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1. SusMedHouse Project Overview

The SusMedHouse Project is driven by the aim of boosting greenhouse efficiency and enabling year
round production while preserving energggil,and water with novel approaches. These approaches

will be tailored and optimised for the Mediterranean based®MN2 s SNAQ Yy SSRa | yR Sy
conditions of the region.

The project will be realised by the following means: (1) artificial intelligence (Al), as the core of the
SusMedHouse, including -tdch greenhouse specialised optimization mechanisms and sensory
network to reach ideal plant growth with limited resources independent from the season and location.
(2) Decision support system (DSS), to increase the efficiency by providing real time data and showing
expected outcomes for actions; owing to pest andhmfen monitoring, early warning system,
condition optimiser algorithms, grid and market connected cost calculator. (3) Integrated pest and
pathogen management (IPPM), to increase efficiency and food safety while reducing used chemicals.
(4) Biodegradablergwth media development from circular waste streams, which will beféeadly

and reduce the harmful effect of pest and pathogens. (5) Sunlight and Lighting optimisation, that will
contain the solar control coatings, low emission (EBWwcoatings and Ranels af\gro photovoltaics

(Agro PV) to increase the efficiency in the greenhouse. (6) Real time biosensor development, to
diminish the consumption of water resources and quality and to boost the efficiency, (€ydik
assessment and (8) sustainalievaluation.

Four cultivation methods, namely, conventional, aquaponic, hydroponic Agnal photovoltaic will

be implemented on separate benches of SusMedHouse demonstration greenhouse to examine the
effect of cultivation methods on thgreenhouse efficiency and preservation of resources applying
above mentioned developed methods and technologies and optimal conditions obtained from Al
studies.

In summary, the SusMedHouse will provide sustainable, competitizefriendly, and hightech
greenhouse production, also promoting yeaund safe food production in the Mediterranean region.

2. Literature Review

The Project Performance Assessment Report (PPAR) is thedidd evaluation instrument of the
greenhouse. Performance assessment ofowation projects is a central issue in innovation
management research. Using existing literature, a model is developed to assess the performance of
new product and new service development projects. In this model, project performance is defined as
a combingion of a formatively indicated operational performance construct and a reflectively
indicated product performanceconstruct. Brown and Eisenhardt, 1995; Montoydeiss and
Calantone, 1994). Based on the data obtained from Antalya Agriculture Compa®ribaguse visits

in the Mediterranean region within the Susmedhouse project, significant improvements have been
made to the current demonstration greenhouse performance.
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3. Performance Assessment of PSO Cabin Experiments

PSO cabins, which are equipped wiin separate plant cultivation sections, allow for the
customization of temperature, humidity, EC, and pH values in each section. In addition, the system
can automatically adjust for day and night variations. The plant light source is provided byahrtifici
LED lighting systems. The PSO algorithm determines the varying temperature, humidity, EC, and pH
values and applies them across the ten different plant cultivation sections. It processes daily
measurements taken from the plants to ascertain the optipedameters for cultivation. This system

is designed with the objective of creating the most favourable conditions for cultivafigarel).

“‘&.1“4‘

Figurel: PSO Cabin

In these experiments, each actuator is automatically controlled, greatly reducing the chance of human
error and potential time and energy expenditure. Furthermore, the requiredrdglit timing for the
selected crops (tmatoes, peppers, lettuce) is adjusted to optimise energy use. Consequently,
electricity consumption is minimised, carbon emissions are reduced, and operational costs are
lowered. The insights gained from the cabin experiments have been transferred toar@R0
demonstration greenhouse, thus avoiding extensive plant loss and energy expenditure. Superior
insulation in the PSO cabins limits energy waste and mitigates disease transmission from the external
environment, promoting healthy plant growth.

In conclsion, PSO plant cultivation cabins offer more than just efficient crop growth and revenue
generation; they also provide a valuable platform for experimental use. Greenhouse producers who
might be hesitant to conduct experimental studies on lasgale plos, such as those of ten acres or
more, can confidently perform these studies within these cabins. These cabins offer an optimal
environment for productive scientifiesearch Figure2).
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Figure2:PSO Cabin Software Solutions

4. Performance Assessment of Solar Control andE&oatings

Tn 92 GUKSN)YIf Ay adzt | G AT2 goating wéie chosen for pradéacgoh ) a K I R
investigation, based on estimates of the required PPFD of the crops (lettuce, pepper, tomato) and the
greenhouse location (Ankara, Turkey). The manufactured coated PET Melinex products achieved
within 1 % the targetd T...values (measured values being 69 % and 39 % respectively for the thermal
insulation and solar shade coated product). Thavas measured to be 50 % and 25 % for the thermal
insulation and solar shade products respectively. The products are slhestective, in contrast to

standard shading materials, allowing a highevalue toT.,.

The measured PAR values in PPFD in the assembled greenhouses correspond approximately to the
spectroscopymeasured values. The measured dimye temperature isreduced in the thermal
insulation coated greenhouse-GL°C cooler than the reference greenhouse) and even more in the
solar shade coated greenhouse52C cooler than the reference greenhouse) directly becausd.the

has also been reduced. The humydis marginally also influenced by the spectral properties of the
greenhouse cladding, inversely proportional to the temperature trend.

The thermal insulation coating has high infel reflectance to the inside of the greenhouse. This
meant that the plant would lose less radiative heat particularly on clear nights. This would be then
beneficial for early spring when cold clear nights lead to rapid cool down of plants which can be
damaging, although this was not confirmed experimentally here.

The thermal sulation coated greenhouse provided a cooler environment with less PAR than the
reference greenhouse. From inspection of the incident radiation data for Ankara it was assumed to be
beneficial to reduced exposure to PPFD over the photosynthetic satunadion during the summer
months and midday in the spring months. The overall DLI is of course reduced, which is not optimal
for growth.

From the prediction (given WP5) it was also determined that the solar shade product, although
beneficially cutting 50 %fd..to yield a cooler greenhouse environment, would cut too much of the
T...leading to too low DLI for all months except June to August. The influence on the June to August
crops were therefore of particular interest.

6/65
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For the lettuce crop both coatedreenhouses with reduced PAR levels yielded in both spring and
summer crops smaller, less massive lettuces than the reference greenhouse. For example, in July, the
largest lettuces grown in the reference greenhouse had an average mass of 780 g, the thermal
insulation coated greenhouse lettuces had a mass of 630 g and the solar shade coated greenhouse
had an average mass of 500 g (Begure3 for a cumulative bar chart of this information). The reduced

PAR DLI levels due to the coatings clearly had an adverse effect on the lettuce growth even in summer.
The number of dead lettucebowever, indicated that the lower temperatures or/and the less intense
PPFD allowed crop protection where in the cooler, shadier solar shade greenhouse had no crop in
summer, in the thermal insulated 14 % crop loss and in the reference a third of thevaolost.
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Figure3: Number of lettuces as a function of range of lettuce mass for July/August lettuce crop for the three different
greenhouses.

The ideal spectrally designed greenhouse cladding would have adaptive spectrttigohat are
tuned not only to the location but are sensitive to the temporal (time of day, seasonal) solar radiation.
Here the technology is not adaptive, but the aim was to test two specifigdilters which are
spectrally selective and thus block as migHor a givenT... In summary it is observed that reducing
the T..leads to a cooling environment and crop protection for PPFD greater than the photosynthetic
saturation point. As the clating remains permanently in place (i.e., is not a curtain which can be
pulled back and forth to only cut the intense midday radiation) this first trial implies that the DLI
reduction can reduce crop growth. Other elements (e.g., different pest levelsher ainhcontrolled
differences between the greenhouse environments) may have affected results

5. Performance Assessment of Decision Support System & Software

The DSS (Decision Support System) is an application that leverages Atrtificial Intelligence anel Machin
Learning to bring innovative solutions to greenhouse farming. It encompasses a user interface, an

7165
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integrated backend Al system, and a database connection. The primary objective of this application is
to assist farmers in various aspects. By providingpstpd decisions, it aims to enhance overall
efficiency and minimise humarelated issues within the greenhouse environment. DSS has been
developed in three versions: desktop, wbhsed, and a mobile app. TRagured displays the different

user interface versions of DSS.

* Web-based version » Desktop version * Mobile app

_—‘

B BN B B .

