and 50 W, respectively; together, the pump and controller accounted for 61.5%
of the instantaneous treatment-loop load. Future optimization should therefore address
pump selection, pipe head loss, filtration pressure drop, and batch treatment scheduling,
in addition to UV-C lamp efficiency. The measured energy and hydraulic results are
summarized in Table 1, and the corresponding PV to UV-C energy balance is shown in
Figure 2.

An engineering-scale apparent fluence estimate was calculated using the 10 cm nom-
inal reactor diameter, 250 W electrical input, and 1.3 m3 h−1 flow rate. The electrical
input normalized estimate before optical correction was 1731 mJ cm−2. After applying the
mean UVT254 of 35% and an assumed lumped UV delivery coefficient of 0.10–0.30, the
UVT254-adjusted apparent estimate was 60.6–181.7 mJ cm−2; across the observed UVT254

range of 25–50%, the corresponding range was 43.3–259.6 mJ cm−2. These values are
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engineering estimates only and should not be interpreted as validated delivered UV dose
or reduction equivalent dose [27,28]. Consequently, the microbial results below are inter-
preted as observed field indicator reductions under the tested conditions, not as a validated
fluence–response relationship.

Table 1. Measured PV output, UV-C treatment-loop demand and hydraulic throughput under the
monitored operating condition.

Parameter Reported Value Calculation/Source Interpretation

Measured daily PV AC output 38.5 kWh day−1 Field observation Daily AC electricity available for farm
water treatment operation

Specific PV yield 3.42 kWh kWp−1 day−1 38.5/11.25 Site-specific daily yield for the
monitored condition

Connected UV-C loop loads UV-C lamp 250 W; pump 350 W;
controller 50 W; total 650 W Device ratings Instantaneous treatment-loop load

Operating time 2.5 h day−1 Field operation record Observed daily treatment schedule

Cumulative reactor throughput 3.25 m3 day−1 1.3 m3 h−1 × 2.5 h
Cumulative volume passed through
the reactor; not necessarily new
drainage volume

Total loop electricity demand 1.625 kWh day−1 0.650 kW × 2.5 h Daily electricity demand including
lamp, pump, and controller

Allocated direct PV share 1.215 kWh day−1 (75%)
Allocated estimate from
daytime dominant operation

Estimated direct PV share; not a fixed
inverter-reported ratio

Allocated battery mediated PV
share 0.410 kWh day−1 (25%)

Allocated estimate from
daytime dominant operation Estimated storage buffered share

Total loop specific energy 0.500 kWh m−3 1.625/3.25 Energy per cumulative treated
throughput volume

UV-C lamp only specific energy 0.192 kWh m−3 0.250 kW/1.3 m3 h−1
Useful for UV-C water treatment
comparison; excludes
pump/controller

PV coverage of UV-C loop
demand

23.7-fold; loop demand = 4.22%
of PV output 38.5/1.625; 1.625/38.5 Measured PV output exceeded

demand for the observed schedule

Figure 2. PV to UV-C treatment loop energy balance. Direct PV and battery mediated PV values are
allocated estimates based on the daytime dominant operating profile, not fixed inverter-reported
ratios. The UV-C loop demand represented 4.22% of the measured daily PV AC output.
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3.3. Microbial Indicator Log10 Reduction Under Low UVT254 and Moderate Turbidity

Six drainage solution disinfection tests were performed during the crop growth period
after fruit set (n = 6). Each test consisted of actual sampling before UV-C treatment and
actual sampling after UV-C treatment, followed by laboratory analysis by NICEM under
accredited testing procedures. Drainage solution temperature during the tests was 19–22 ◦C,
and the nominal hydraulic residence time in the irradiated section was ≤1 min. Untreated
drainage solution contained quantifiable culturable molds/fungal propagules, culturable
aerobic bacteria, and total coliform bacteria. Because no untreated circulation time control
was included, reductions are reported as paired before/after field reductions associated
with operation of the UV-C loop.