Figure4: Versions of the DSS User Interface

The DSS offers valuable insights into greenhouse cultivationmamagement. It provides farmers
with comprehensive information about the general state of the greenhouse by utilising data collected
from a sensor network. This information serves as a reflection of the actual conditions within the
greenhouse, allowing farers to identify opportunities for improving production, enhancing quality,
and maximising profitability.

Moreover, the DSS enables monitoring and control of greenhouse automation systems. It facilitates
the identification and reduction of diseases and fgethrough the utilisation of artificial intelligence
techniques. This capability contributes to the overall health and-baithg of the greenhouse
environment.

Overall, the DSS acts as a powerful tool that combines advanced technologies to suppors farmer
making informed decisions and optimising greenhouse operations.

In addition to the user interface described earlier, the DSS is composed of two main parts: the front
end and theback end The frontend encompasses the user interface, as discussediqugly.
Meanwhile, the baclend section focuses on the implementation of various artificial intelligence
algorithms. One key aspect of thack ends the development of algorithms thatn identifypests

and diseases within the greenhouse environmentutilising artificial intelligence techniques, the DSS

can analyse data and detect potential issues related to pests and diseases. This enables farmers to
take proactive measures and implement appropriate pest and disease managestrategies.
Furthermore the back endof the DSS includes algorithms that estimate the optimal time for harvest
as well as the expected amount of produce. These algorithms leverage artificial intelligence techniques
to analyse various factors, such as environmental conditiormg growth patterns, and historical

data. By providing accurate estimations, the DSS empowers farmers to make informed decisions
regarding the timing and quantity of their harvest, leading to improved efficiencypaoductivity.

Overal| the backend secton of the DSS plays a crucial role in utilising artificial intelligence algorithms
to identify pests and diseases and provide estimations for harvest time and quantity. This integration

8/65
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of Al technology enhances the capabilities of the DSS, enabling srdadisionmaking and efficient
greenhouse management.

Image processing with supervised learning was used to develop artificial intelligence. For this purpose,

it was necessary to prepare the required datasets and collect various photos of plants in all
phenological stages, including those affected by diseases and pests. As specified in the proposal, three
plant species, namely lettuce, pepper, and tomato, were selected for the study. Consequently, Antalya
¢CFNPY LINBLI NBR 2@SNJ pn/miaRFu ovakBad Blevetoped Wsing this LINE O S
extensive dataset. Theigure5 demonstrates the identification of pests, diseases, and tomato fruits.

.Wiz

Figure5: Identification of pestsdiseasesand tomato fruit by image processing software
Decision Support System (DSS) with the following key attributes:

Automation and Control: The greenhouse is equipped with an automation system that
enables maitoring and control of irrigation, climatization, fertilisation, and solar energy. The DSS can
remotely access and control these systems using TCP/IP protocol, allowing for easy management
regardless of location.

Sensor Network: The greenhouse is equighpgth sensors that constantly collect data on
temperature, humidity, and lux values. This data is transmitted to the DSS, where it is processed and
utilised for optimising plant conditions and detecting pest and disease conditions. The DSS can set
optimumrange values for each section of the greenhouse and alert the user if measured values exceed
these ranges.

Tracking and Management: The DSS allows tracking and management of different sections
within the greenhouse, including Hydroponic, Aquaponic, Cotiweal, and AgePV. This enables
efficient monitoring and control of each section based on specific requirements.

Harvest Time and Yield Estimation: The DSS provides estimation of harvest time and expected
yield, enabling farmers to plan and optimiseethproduction schedules effectively. It also facilitates
estimation of expected profits, allowing farmers to make informed decisions regarding their
cultivation practices.

Integrated Pest and Pathogen Management: The DSS employs image processing @ools as
sensitive, reliable, and nedestructive method for pest and anomaly detection on plants. Using
supervised learning techniques, the DSS is trained on thousands of pictures to accurately detect pests
and pathogens. This integration enables early detect@mnd immediate action through the
automation system, minimising the spread of problems and reducing pesticide usage.

Artificial Lighting Experiment: An experimental feature in the SusMedHouse greenhouse is the
use of Artificial Lighting. This involvestalling LED lights controlled by DSS in a specific area of the

9/65
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greenhouse. The DSS can create schedules and assess the profitability of this operation based on
factors such as current crop price, time to harvest, and electricity consumption. This insight
farmers make informed decisions about implementing artificial lighting.

In summary, the DSS in the SusMedHouse greenhouse offers automation, sensor data analysis,
tracking and management capabilities, harvest estimation, integrated pest and pathogen
management, and experimental features like artificial lighting. These features empower farmers with
valuable insights and enable efficient control and optimization of greenhouse operak@nse6

shows the different parts of DSS.
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Figure6: Different parts of DSS

DSS is also equipped with a weather forecast system, allowing users to stay updated on weather
conditions. The weathdorecast section includes an early warning feature that alerts users in advance
about the possibility of unfavourable weather conditions in the upcoming days and hours.

Below, you will find a list and description of the results obtained from the DSS mgmtrconducted
in the SusMedHouse greenhouse:

Increased Productivity: The implementation of DSS resulted in a significant increase in general
productivity within the SusMedHouse greenhouse to reach 20% target value. This improvement can
be largely attribted to the early warning system for disease and pest management provided by DSS.

Enhanced Disease and Pest Prevention: DSS utilises Artificial Intelligence to enhance disease
and pest prevention. This advanced approach enables more efficient plant tiahiaad improves
overall yield. With accurate monitoring and early warning of harmful insects, coupled with other
Integrated Pest and Pathogen Management (IPPM) methods, DSS contributed to achieve a reduction
in pest infestation up to 25%.

Artificial Lidniting Experiment: The DSS successfully controlled an experimental application of
Artificial Lighting within the greenhouse. By effectively managing this system, DSS was able to make
accurate assumptions about its profitability. The economic aspects of proguction were
monitored,and early warning capabilities were providasingArtificial Lighting.

Comparative Analysis and Evaluation of Cultivation Methods: Utilising the data collected and
processed, DSS performed comparative analysis and evaludti@rious cultivation methods using
Artificial Intelligence. This feature enables farmers to make informed decisions about the most
efficient and effective cultivation practices.

10/65
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Monitoring and Controlling Greenhouse Automation: DSS facilitated the morgtand
control of all aspects of greenhouse automation. This functionality resulted in increased efficiency,
reduced time spent on operations, and minimise fuel consumption.

Overall, the results achieved in the SusMedHouse greenhouse experiment allgrtheitgoals
outlined in the proposal. DSS demonstrated its potential to significantly increase overall efficiency by
facilitating the monitor and control in greenhouse operations, making it a valuable tool for greenhouse
cultivation. The current DSS idlve commercialization stage, and efforts to transform it into a market
friendly product are ongoing. Furthermore, it is necessary to hold workshops to persuade farmers
engaged in greenhouse crop cultivation to adopt modern agricultural practices and taiils such

as DSS and Agrobot.

6. Performance Assessment of Growth Media

Regarding growth media cultivation, the main goal is to replace the use of peat in substrates with high
guality compost to attain a standardised agronomic quality. CEOM, stéing from a wide range

of organic substrates readily available in the Mediterranean area, composted 5 different organic
mixtures, with appropriate carbon to nitrogen ratios, using a-s&fle lab equipment (COMPOSTER).

Metagenomic analysis was performeal discover microbial biomarkers associated with differential
chemical composition characterising composts. Moreover, the compost suppressiveness was
evaluated using the model patkgystem Fusarium Oxysporum f.sp. lycopersici (Fh)ato.

Optimised lakscale composting determined a strong reduction in the carbon to nitrogen ratios (C/N)
asresultsofthe€ 6 AT S FTNIOlA2Yy f2aa gA0GK @FfdzSa O2YLI N
modifications and rearrangement of the molecular structure of thiginal matter with a minimum

nitrogen loss. The characterization performed by solid state NMR adohefthermochemolysis GC

MS highlighted the molecular modification usually found within real scale composting facilities.

The evaluation of the chemitaomposition, molecular characteristics and suppressive properties led
to the final selection of mature composts made from the residues of tomato (T) and pepper (P) crops.
Mixing the selected composts (T and P) with suitable zeolites (chabazite andildlitepand using

two different volumetric mixing ratios (1:1 and 3:tpmpost: zeoliteg 8 innovative peafree
substrates (Ze@ompost) were designed, analysed by solid shit#R,and verified in a preliminary
growth promotion assay, evaluating tomgttantlets grow up in a shotterm potting trial carried out

in greenhouse on an ebéndflow system.