Mean log10 reductions were 1.15 ± 0.09 for culturable molds/fungal propagules and
1.64 ± 0.09 for culturable aerobic bacteria. Paired t-tests on log10 transformed before-
and after-treatment counts indicated significant reductions for both indicators (p < 0.001).
Wilcoxon signed rank tests gave the same directional conclusion (one-sided p = 0.0156). For
total coliform bacteria, all post-treatment samples were reported as ND with a reporting
limit of 1 CFU 100 mL−1; the detection limit-based lower-bound log10 reduction was at
least 2.69 ± 0.17. These results demonstrate microbial indicator reduction, but not complete
sterilization or pathogen specific validation because culturable molds/fungal propagules
and aerobic bacteria remained detectable in post-treatment samples and no target plant
pathogen or foodborne pathogen challenge test was performed. Event level count data
were moved from the main text to Table S1 to avoid redundancy.

Homogeneous group letters confirmed that pre- and post-treatment microbial counts
belonged to different groups for culturable molds/fungal propagules and culturable aerobic
bacteria at α = 0.05. For total coliform bacteria, the post-treatment group is reported as a
censored ND group because all post-treatment values were below the method reporting
limit. The results are summarized in Table 2.

Table 2. Summary of log10 transformed microbial indicator reductions across six post-fruit set
sampling events.

Indicator Unit Pre-Treatment Mean
log10 Count (Group)

Post-Treatment
Mean log10 Count

(Group)

Mean log10
Reduction (95% CI) Statistical Interpretation

Culturable
molds/fungal
propagules

CFU mL−1 3.67 ± 0.10 (a) 2.52 ± 0.13 (b) 1.15 ± 0.09
(1.05–1.25)

Paired t-test on log10
counts, p < 0.001; Wilcoxon
one-sided p = 0.0156.
Homogeneous groups:
pre = a, post = b (α = 0.05).

Culturable aerobic
bacteria CFU mL−1 4.08 ± 0.07 (a) 2.44 ± 0.07 (b) 1.64 ± 0.09

(1.54–1.74)

Paired t-test on log10
counts, p < 0.001; Wilcoxon
one-sided p = 0.0156.
Homogeneous groups: pre
= a, post = b (α = 0.05).

Total coliform
bacteria CFU 100 mL−1 2.69 ± 0.17 (a)

ND; reporting limit =
1 CFU 100 mL−1 (b,
censored)

≥2.69 ± 0.17 (≥2.51
to ≥2.87)

Left-censored ND data;
lower-bound reduction
based on reporting limit.
Homogeneous groups are
reported descriptively
because post-treatment
data were left censored at
the detection limit.

Notes: Within each indicator, different lowercase letters (a and b) denote a significant paired difference at α = 0.05;
ND, not detected (reporting limit: 1 CFU 100 mL−1).

Exploratory correlation interpretation was limited by the data structure. Microbio-
logical reductions could be paired within sampling events, but UVT254, turbidity, pH/EC,
and nutrient measurements were not complete event-matched observations for all sam-
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ples. Therefore, no numerical correlation coefficient between microorganism count and
optical/nutrient variables is presented, and the manuscript now identifies complete
event-paired correlation analysis as a scale-up validation requirement rather than an
unsupported result.

3.4. Nutrient Solution Stability and Water Reuse Implications

The drainage solution had low UVT254 and moderate turbidity, indicating that prefiltra-
tion and routine optical monitoring are necessary for stable UV-C performance. NICEM-
accredited water quality analysis and field operation records indicated no operationally
significant nutrient solution change between the solution before UV-C treatment and the
solution after UV-C treatment. This finding is consistent with the intended role of UV-C as
a physical disinfection process: it reduces the microbial load without chemical disinfectant
dosing or fertilizer recipe modification. However, the statement is operational rather than a
complete quantitative ion-balance claim; repeated reuse still requires direct pH, EC, and
ion monitoring.

This point is important for agricultural water reuse. In Dutch recirculating greenhouse
practice, UV-based drain water disinfection has been used as part of nutrient solution reuse
systems, including medium pressure UV treatment of drain water before reuse [14–16].
Therefore, under appropriate exposure and monitoring conditions, UV-C treatment itself is
not expected to be a major cause of nutrient composition change or growth inhibition. Any
long-term agronomic risk in repeated drainage solution reuse is more likely to arise from
ion accumulation, ion depletion, salinity, substrate exchange, or biofilm and tank hygiene,
rather than from short UV-C exposure itself.