The addition of zeolites significantly reduces compesptitotoxicity. Moreover, other criticalities
shown by both T and P compose(, high EC andhih) were partially contained by mixing them with
zeolites, even at lower dosage, thus revealing good potential for usingC@egpost as growth
medium for potted crops.

Treatments including compost without fertilisation in the substrates showed agrononforpences
comparable to those of the fertilised control (peladsed substrate), thus revealing reasonable
fertilising properties. Clinoptilolite better enhanced the agronomic properties of both composts at
lower dosage.

In conclusion the use of such Zeampost could result in a potential less use of both fertilisers and
pesticides.
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The confirmation of the good characteristics of the Lempost must be carried out through
extensive experimentation in fuficale greenhouseultivation. Eigure?)

Figure7: (a) Pilot system for composting; (b) Shienm trial with potted Solanum lycopersicum plantlets grown on 8
innovative substrates including zeolites added to compostZenpost)

7. Performance Assessment of PV Panel System
Agrivoltaicgroup of FraunhofelSE has submitted the Deliverable 5.2 AgkbDesign in M20. Detailed
assessment of the sunlight distribution with respect to PV layout, cover ratio as well as the greenhouse
shape/structure and orientation can be found in Deliverable 5.2. The assessamelitserences were
done by prioritising the light requirements of crofmsavoid agricultural losses, and to use as much
natural light as possible. Furthermore, a better traafé between the PV energy yield and agronomic
conditions was investigated bag®n the design parameters.

As a result of the study, the fin&igri voltaic system design was determined as 33% cover ratio,
checkerboard pattern for a 48 oriented greenhousd-igure8). There are three main reasons for
choosing this design. Firstly, it was observed that it is possible to improve agronomic conditions
without reducing the energy generation for the®Norientation over &V orientation by increasing the

CR. Secondly, it provides the most coherent structure because it allows comparison among different
sections of the demo greenhouse. Lastly$Mrientation provides the lowest projection of the shade

on the other sections.

After determining the final degn, installation work was coordinated by Fraunhofer ISE. Installation
was completed on the ¥8of July 2022 and the agricultural tests were started.

12/65
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Figure8: Pictures from final PV greenhouse

Lastly, the systemsomponents and cable connection work has been done, and performance values

for the panel were in the limit of the panel technical specifications. Please see the Section

Gt SNF2NXIyOS !aaSaavySyid 27F {dzaaSRI2dzaS ibBmNBESyK2d
relevant assessment for the AgRY applicatios.

8. Performance Assessment of Agodot and Spraying

The Agrerobot is designed and produced in order to integrate IPPM with DSS and take immediate
automated action with robotic tools in the greenhou®NEB ¥ (G KS adzNSea oKAOK !y
various greenhouses, the general idea was the owners already own agricultural operation vehicles
called harvest trolleys and are not likely to buy extra equipment and vehicles. Up until this point, the

first prototype was already being developed but after this result the second prototype was started to
develop.

The second prototype is a harvest trolley with added functionalities to operate it as a robotic system.
This feature allows the robot to be used both matiy and automatically. The motors of the vehicle

are controlled with Raspberry Pi and it can be connected withAfi€iconnection that is present in

the greenhouse. The robot also has installed cameras on both sides to take pictures of the plants and
apump to do the spraying operation. For the navigation, a camera in the front can allow QR and colour
detection. The robot can be either controlled via Decision Support System or its own user interface.
InFigure9, the image of the Agroobot canbe seen.

|
.

Figure9: The image of the Agrmbot
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The robot has following features:

Manuel Mode: The robot can be used manually without causing any harm to the robotic
hardware parts. All the parts are in protection cabinets where it prevents fluid ingress and any
kind of impact. There is also a safety relay which prevents the robotrfrarually controlling

while it is on automatic duty or vice versa.

Automatic Mode: In this mode, the robot has 3 functions; general spraying, local spraying and
regular photo taking. In general spraying function, the robot will spray the entire line
efficiently and uniformly. In local spraying, the robot will take photos of every plant, and if it
detects an anomaly using image processing, it will spray that specific location. Lastly, in a
regular photo taking function, the robot will take pictures of thangk and process them for

later use such as harvest estimation.

Custom Mode: Along with these features, in case of unusual scenarios where automatic mode
features cannot handle, the robot can be controlled freely from its user interface and can be
given wistom missions using the API software that is used to control the robot.

The Agrerobot has been tested in the greenhouse for 6 months. It is proven thatuigpurpose

nature is very useful in the greenhouse as it is used both as a robot and a hesilegtand there has

not been a problem with this in 6 months. It is also proven that the Agbot is very useful in
pesticide spraying because it drastically reduces the consumption up to 50% and also reduces the need
of human labour. It also reducefd humancontact, and the spraying becomes so much easier
compared with the conventional methods. It also redutiese, and the robot can uniformly and
effectively spray across the lane. The implementation of safety measures throughout the greenhouse
to prevent accidents has been successful, and the Agpot has been proven to be safe for
operation. Additionally, it features an intuitive interface that ensures ease of use for individuals of any
skill level.

Testing of the prototype of the Agnmbot was siccessful andt is seen that the Agroobot can
become a product for commercial use. It is estimated that in less than a year, a final version will be
developed,and it will become available for the commercial market. Also, a patent investigation was
made and it is seen that there is not a patented product to conflict with Agdoot and a patent
application will be filed for it in near future. The video showcasing the operation of therdgot in

the SusMedHouse demonstration greenhouse can be vieWweaxdigh the link provided below.

The prototype tests of AgrRobot were completed successfully

9. Performance AssessmentA$IB Biosensoasnd Software

ThePerformance Assessment of the automated system of integrated biosensors is a comprehensive
evaluation of the analytical equipment designed to measure and monitor various parameters using
biosensors. This assessment aims to ensure the proper functioningcandate performance of the
system. The following description is based on the user manual, which provides detailed information
on the general configuration, components, technical features, operating modes, restrictions,
recommendations, installation andse instructions, problersolving techniques, and maintenance
procedures of the system.

14/65


https://youtu.be/ixDlcgLSZOM

SusMedHouse D9@3Performance Assessment Report

General Configuration:
The automated system of integrated biosensors consists of the following components:

Biosensors: These are specialised devices that utilisegidalocomponents to detect and measure
specific analytes in a sample.

Signal Processing Unit: This unit processes the signals received from the biosensors and converts them
into measurable values.

Control Interface: This interface allows users to intewgith the system, set parameters, and retrieve
data.

Sample Handling System: This system facilitates the introduction of samples into the biosensors and
manages their flow during analysis.

Technical Features:
The system boasts the followingchnical features:

Multiple Analyte Measurement: The system can simultaneously measure multiple analytes using
different biosensors.

High Sensitivity and Specificity: The biosensors offer high sensitivity and specificity for accurate and
reliable measurments.

Realtime Monitoring: The system provides reithe monitoring capabilities, allowing for immediate
data acquisition and analysis.

Automated Operation: The system is designed for automated operation, reducing the need for manual
intervention,and inproving efficiency.

Operating Modes:

The system offers different operating modes to accommodate various analytical requirements,
including:

Batch Mode: This mode enables the analysis of multiple samples in succession, with automated
handling and processy.

Continuous Mode: In this mode, the system can be set up for continuous monitoring of analytes in a
sample stream.

OnDemand Mode: Users can initiate measurementsdemand for instant analysis when required.

Remaining Damages, Restrictions, and Recaenaations:

1565
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The user manual highlights certain potential damages, restrictions, and recommendations for the
correct use of the system. These include:

Compatibility: Ensure the compatibility of the system with the specific biosensors and measurement
requirements.

Environmental Conditions: Maintain suitable temperature, humidity, and cleanliness levels to avoid
interference and damage.

Power Supply: Use a stable and reliable power supply to prevent fluctuations that may affect system
performance.

Sample Prepation: Follow proper sample preparation technigues to minimise contamination and
achieve accurate results.

Calibration and Maintenance: Regularly calibrate and maintain the system to ensure optimal
performance and longevity.