Before treated drainage solution is returned to the crop over multiple cycles, pH and
EC should be corrected, and periodic ion analysis should be performed. For strawberry,
Na+ and Cl− accumulation, K/Ca balance, Ca/Mg balance, and fruiting stage nutrient
demand are particularly important [3,4,40,41].

4. Discussion
4.1. Relevance to Agricultural Water Reuse

The Sokcho system should be understood as a field scale water reuse support system in
which PV electricity reduces the operating energy burden of UV-C sanitation. The primary
measured contribution analyzed in this manuscript is electrical power for the drainage
solution treatment loop. The windbreak-type PV installation is described only as part of
the site-specific greenhouse context because structural design in the region must consider
wind exposure. Wind-speed reduction, greenhouse heat loss reduction, and windbreak
performance were outside the objective and were not analyzed.

This design aligns with the farm-level problem that motivated this study. Korea is
simultaneously encouraging renewable energy use in protected horticulture and the dis-
semination of circular hydroponic systems for water and fertilizer savings [6–9]. However,
drainage solution reuse can be avoided at the farm level because of the initial investment
required for tanks, return plumbing, nutrient correction, sensors, and sanitation equipment,
as well as the additional electricity needed for pumps and UV treatment. In this context,
the daily treatment loop demand of 1.625 kWh day−1, equivalent to 4.22% of measured
daily PV AC output, shows that a farm-integrated PV facility can support on-farm water
treatment under the tested operating schedule.

4.2. UV-C Performance Under Low UVT254 and Moderate Turbidity

The use of a 250 W UV-C reactor was justified for this field test because the tested
drainage solution was not optically clear. A mean UVT254 of approximately 35% and a mean
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turbidity of approximately 20 NTU indicate substantial UV attenuation and possible particle
shielding. Under such conditions, lower power UV units designed for clearer hydroponic
solutions may not provide enough microbial reduction during short residence times.

The present findings are consistent with prior UV-C studies in agricultural and re-
circulating water systems, which show that microbial inactivation is strongly affected
by turbidity, UVT254, pH, nutrient composition, and target microorganism [17–22]. In
particular, work on agricultural waters with differing turbidity and on hydroponic nutrient
solutions has emphasized that field water matrices can reduce UV effectiveness compared
with clearer laboratory water [18,19,21,22]. The low UVT254 strawberry drainage matrix
in this study therefore supports reporting the results as field indicator reductions under
tested conditions rather than as a generalized UV dose–response model.

Recent nutrient solution studies provide useful benchmarks for interpreting the mag-
nitude of these reductions. In recirculating hydroponic systems, Moore et al. reported
significant 1.4–1.5 log10 CFU mL−1 reductions of generic E. coli in nutrient solution after
254 nm UV-C treatment [19], which is close to the 1.64 log10 reduction observed here for
culturable aerobic bacteria. Mendoza et al. reported that 5, 10, and 15 s UV-C exposures
reduced Listeria monocytogenes in strawberry nutrient solution from 5.70 log10 CFU mL−1 to
4.50, 2.19, and 1.75 log10 CFU mL−1, respectively, corresponding to approximate reductions
of 1.20, 3.51, and 3.95 log10 [18]. Those longer exposure nutrient solution reductions ex-
ceed the 1.15–1.64 log10 reductions observed in the present field drainage matrix, whereas
the total coliform lower bound of ≥2.69 log10 falls between the 10 s and 15 s nutrient
solution benchmarks. Adhikari et al. further showed that, in agricultural water with a
turbidity of 10.93–23.32 NTU, lower turbidity increased E. coli reduction by more than
2.15 log10 units [21]. Thus, the relatively moderate reductions in the present study are
consistent with the low UVT254 (25–50%), moderate turbidity (5–30 NTU), short residence
time, and heterogeneous substrate-derived drainage matrix rather than with failure of
UV-C treatment.

The observed reductions support the use of a higher power UV-C reactor for rapid
microbial risk reduction in substrate-derived strawberry drainage solution. However, the
findings should be described as microbial indicator reduction, not sterilization. UV-C
treatment has no residual disinfectant effect, and microorganisms embedded in particles or
biofilms downstream of the UV-C reactor can recontaminate the solution. A practical water
reuse system should therefore combine UV-C treatment with prefiltration, tank sanitation,
line cleaning, and microbial monitoring over the crop cycle.