Installation and Use Instructins:

The user manual provides detailed instructions for installing and using the system. It covers aspects
such as:

Installation: Stegby-step guidance for setting up the system, including connecting components and
ensuring proper alignment.

System Initialization: Instructions for initialising the system, including software setup, calibration, and
sensor priming.

Sampé Handling: Guidelines for introducing samples into the system, including sample volume, flow
rates, and handling precautions.

Data Retrieval: Explanation of the data retrieval process, accessing measurement results, and
generating reports.

ProblemSolvirg Techniques:

The user manual includes a troubleshooting section to assist users in identifying and resolving
potential problems. It addresses issues such as:

Sensor Malfunction: Steps to diagnose and resolve semtated malfunctions, including
recalilration or replacement if necessary.

Connectivity Problems: Troubleshooting techniques for resolving connectivity issues between
components or external devices.
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Data Anomalies: Suggestions for addressing anomalies or unexpected data patterns, suchiag adjust
settings or repeating measurements.

Machine Maintenance:

Proper maintenance ensures the longevity and optimal performance of the system. The user manual
provides instructions for:

Liguid Refilling: Detailed procedures for refilling

ASIB is evaluated ature enough for the offine water analysis to measure and monitor various
parameters using biosensoifsused suitable to the above given procedures. Automatic usage needs
regular calibration and replacement of the liquids manually. It can be efficiesglg to monitor water

quality in all stages of the aquaponic systems (taking samples before and after fish tanks), and also to
re-use the drainage water of the hydroponic system.

10. Performance Assessment of Artificial Lighting System
In the Susmedhouse pjext, the design and testing of a LED cultivation system with artificial lighting
were conducted in the PSO cabin experiments and the Agro PV section of the demonstration
greenhouse. Examples were taken from the LED varieties available in the markdileSgpectra
required for plant growth were determineligurel0.

Relative Spectral Power

T T T T T T
350 400 450 500 550 600 850 700 750 800

Wa\;elength (nm)

FigurelO: Light Wavelength and Power LED Internal Structure

Measurements were taken with an optical spectrometer to gather production data for achieving the
best performance. In performandeased trials, Power LEDs outperformed others in terms of
spectrum quality and lifespan. To enhance the cooling of the LEEnsyftation metals were utilised

to increase surface areas, resulting in a significant improvement in the lifespan of LEDs. The LED
lighting system was connected to an automation system to detect overheating, and additional cooling
measures were implemeatl accordingly Figurell,Figurel2 and Figurel3).
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Figurell: Optical Spectrometer Measurements
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Figurel2: Artificial Lighting Led Design

Figurel3: LED Automation System Software

Based on the conducted performance tests, the optimal LED arrangement and design have been
determined. The completed Artificial LED lighting system was initially used in the PSO cabin
experiments ad later in the Agro PV demonstration greenhouse triglgyre14).
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Figurel4: Postproduction Performance Test Study
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Figurel5: Properly Cooled LED Assembly Work

As a result, it has been observed that LED systems increase the light spectrum quality and lifespan
when sufficient cooling and regular operating periods are established. However, due to the high initial
investment costs, they may not appear significantly advantageous for greenhouse use. Nevertheless,
when the investment costs of LEDs are reduced and efficient cooling of LED systems is ensured, they

have been shown to significantly increase harvest yietdsshorten harvest periods in greenhouse
cultivation fFigurel5).

Integrating Artificial Lighting into a Demonstration Greenhouse:

In the PSO cabins, studies have shown that the growth of lettuce plants requires a PAR
(Photosynthetically Active Radiation) range of 26@ n > ¥2/&-1. Kovevaluate the use of artificial
light in plant growth, LED lights equipped with IoT technologyehaeen installed in the
demonstration greenhouse. These LEDs are controlled through the Decision Support System (DSS).

In the Venlo section of the greenhouse, two lines were dedicated to setting up artificial lighting. One
line was used for hydroponic ciMation and the other for conventional methods. Each line consists of

10 sets of LEDs, consuming 150 watts of energy per hour, resulting in a total energy consumption of 3
kilowatts per hour. The LEDs' uptimes are controlled using Raspberry Pi andragdldg. A Python
software has been developed to communicate with DSS via API.

Users can enter the desired tuon and turnoff times of the LEDs on the atrtificial light control page
in DSS. Based on these times, the software operates the LEDs and réeootstimes. As the LEDs

in the Venlo greenhouse have 10T capabilities, they can be controlled remotely through DSS from
anywhere in the world.
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In the Venlo section, lettuce testing was conducted in four different methods: conventional cultivation
with artificial light, conventional cultivation without artificial light, hydroponic cultivation with
artificial light, and hydroponic cultivation without artificial light. These tests aim to evaluate the impact
of artificial lighting on lettuce growth and compadéferent cultivation methods.

Overall, the integration of Ie€nabled LED lights controlled through DSS allows for precise control and
monitoring of artificial lighting in the greenhouse, enabling experimentation with various cultivation
methods and theieffects on plant growthFigurel6 shows the location and shape of artificial light
LEDs.

Figurel6: Integrating ArtificialLighting into a Demonstration Greenhouse

Different cultivation methods were also tested with artificial light and without artificial lighting
considering the lightning cost and production improvement. Since energy cost is very high in Turkey,
cost efficierry of using artificial light was not found very feasible. On the other hand, future studies
should focus on the continuous improvement of these systems, such as reducing the cost of LEDs using
more renewable energy sources and improving their efficienmynake them more accessible and
advantageous for widespread use, especially considering the season and the availability of the excess
renewable energy.

11.Performance Assessment of SusMedHouse Greenhouse
Cultivation Systems (AgrBV, Conventional, Aquaponicnda
Hydroponic)

Under the Susmedhouse project, experiments were conducted in a 2000 m2 demonstration R&D
greenhouse, encompassing Agr¥, Conventional, Aquaponic, Hydroponic, and Coating material
trials. Comparing the different sections, which means déffik cultivation methods were done during

the limited production periods, and plant density was adjusted to have enough space for the plant
growth relevant measurements.

Agro-PV Section: As per the design determined by our project partner, Fraunhoféutisai total of

120 PV panels with a capacity of 48 kW were installed on a Mgmoroof with a gable design.
Selecting doublesided panels significantly increased their performance. During the summer months
when sunlight is intense, both increased etagity production and shading from the PV panels on the
roof had a minimal negative impact on the plants. Applying PV panels on the roof is highly suitable for
Mediterranean climate regions with intense sunlight. However, during the winter months, solar
intensity decreases, resulting in reduced energy production and insufficient sunlight for the plants,
leading to inefficient and weak growth. In regions with low sunlight throughout the year, this system
operates with lowperformance Figurel?).
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Figurel7: AgroPV Section

Conventional Section: Based on the traditional cultivation recommendations provided by our project
LI NIYSNE !'yilf el -badedNENcultda diltitatoR al was éoldicted in the
Susmedhouse demonstration greenhouse. In the Conventiotibse pests and weeds from the soll

have increased both labour costs and reduced harvest yields. As the Agricultural cropping cycles
increased, the depletion of soil minerals necessitated higher fertiliser and pesticide usage. This
significantly affectshe operational costs. It was observed in the greenhouse experiments that the
yield per unit area was lower compared to the hydroponic section, highlighting the more efficient
results of soilless agriculture practices in modgreenhousesKigurel8).

Figurel8: Conventional Section

Hydroponic Section: The hydroponic cultivation trial was conducted in collaboration with AR&TeCS
experts, univesity academic advisors, and project partners at the Susmedhouse demonstration
greenhouse. In the hydroponic section, when proper discipline is maintained, a more efficient method
has been developed compared to existing cultivation methods based on planbfdgical stages,
fertiliser application, temperature, and humidity values. Results from the PSO cabin experiments
showed a 20% reduction in greenhouse expenses through-ipat localised pesticide application

to control plant seedling diseases, as wedl a 15% increase in harvest yields. Additionally, the
harvesting period for lettuce was reduced by 10 days compared to general greenhouses. In conclusion,
when suitable conditions are provided in hydroponic cultivation, greenhouse production performance
can be increased by up to @Figurel9).
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Figurel9: Hydroponic Section

Aquaponic Section: Asquaponic Figure20) cultivation trial was conducted in an approximately 400

m2 area at the Susmedhouse demonstration greenhouse. This cultivation trial included the NFT
(Nutrient Film Technique) system, deeter pool system, and vertical farming system. In the
aquaponic system, nitrites produced in fish farming are converted to nitrates by beneficial bacteria
and sent to the plants as nutrients. This allows for both plant nutrition and maintaining cleaniwate

the fish tanks. Only curly lettuce can be grown in this system. Tomato and pepper trials yielded
unfavourable results. The harvest period for curly lettuce was shortened, and the produce is quite
flavourful. However, the presence of a fish odour i tbroduct slightly decreased sales performance.
The continuous operation of air compressors and circulation pumps in the system creates a significant
electricity cost. The lack of demand for freshwater fish in the market has led to decreased fish sales
andlowered system performance. The labeintensive nature of the aquaponic system significantly
affects its performance since any labour mistakes can quickly lead to fish and plant deaths. In
conclusion, the performance of the aguaponic system is greafliyeinced by market demand and
expert labour.