The revised methodology was interpreted against specific standards and accreditation
frameworks. ISO/IEC 17025:2017 defines the competence, impartiality, and consistent op-
eration framework for testing and calibration laboratories; NICEM’s KOLAS accreditation
(KT 375) places the reported analyses within this internationally recognized laboratory
quality framework. For water sampling and routine water quality support measurements,
the manuscript references ISO 5667-3:2024 for preservation/handling of water samples, ISO
10523:2008 for pH, ISO 7888:1985 for electrical conductivity, ISO 7027-1:2016 for turbidity,
and ISO 8466-1:2021 for analytical calibration. For microbiological water analysis, ISO
19458:2006 addresses microbiological sampling, ISO 8199:2018 provides general culture-
based examination requirements, ISO 6222:1999 provides a culturable microorganism
colony count framework, and ISO 9308-1:2014/Amd.1:2016 covers membrane filtration
enumeration of E. coli and coliform bacteria. For UV disinfection itself, ISO 20468-4:2021
provides performance evaluation guidance for UV disinfection in full scale water reuse
systems, and ISO 16075-5:2021 addresses disinfection and equivalent treatments for irri-
gation reuse. Compared with these UV-performance frameworks, the present experiment
should be regarded as a field indicator reduction test rather than a standards-validated
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UV disinfection performance test because the delivered UV dose was not validated by
calibrated radiometry, biodosimetry, or reduction equivalent dose testing [29–39,42,43].

4.3. Nutrient Solution Composition During Reuse Oriented UV-C Treatment

A central water reuse concern in soilless culture is whether disinfection changes
nutrient solution composition enough to affect crop growth. In the present system, NICEM-
accredited water quality analysis and field operation records indicated no operationally
significant change in nutrient solution composition between before and after UV-C treat-
ment. This supports interpretation of the UV-C unit as a sanitation device rather than
a nutrient adjustment device. The result is also consistent with commercial greenhouse
practice in which UV-based systems are used for drain water disinfection before reuse,
especially in Dutch recirculating greenhouse systems [14–16].

Nevertheless, nutrient management remains essential because recycling changes so-
lution chemistry through plant uptake, evaporation, substrate exchange, precipitation,
and accumulation of poorly absorbed ions. EC-based correction alone cannot identify
individual ion accumulation or deficiency. Previous strawberry closed-loop studies empha-
size that recycling can improve water and nutrient use efficiency, but excessive recycling
or insufficient ion correction can reduce fruit size, disturb nutrient balance, or alter fruit
quality [3,4]. Therefore, the absence of observed UV-C induced nutrient changes should
not be interpreted as proof that repeated drainage solution reuse can be managed without
pH/EC corrections and periodic ion analyses.

4.4. Limitations and Scope of Inference

This study should be interpreted as a field scale feasibility evaluation of UV-C micro-
bial risk reduction and PV-assisted water treatment energy balance, not as a full season
agronomic validation of closed-loop strawberry production. The system was normally
non-recirculating and was operated in temporary circulation mode for the disinfection
experiment. The microbiological data were derived from six post fruit set sampling events,
and no samples were collected during vegetative growth, flowering, or late-season crop
stages. Therefore, the data do not represent the full temporal range of drainage solution
microbial communities.

The small sample size and lack of an untreated circulation control are central design
constraints. Six paired events provide preliminary evidence of before/after changes but
do not provide robust power to characterize seasonal variability. Because a parallel non-
UV circulation control was not included under identical hydraulic conditions, this study
cannot attribute the full observed reduction exclusively to UV-C; settling, handling, and
tank circulation effects may have contributed. Consequently, the conclusions have been
narrowed to preliminary field feasibility and should not be read as a validated causal
estimate of UV-C-only disinfection performance.

This study also did not include a full season recirculating water balance, replicated
reactor configurations, validated delivered dose measurement, or a crop yield comparison.
The practical relevance of the work is therefore specific: it demonstrates how renewable
electricity can reduce the sanitation energy burden of drainage solution reuse and how
UV-C operations can reduce microbial indicators under field conditions, while broader
farm adoption still depends on capital costs, nutrient corrections, labor, hydraulic designs,
pathogen specific validation, and crop cycle performance.