Figure20: Aquaponic Section

Pest and pathogen management: Pest and Beneficial insects play a crucial role in maintaining the
ecological balance and promoting sustainable agriculture. At the SusMedHouse project, we recognize
the importance of these insects in natural pest control Aialiversity conservation. Beneficial insects

such as ladybugs, lacewings, and parasitic wasps are highly effective in controlling harmful pests
without the need for chemical interventions. They feed on pests like aphids, mites, and caterpillars,
helping b protect crops and reduce the reliance on pesticides. By fostering a habitat that supports
beneficial insectsSusMedHousaims to enhance the overall health and productivity of agricultural
ecosystems while minimising environmental impacts. We strivpreanote the understanding and
appreciation of these valuable allies, as they ¢ In $fhesMedHouseroject, the Trichogramma
Brassicae beneficial insect was used against the Tuta Absoluta pest, and the Chrysoperla Carnea
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beneficial insect was used againgthds spp. (aphids) and Trialeurodes Vaporariorum (whiteflies).
Additionally, Orius Laevigatus beneficial insects were used against Tetranychus spp. (red spider mites).
This approach has led to a reduction in the use of harmful chemical pesticides, whkihigics to

human and plant health. It has also prevented the release of environmentally hazardous chemical
residues and minimised the presence of harmful residues on plants. During the demonstration in the
greenhouse, pheromone traps were used to combatrhful insects, and the pest called "Tuta
Absoluta" was confused using the "stop mate" technique. Additionally, sticky traps were hung. As a
result, the spread of greenhouse pests was prevented before they could multiply. The presence of
harmful residues p greenhouse tomatoes and peppers was prevented, thereby enhancing market
performance Figure21).

Figure21: Beneficial Insect Release in Susmedhouse Demonstration Greenhouse

11.1  Operational test SusMedHouse demonstration greenhouse (July
to October 2022):

After the completion of the demonstration greenhouse construction and the integration of all sub
asseanblies such as fertilisation automation, irrigation, climate control, e testing phase
began. The SusMedHouse demonstration greenhouse consists of two greenhouses, Gothic and
Venlo, in each of which, according to the proposal, conventional and hydropeethods were

to be tested on tomato and pepper plants. Therefore, tomatoes and peppers were planted in the
Venlo and Gothic sections using conventional and hydroponic methods. And in the aquaponic
section, lettuce was planted for testing. Also, lettugas planted in the summer by hydroponic
method in Gothics greenhouse and the results were evaluated. In the following, the results were
analysed in detaiFigure22 shows the planting plan.
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Boiler Agro Pv Section Agro P Section
Room Pod Conventional Farm Conventional Farm
& Pepper Tomato
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Pepper Tomato
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Figure22: Planting plan (July to October 2022).
11.2 Operational test SusMedHouse demonstration greenhouse (Pepper):

The pepper plant was planted in Venlo and Gothic greenhouses by conventionaly@dmgpbdnic
methods. In each section, 20 plants were selected as samples. Once a week, the following indicators
were measured by agricultural engineers. An artificial intelligence software was developed to process
and compare the data automatically.

Plant height

Plant diameter

Number of buds

Number of fruits

Total weight of harvested fruit in kilograms

The following plant height, plant diameter, number of buds and number of fruits charts has been
drawn Figure23).
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Figure23: plant height, plant diameter, number of buds and number of fruits

After passing all the phenological stages and reaching the harvest stage of the plant, the harvested
crop from the greenhouses was weighed every week and the results were recéigede4). The

total weight of pepper harvested from the Gothic greenhouse by hydroponic method was about 512
kg, and 202 kg of pepper was harvested by hydroponidotein the Venlo greenhouse. The weight

of pepper harvested in the Gothic greenhouse was more than double that of the pepper harvested in
Venlo in the same way, and the reason for this can be assessed as the lack of sunlight in the Venlo
greenhouse.

Totalharvested weight (hydroponic Gothiepper) =512.747 KG

Total harvested weight (hydroponic Vergepper) =202.142 KG
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Gothic hydroponic M venlo hydroponic
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Figure24: Comparing the weight of the harvested pepper in Gothic and Venlo greenhouses by hydroponic method

In the conventional cultivation method, the yield in the Gothic greenhouse was more than that of
the Venlo greenhouse in the same methddgure25).

Total harvested wight (Conventional gothic pepper): 260.687 kg

Total harvested weight (Conventional VENLO pepper): 185.452 kg

GOTIK TOPRAKLI BIBER B VENLO TOPRAKLI BIBER
GOTIK HYDROPONIC BIBER B VENLO HYDROPONIC BIBER

125
100

75

Figure25: Comparing the weight of the harvested pepper in Gothic and Venlo greenhouses by conventional method

Theresults obtained in the case of pepper are satisfactory and according to the report of agricultural
engineers, the pepper crop in the Gothic greenhouse was of better quality. The lack of sunlight in the
Venlo greenhouse has a definite relationship with ginewth of the plant.

11.3 Operational test SusMedHouse demonstration greenhouse
(Tomato):

The tomato plant was planted in Venlo and Gothic greenhouses by conventional and hydroponic
methods. In each section, 20 plants were selected as samples. Once atlee&klowing indicators
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were measured by agricultural engineers. An artificial intelligence software was developed to process
and compare the data automatically.

W Plant height

W Plant diameter

W Number of buds

W Number of fruits

W Length ofcluster

W Number of clusters

W Diameter of fruit

W Total weight of harvested fruit

The following plant height, plant diameter, number of buds, number of fruits, length of cluster,
number of clusters and diameter of fruit charts has been draigure26).
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Figure26: plant height, plant diameter, number of buds, number of fruits, Length of cluster, Number of clusters and
Diameter of fruit.

After completing all the phenological stages, the harvest began. Every week the harvested product
was weighed and recorded. About 1 ton and 143 kg of tomatoes were harvested from the Gothic
greenhouse by hydroponic method, while about 794 kg of fog waselted from the Venlo
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greenhouse using the same methdedure27). Almost 1 ton and 546 kg of tomatoes were harvested
in the Gothic greenhouse using tlednventional method, and about 746 kg of tomatoes were
harvested in the Venlo greenhouse using the same cushion mekigdré28).