The apparent fluence calculation should also be treated as an engineering estimate.
Direct radiometry, biodosimetry, and reactor validation would be required to convert
the present design calculation into a validated delivered dose or reduction equivalent
dose [27,28]. Future experiments should pair each microbial sampling event with UVT254,
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turbidity, total suspended solids (TSS), dissolved organic carbon (DOC), flow rate, lamp
age, quartz sleeve condition, and exact post-treatment counts from the laboratory certificate.
Energy monitoring should also be expanded to include the PV monitoring date, daily
irradiance, inverter AC output, battery state of charge, and storage efficiency. A screening-
level economic analysis should estimate the annual UV-C electricity cost, PV offset value,
fertilizer recovery value, and payback period for the reuse infrastructure. These items
define the transition from field feasibility to deployable water reuse design.

Accordingly, this study does not claim full compliance with the validation package
expected for a standardized UV disinfection performance test under ISO 20468-4:2021. A
standards-oriented follow-up should include event-paired UVT254, turbidity/TSS/DOC,
calibrated UV irradiance or biodosimetry, lamp output and age, quartz sleeve transmis-
sion/fouling checks, flow distribution/residence time verification, untreated circulation
controls, and predefined acceptance criteria for target microorganisms [42,43].

Because this manuscript has thematic proximity to recent overlapping-author straw-
berry vertical farming studies, its scope was explicitly separated from those publications.
The two-tier LED aeroponic water use efficiency study reported system water balance, wa-
ter use efficiency, yield, and 30% UV-C treated recovered solution reuse in a closed indoor
aeroponic platform, whereas the partial recirculation study compared 0%, 30%, and 50%
recirculation and nutrient solution drifts over two cultivation years in a 25 m2 480-plant
indoor aeroponic system [44,45]. In contrast, the present dataset was generated in a Sokcho
natural light substrate culture greenhouse and focuses on the electrical demand and PV
coverage of a dedicated UV-C drainage treatment loop, UVT254/turbidity constraints, and
paired before/after microbial indicator reductions in substrate derived drainage solution.
No yield, water use efficiency, nutrient drift, or recirculation ratio dataset from those indoor
aeroponic studies was reused here.

4.5. Validation Priorities for Scale-Up

To prevent overinterpretation, the main methodological vulnerabilities were converted
into explicit validation requirements. Table 3 summarizes how each issue was handled
in the revised manuscript and what additional evidence would be required before the
system is used as a generalized UV-C dose response model, a closed-loop agronomic
recommendation, or an economic investment case.

Table 3. Scope of inference and evidence required for scale-up validation.

Validation Issue Current Handling in This
Manuscript

Additional Evidence
Required Claim Boundary

Delivered UV dose
Apparent fluence is reported
only as an engineering
estimate.

Radiometry, biodosimetry, or
reduction equivalent dose
validation.

No transferable UV
dose–response model is
claimed.

Crop stage coverage Six post-fruit-set events are
analyzed.

Sampling during vegetative,
flowering, fruiting, and
late-season stages.

No full-season
microbial-reduction claim is
made.

Small sample size
Six paired events are analyzed
with paired and
non-parametric tests.

Additional events across
seasons and optical
conditions.

Evidence is preliminary field
feasibility.

Untreated circulation control Absence of a time control is
stated explicitly.

Parallel non-UV circulation
control with identical
hydraulics.

Reductions are paired
before–after field reductions
and cannot be attributed
exclusively to UV-C.
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Table 3. Cont.

Validation Issue Current Handling in This
Manuscript

Additional Evidence
Required Claim Boundary

Optical water quality effects UVT254 and turbidity ranges
are reported as constraints.

Event-paired UVT254,
turbidity, TSS, and DOC for
dose response interpretation.

No optical threshold for
reliable inactivation is
defined.

Nutrient solution stability Short-term operational
stability is reported cautiously.

Repeated pH, EC and
ion-balance monitoring
during recirculation.

No complete ion balance or
crop safety proof is claimed.