Gothic hydroponic tomato B Venlo hydroponic tomato
250KG

200KG

150KG
100KG
S0KG I I I
OKG . |

Figure27: Comparing the weight of the harvested tomato in Gothic and Venlo greenhouses by hydroponic method

Gothic conventional tomatoc W Venlo conventional tomato

400KG
300KG
200KG

100KG

Figure28: Comparing the weight of the harvested tomato in Gothic and Venlo greenhouses by conventional method

As can be seendm the weight data, the weight of the harvested product from the Gothic greenhouse
is more than that from the Venlo greenhouse, which is due to the lack of sunlight in Venlo. But in
Gothic greenhouse, the total weight of tomatoes harvested by hydropontbodewas less than the

total weight of tomatoes harvested in Gothic greenhouse by conventional method. After a lot of
investigation, the reasons for this deviation were found, which will be explained below:

A Since it was first cultivation, the sail the conventional section was very rich in term of
microelements

w Excessive use of fertilisers in the conventional section
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w Technical problem in fertilisation automation (it wasppenedonce but it left permanent
effect on the plant so iaffected all future results negatively)

w Lack of sunlightin Venlo
w Continuous and excessive use of thermal curtains in the summer
w Diseases and pests (Tuta Absoluta)
11.4 Operational test SusMedHouse demonstratgmeenhouse (Diseases and pests):

Many diseases and pests in the greenhouse were identified by agricultural engineers, but some of
these diseases and pests were intentional so that we could complete the datasets for image
processing. Therefore, mothan 12,000 photos were taken by the robot and more than 3000 photos
were taken Manually. The following diseases and pests were the most common diseases and pests in
Gothic and Venlo greenhouses during this cultivation perbgufe29).

w Tuta absoluta

w Trialeurodes vaporariorum

w Aculops Lycopersici

w Tomato spotted wilt tospovirus
w Erysiphe betae

w Mosaic virus

Figure29: diseases and pests in Gothic and Venlo greenhouses

11.5 Operational test SusMedHouse demonstration greenhouse (PAR
0 > Y 29sK)Y

To compare the PAR six fixed points in Venlo, one fixed point in the Gothic and one fixed point in the
openspace were considered. Every day, the par values were measured three times in the morning,
noon, and evening. The maximum par value outdoors is 2000 in September, while in December this
value has decreased to 600. As can be seen from the graph, the arobul®AR in the Venlo
greenhouse is the lowesFigure30).
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Figure30: Comparison of PAR in Gothic, Venlo and outdoor (9th and 10th mor2b22)f

In the period of the 9th and 10th months of 2022, the average PAR in the outdoors was 637.02, in the
Gothic greenhouse it was 164.42, and in the Venlo greenhouse it was 119.28. This shows that the PAR
in the Venlo greenhouse is 39.15% lower tharhm@othic greenhouse. It should be noted that during

this period, thermal curtains were used in both the Gothic and Venlo greenhouses during peak hours
of sunlight.

Thermal curtain =off
Lx=PAR at differant locations in Venic

‘Sunset(March)=18:30-

‘Sunrise(April) =06:3;

Sunset{April}=19:12-
4

.20.00
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Figure31: Comparison of PAR in Gothic, Venlo and outdoor ({Brdad 5th months of 2023)
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In the period of the3rd,4th and 5th months of 2023, the average PAR in the outdoors was 684.5, in
the Gothic greenhouse it was 267.54, and in the Venlo greenhouse it was 162.8. This shows that the
PAR in the Venlo greenhouse is 27.45% lower than in the Gothic greenhouseldtishooted that,

during thisperiod, thermal curtains were not used in either the Gothic or Venlo greenhoulsgaré

31).

Thermal curtain Gothic =on
Lx=PAR at diffe Venlo
n

20:21
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Figure32: Comparison of PAR in Gothic, Venlo and outdoor (15th of May until the 6th and 7th months of 2023)

From the 15th of May until the 6th and 7th months of 2023, the average outdoor PAR was 835.25,
320.82 in the Gothic greenhouse, aRd6.46 in the Venlo greenhouse. This data indicates that the
PAR in the Venlo greenhouse is 26.29% lower than that of the Gothic greenhouse. It should be noted
that during this time, thermal curtains were only used in the Gogfné=nhousesKigure32).

11.6 Operational test SusMedHouse demonstration greenhouse
(Lettuce):

On July 1, the lettuce plant was planted in the Gothic greenhouse to test the hydroponic méthod
cases were selected as samples and photographed every day. The photos were processed by artificial
intelligence software and the average area was automatically calculated. As can be seégiioen

33, the lettuce plant has reached the harvest stage in 28 dayseek) in hydroponibut with the
conventional method, the lettuce plant reacthéhe harvest stage in 7 weeks. On the other hand, the
plants cultivated by hydroponic method had the same size and good gaaligonventional So
hydroponic cultivation of lettuce has a significant effect on the quality of the crop in addition to saving
time.

32/65
¥ |susmepHouse



SusMedHouse D9@Performance Assessment Report

11.7

mean a(cm2)

lettuce - hydroponic

M mean_a

2000 4

1500 A

1000 A

500 -

Figure33: Lettuce growth diagram by hydroponic method in gothic greenhouse

Operational test SusMedHouse demonstration greenhouse

(From March 2023 until now):

After the completion of the first period of culion in the demonstration greenhouse, it was decided

to stop crop cultivation for 3 months due to the cold weather and some modification. Based on the
data obtained in the first period of cultivation of pepper plant, it was evaluated as favourable, while
the results of tomato plant were not satisfactory. Therefore, it was decided to focus on the tomato
plant in the new cultivation period. In the months of January and February, repairs to the roof of the
greenhouse, electricity, fertilisation automation, cetwere carried out, and atrtificial intelligence
software, including image processing, DSS, and robot, were also updated. Before March, the plants
were uprooted, and the greenhouse was cleaned, and the necessary sprayings were done for the new
season of citivation (Figure34).

Figure34: Preparing the greenhouse for the new season of cultivation
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seedlings ordered and fertilisers and supplieeeded for the new cultivation period were purchased.
Plants were planted on March 1. The planting plan can be seEigune35. Tomatoes were planted

in Gothic ad Venlo greenhouses by conventional and hydroponic methods. Lettuce was planted in
the Venlo greenhouse to test artificial light and in an aguaponic greenhouse.

Boiler Agro Pv Section Agro Pv Section
Room Pad Conventional Farm | Conventional Farm Fan
E Tomato
Lettuce with artificial lighting(50 head) I
[ 3
Office Agro Pv Section & Agro Pv Section
Pad Hydroponic Farm § Hydroponic Farm Fan (|
| & Tomato
Lettuce with artificial lighting(50 head)
o
8
= Irrigation and
D:;‘;’::r:;m Gathic Section Gothic Section 1
Pad ‘Conventional Farm | Conventional Farm Fan (1)
) Pepper Tomato
—
| -]
g
Pad Gothic Section 9!; Gothic Section Fan (|
M | Aquaponic Farm = Hydroponic Farm
5
2 Tomato
i
o —
iz R
ZET i {
Gothic Se_mlon Gothic Section
Pad Hydroponic Farm Hydroponic Farm Fan(7)
- Tomato Tomato

Figure35: Planting plan for the new crop period

11.8 Operational test SusMedHouse demonstration greenhouse
(Tomato):

In this period of cultivation, tomatoes were planted in Venlo and Gothic greenhouses according to the
conventional and hydroponic methods. In each section, 20 plants were selected as saonples f
measurement. With the help of project consultants, changes were made in the measurement
indicators. Also, growth score formulas were used to evaluate and compare plant growth. It should be
noted that the growth score formulas were calculated at the tmfi¢omato cultivation in PSO cabins,
which are described in detail in previous reports. Based on this, once a week on Wednesday, the
samples were measured by agricultural engineers in the following indicators.

Plant height, plant diameter, numbef bloomingflowers number of unbloomed flower, number
of budded, number of fruits, number of clusters, length of cluster, diameter of fruit (cluster 1),
diameter of fruit (cluster 2), diameter of fruit (cluster 3), number of harvest, length of leahamdber
of leaf
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The measured values every week were automatically calculated by artificial intelligence and graphs
were drawn and the results were displayed in DSBigure36, the page related to measurement and
comparison in DSS can be seen.

vmh?-m&-msﬂl Flower Peicd Crowth Score | Frit Period Growth Score |

Figure36: The comparison section of the measured values and the growth score in Venlo and Gothic greenhouses based on
cultivation methods in DSS

Inthe following, the growth score will be examined in three stages of tomato plant growth
(vegetative, flower and fruit).

Growth score (Vegetative):

The growth score in the vegetative stage was calculated by the following formula, where, for example,
L3*Lis the plant height in the second week ah8lis the plant height in the first week. The growth
score calculated based on this formula should always be between 1 and 0. however much the
calculated growth score is closer to 1, it means that the plant lasmgbetter at this stage of growth.

Growth Score =(B*-L3)/L2

L% height measured ianiteration
L3% height measured in a+1 iteration
GS: Calculated height percentage growth in a+1 iteration

Based on the measured values, the growth score was caéclilatthe second and third week after
planting by the developed software. As it is clear fieigure37, tomato plants planted by hydroponic
method have a better growt score than the conventional method. And finally, the tomato plants
planted hydroponically in the Gothic greenhouse at the end of the vegetative stage have the highest
growth score.
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Tomato Vegetative Period Growth Score
Gothic greenhouse hydroponic(GSH)
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Venlo greenhouse hydroponic(VSH)
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Figure37: Tomato vegetative period growth s

Growth score (Flower):

The growth score at the flower stage was calculated using the following formula. The developed
software calculates the growth score for each week based on the values measured by agricultural
engineers. As it is clear from tliermula, at this stage, the number of flowers, the number of buds
and the number of flowers turned into fruit have a greater effect on the growth score because it is
multiplied by 0.8, and the plant height has a smaller effect because it is multiplie@ by 0

Growth Scor&ormalize= 0.8 *BFFnormaIizéFO.z*LENGTH
(BFF: B: Bud, F: flower, F: Fruit)
(BFF: 1*number of buds+2*number of flowers+4*number of fruits)

In the fourth, fifth and sixth weeks, the flower stage growth score was calculated, and theifglo
graph was obtained. As can be understood fiigure38, the growth score of tomato plants planted

by hydroponic method is higher than the conventional methddoAthe tomato planted in the Gothic
greenhouse by hydroponic method had the highest growth score in these three weeks. And in second
place is the tomato planted in the Venlo greenhouse by hydroponic method.
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Tomato Flower Period Growth Score
Gothic greenhouse hydroponic(GSH)
Gothic greenhouse conventional(GST)
Venlo greenhouse hydroponic(VSH)
Venlo greenhouse conventional(VST)
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Figure38: Tomatoflower period growth score

Growth score (Fruit):

The growth score at the fruit stage was calculated using the following formula. The developed
software calculates the growth score for each week based on the values measured by agricultural
engineersAs can be seen below formulat this stage, the numbeaf flowers, the number of buds,

the number of flowers that have turned into fruit, and the size of the fruit are all multiplied by 0.5.
This indicates that the number and size of the fruit have a greater influence and weight in calculating
the growth scoe at this stage. It is important to note that fruit size refers to the diameter of the fruit,
which is measured from the plant clusters and then automatically calculated as the average fruit size.

G I’OWth Scorﬁ)rmalize:o . S*B F Eormalize"‘o . 5*FI’UIt Siza)rmalze

(BFF: B: Bud, F: flower, F: Fruit)
(BFF: 1*number of buds+2*number of flowers+4*number of fruits)
(Fruit size:diameter of fruit (cluster 1) + diameter of fruit (cluster 2) + diameter of fruit (cluster 3)) /3

As it is clear fronfrigure39, during the fruit stage, the growth score of the hydroponic method in both
the Gothic greenhouse and the Venlo greenhouse is higher compared to the convémtietiend,

with a significant difference. Additionally, it is noteworthy that tomatoes grown hydroponically in the
Gothic greenhouse exhibited the highest growth score.
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Tomato Fruit Period Growth Score
Gothic greenhouse hydroponic(GSH)
Gothic greenhouse conventional(GST)
Venlo greenhouse hydroponic(VSH)
Venlo greenhouse conventional(VST)
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Figure39: Tomato Fruit period growth score

Harvestresults {rield):

Two methods were used to calculate yield. The first method involved calculating the average fruit
harvested from each plant, while the second method involved calculating the average fruit harvested

from each square metre. As stated above tdensity of the plant in the demosite was kept low
compared to the current ones to provide better conditions to the engineers to make plant growth
measurement more comfortably, without causing any harm to the plarasind that is why this value
is predgsely used only for the production methods relevant comparative in the demonstration

greenhouse. In the first method, the total weight of tomatoes harvested from each section was divided

by the number of plants in that section to determine how many kilogg®f tomatoes were harvested
from each plantTablel provides information on the total weight of tomatoes harvested from each
section and the averagtomato yield per plant.

Venlo Venlo Gothic Gothic Gothic
Sections Conventional Hydroponic Hydroponic 1 | Hydroponic 2 Conventional
(192 plants) (384 plants) (384 plants) (816 plants) (330 plants)

Total(kg) 190.723 763.87 835.76 1397.264 359.327

Perplant(kg) 0.99 1.98 2.17 1.71 1.08

Tablel: The total weight(kg) of tomatoes harvested from each section and the average tomato yield(Per plant(kg)).
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Figure40shows the average(kg) fruit harvested per plant in Gothic and Venlo greenhduseg
planting period As it is clear from the graph, the tomatoes cultivated by hydroponic method had the
bed yield.

Yield per average harvest from each tomato plant (kg)

25
2

1.5
1 m

0.5 0.99
0

Venlo Conventional (192 plants) Venlo Hydroponic (384 plants) Gothic Hydroponic 1 (384 plants) Gothic Hydroponic 2 (816 plants) Gothic Conventional (330 plants)

Figure40: The average(kg) fruit harvested per plant in Gothic and Venlo greenhouses.

In the second method, the total weight of tomatoes harvested from each section is divided by the
cultivated area of that section. ThHaguredlillustrates the cultivated area in each section.
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Figure41l: illustrates the cultivated area in each section
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InTable2, the weidt(kg) of harvested tomatoes per square metre can be seen in each section.

Venlo Venlo Gothic Gothic Gothic
Sections Conventional Hydroponic Hydroponic 1| Hydroponic 2 | Conventional
(94.5 m2) (185 m2) (168 m2) (360 m2) (168 m2)
Total(kg) 190.723 763.87 835.76 1397.264 359.327
Per square meter(kg 2.01 412 4.97 3.88 2.13

Table2: The total weight(kg) of tomatoes harvested from each section and the weight(kg) of harvested tomatoes per
square meter.

Figure42 shows the average(kg) fruit harvested per square meti@adthic and Velo greenhouses.
As it is clear from the graph, the tomatoes cultadby hydroponic method had the best yield.

Yield per average harvest from each square meter(kg)
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Venlo Conventional (94.5 m2 ) Venlo Hydroponic (185 m2) Gothic Hydroponic 1 (168 m2) Gothic Hydroponic 2 (360 m2) Gothic Conventional (168 m2)

Figure42: The average(kg) fruit harvested per square metre in Gothic and Venlo greenhouses.

An average of 4 clusters were harvested from each tomato @#iet almost same growing time
When considering growing eed difference of bmato crops,gothic hydroponic greenhouse has the
shortest duration, and thenAgro-PV hydroponic section,gothic conventional and AgroPV
conventional. The aquaponic system witie used methods in SusMedHouse was not good enough
for the tomato plant but lettuce.The difference between the harvest times of the different sections
changeddepencded season, which means on the outside temperature, rain and cidudtion. Better
weather (no cloud) better result from the Agi®V sections were observed.

The number of clusters harvested from each section was as expected, but as can be seen from the
graphs, the hydroponically grown tomatoes were bigger and weighed more.
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Tomato taste stvey:

During the visit to theSusMedHousdemonstration greenhouse on the day of the fipalblic event

of the project on the 15th of June, a taste survey was conduapedt from the Bix tests More than

16 people participated in this survey and tastadd rated the tomatoes of each section without
knowing which section the tomato belongs to. As it is clear frBigure43, the tomatoes grown in

the conventional way have obtained a better score. Brix test was also conducted, and all the tomatoes
cultivated in four parts by hydroponic and conventional methods were measurédtateen 45.

When considered growth media tomategroduced with compost/zeolite /Cocopeat (3/1/1) has te
maximum value of briaround 4.95. When comparedections base brix valuégyro-PV with soil is

the highest Brixand then gothic conventional (with soil), and hydroponic sections respectively
chandng slightly between 8.7. This result isoincidencewith above mentioned test survey results.

Tomato taste survey - Average points between 0 and 5

35

25

3.5

Venlo Conventional Venlo Hydroponic Gothic Hydroponic Gothic Conventional

Figure43: Tomato taste survey result

11.9 Operational test SusMedHouse demonstratgneenhouse l(ettuce
- Aquaponic):

Lettuce plants were planted in the aquaponics section on March 13, and samples were photographed
every day. The captured photos were processed using the developed software to calculate the area of
the samplesFigure44 displays the growth chart of the lettuce plant (NFT). As evident from the graph,
lettuce grown in the aquaponic section reached the harvest stage in 26 days, whereas it takes over 7
weeks for the crop t@each the harvest stage using the conventional method.
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lettuce - aquaponic (NFT)
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Figure44: The growth chart of lettuce plant (NFT)

In addition to what has been mentioned in the previous reports, there are two methods of NFT
cultivation and vertical farimg in the aquaponics sector. Therefore, after harvesting, the weight of
the harvested crops was compared between these two methods. As depicteigune45, lettuce
cultivated using the vertical farming method exhibited a greater weight.