Water reuse volume
3.25 m3 day−1 is described as
cumulative reactor
throughput.

Net drainage recovery, reuse
ratio, and seasonal water
balance.

Throughput is not reported as
net water saving.

PV energy allocation
Measured PV output and load
are separated from 75:25
allocation estimates.

Inverter logs, irradiance and
battery state-of-charge data.

PV split is not treated as a
measured fixed ratio.

Agronomic and economic
performance

Full season yield, fruit quality,
and payback are treated as
future validation needs.

Recirculating crop trial,
nutrient correction,
techno-economic analysis, and
cost–benefit analysis.

No complete economic or
agronomic recommendation is
made.

Overlap with related author
group studies

Scope was separated from
indoor aeroponic water use
efficiency and partial
recirculation studies.

Maintain separate raw
datasets, site records, and
figure/table files; cite related
work transparently.

No claim is made that UV-C
reuse, strawberry
recirculation, or water use
efficiency improvement itself
is new.

Device calibration and
monitoring

NICEM/KOLAS accreditation
and ISO/IEC 17025-based
quality control are now stated;
pH, EC, turbidity, UVT254,
flow, and PV records are
treated as supporting
measurements; in-reactor UV
radiometry and biodosimetry
were not performed.

Traceable UV radiometer or
biodosimetry, lamp output
trend records, quartz sleeve
transmission/fouling logs,
flow distribution verification,
and instrument calibration
certificates.

The study uses accredited
supporting measurements but
does not claim a standards
validated delivered UV dose.

Correlation analysis

Homogeneous groups are
reported; complete
event-paired correlations with
optical/nutrient/PV variables
were not calculated because
the corresponding
measurements were
incomplete.

Collect event-paired microbial
counts, UVT254,
turbidity/TSS/DOC, pH, EC,
ion concentrations,
temperature, irradiance/PV
output, and hydraulic
variables for each sampling
event.

No numerical correlation or
optical threshold is claimed
from incomplete paired data.

5. Conclusions
This field feasibility study shows that a farm-integrated PV facility can supply the

electrical demand of a UV-C drainage solution treatment loop under the tested operating
schedule. The 650 W treatment loop consumed 1.625 kWh day−1 during 2.5 h day−1

operation, equivalent to 4.22% of the measured daily PV AC output from the 11.25 kWp
vertical windbreak-type PV facility. The energy result supports the practical feasibility of
coupling renewable electricity with on-farm drainage solution sanitation.

The microbiological results indicate measurable log10 reductions in an optically
constrained strawberry drainage matrix. Under an UVT254 of 25–50% and turbidity
of 5–30 NTU, UV-C operation produced mean reductions of 1.15 log10 for culturable
molds/fungal propagules and 1.64 log10 for culturable aerobic bacteria, while total col-
iform bacteria were reduced to ND with a lower-bound reduction of at least 2.69 log10.
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These findings support UV-C treatment as a microbial risk reduction step, not as complete
sterilization or pathogen specific validation.

The broader implication is that PV-assisted UV-C sanitation can be one enabling
component of drainage solution reuse in protected strawberry production, provided that it
is integrated with prefiltration, pH/EC correction, ion monitoring, tank and line hygiene,
and crop cycle validation. Because sampling was limited to six post-fruit-set events and
no untreated circulation control was included, the present evidence should be interpreted
as preliminary field feasibility rather than full-season agronomic, economic, or delivered
dose validation.

Future validation should follow the ISO 20468-4:2021 type UV-performance evaluation
and ISO 16075-5:2021-type irrigation reuse/disinfection guidance before the system is
claimed as a standards-validated UV disinfection process [42,43].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w18141754/s1, Figure S1, Site layout and vertical windbreak type
PV facility; Figure S2, UV-C reactor and drainage-solution reuse loop; Table S1, Microbial indicator
count summaries for paired pre and post UV-C drainage solution samples; Table S2, pH, EC, turbidity
and UVT254 water quality record status before and after UV-C treatment; Table S3, Measured PV
AC output and UV-C treatment-loop energy consumption under the monitored operating condition;
Table S4, Detailed consolidated characteristics of the greenhouse, vertical windbreak-type PV facility
and UV-C drainage solution treatment loop.
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