Comparison of weight (grams)

Aquaponic lettuce (vertical farming) 479.46

Aquaponic lettuce (NFT)

Figure45: Comparison of the weight of lettuces cultivated by NFT and vertical farming methods
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11.10 Operational test SusMedHouse demonstratgneenhousel(ettuceComparison of
hydroponic and conventional cultivation methods using artificial light):

On March 1, lettuce plants were planted in Venlo greenhouse to test and check the following
methods:

() Corventional with artificial light

() Conventional without atrtificial light
W Hydroponic with artificial light

W Hydroponic without artificial light

The purpose of this experiment was to investigate the growth process of lettuce plants in the Venlo
greenhouseand to investigate the effect of the shade of solar panels and the effect of artificial light

on plant growth. Based on this, the lettuce plant was planted according to the mentioned methods.
In the conventional and hydroponic methods, each line wasateig)and fertilised equally.

In the first two weeks, artificial light was used for one hour a day due to the small
size of the plants.
After finishing the second week about 4 to 6 hours artificial light was used every day.

Figure46 shows the placement of LEDs. According to the studies conducted in the PSO cabins,
0SU6SSY Hpn |y R2sdpuere heéded far theyggoivti of thettuce plant. Therefore,
the distance between the LEDs and the plant was adjusted to provide 260 to 270 PAR.

Figure46: Artificial light LEDs in Venlo greenhouse

Lettuce plants were photographed every day and their dimensions vipeocessed by artificial
intelligence software and a growth chart was drawn. As it is clear ffayqure47, hydroponics without
artificial light has grown the mosand hydroponics with artificial light is in second place. Results It is
as expected and the lettuce plant reached the harvest stage in 40 days in the hydroponic method but
in the conventional method, it takes at least 7 weeks. The difference in area betiwdroponics

with artificial light and hydroponics without artificial light is very small, which means that the exposure
time is short, and the artificial light can only rectify its shade.
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Lettuce - Venlo

HL = Hydroponic with LED

HN = Hydroponic without LED

CL = Conventional with LED

CN = Conventional whithout LED
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Figure47: Comparison chart of lettugaant growth with four cultivation methods in Venlo greenhouse

After the lettuce plants planted by hydroponic method reached the harvesting stage, all the samples
were harvested either by hydroponic method or conventional method. All samples were wedggited,

the average weight of lettuce grown in four methods was calculatediguare48, the average weight

of lettuce grown in different methods can be seen. Lettucantd grown in a hydroponic method
without artificial light were about 320 grams, in the hydroponic method with artificial light, about 296
grams, and in the conventional method with artificial light and without artificial light, about 172 and
157 grams, repectively.

Avg weight of lettuce(g)

296.5217391

l 172.173913 157.3913043
'

325.2173913

350
300
250
200
150
100
50
0

Hydroponic without ~ Hydroponic with Conventional with Conventional
artificial light artificial light artificial light without artificial
light

Figure48: Comparison chart of lettuce weight with four cultivation methods in Venlo greenhouse
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11.11 Data driven APowered Solutions

As environmental and biological conditions become increasingly challenging to predict and manage,
modern agriculture is exploring novel ways to confront these complex issues. Leveraging
advancements in artificial intelligence (Al), we are now able to eynplachine learning algorithms

to forecast pest infestations, optimise plant growth, and design more effective pest management

strategies, aiming the further exploration and application of these technologies in agribusiness.

This project involved transitiong from MATLAB to Python for image processing and classification to
achieve enhanced efficiency and flexibility. While MATLAB hasfriesadly features, its limitations
prompted us to employ Python's opesource libraries PyTorch, OpenCV, NumPy, armikiELearn.

The goal was to replicate previous MATLAB algorithms, improve image classification, count objects
from specific classes, and enable rdale pest detection and tracking. This will improve
categorization accuracy regardless of pest size vanat

11.12Analysing Environmental and Plant Factors

11.12.1 Conducting Environmental and Plant Factor Analyses

In this phase, thorough analyses of environmental factors and pé&dated variables were conducted

to develop effective Al models. The prirgasbjective was to comprehend the complex relationships
between these factors and their influence on pest infestation, pathogen control, and plant growth.
Leveraging machine learning algorithms, andépth exploration was undertaken concerning
pesticide éfectiveness, the population of natural enemies, temperature, humidity, pH, EC, PAR, and
other pertinent features.igure49)

Mutual Information Scores (relationship of # of pests with respect to features)
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Figure49: Mutual Information (MI) Scores: Pest
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11.12.2 Analysing the Impact of Pesticide Effectiveness and Natural
Enemies on Pest Control

An essential focus of the observations in early stages involved analysing the impact of pesticide
effectiveness and the numberf ;matural enemies on biological pest and pathogen control. By
employing machine learning algorithms, meticulous scrutiny was applied to investigate the
associations between these factors and their predictive capabilities for pest infestations and pathogen
presence. The outcomes of this analysis yielded valuable insights to facilitate the development of
effective strategies for pest managementigure50)

Pesticide Effectiveness % on Pest and Pathogen Control
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Figure50: Pesticide Effectiveness % on Pest and Pathogen Control

11.12.3 Analysing the Impact of Environmental Factors on Plant
Growth

To optimise plant growth, a comprehensive analysis was carried out to understand the impact of
environmental factors. By rigorously examining the relationships between temperature, humidity, pH,
EC, PAR, and other relevant features, their effects on glamwth were elucidated. This analysis

revealed significant patterns and correlations, thereby contributing to the development of Al models

aimed at optimising plant growth.

Observations involved an -thepth analysis of the intricate relationship betweenv@onmental
factors, pest and pathogen control, and plant growth scores. By considering factors such as
temperature, humidity, pH, EC, PAR, and other pertinent variables, the results investigated how

46/65
{l‘; SUSMEDHOUSE



SusMedHouse D9@Performance Assessment Report

variations in these parameters affected pest and pa#ttogontrol as well as overall plant health. This
comprehensive analysis provided a profound understanding of the interdependencies between
environmental factors, pest and pathogen control, and plant heakiyure51to Figure57)

Mutual Information Scores: Relationship between Plant Growth and Various Features - Scikit-learn
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Figure51: Mutual Information (MI) Scores: Growth Score |

Effect of Avarage Temperature on Growth Rate
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Figure52: Average Temperature on Growth Score |
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Prediction for Plant Growth for 2023
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Figure53: Outside Lux and Plant Disease effect on Growth Score |
Mutual Information Scores: Relationship between Plant Growth and Various Features - Scikit-learn
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Figure54: Mutual Information (MI) Scores: Growth Score I
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Mutual Information Scores: Relationship between Plant Growth and Various Features - Scikit-learn

avg_temp_Venlo_Conv

min_temp_Venlo_Conv
Qutside_lux
max_temp_Venlo_Conv
Led_time
min_humi_Venlo_Hydro
Venlo_Hydro_drainage_EC
max_humi_Venlo_Hydro
Venlo_Hydro_drainage_PH
Venlo_Hydro_Par

avg_humi_Venlo_Hydro

o
(=]
o
-
(=]
N
o
w
=]
o~
o
wm
o
(=]
o
~

Figure55: Mutual Information (MI) Scores: Growth Score Il

Effect of Bee's on Plant Growth
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Figure56: Growth Rate | Scores with respect to Bee activation
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Effect of Bee's on Plant Growth
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Figure57: Growth Rate Il Scores with respect to Bee actvati

Regarding the calculation methods for Growth Rate | scores, flowering is not considered as a feature.
Consequently, there is almost no positive effect of bees in this context. However, in Growth Rate I,

flowering has already begun on the plants, and #ifect of bees could be clearly observed. Similarly,

for each growth season (seed, seeding, flowering, and fruiting), the Mutual Information (MI) scores of

the observed parameters change accordingly. These changescamséleredduring the training of

the production models for plant growth and pathogen control.

The log(x+1) technique offers an effective strategy for dealing with skewed or positively skewed
distributions in data. By applying this method, we have managed to tame extreme values and outliers
substantially improving the visualisation of our data's density. This transformation was executed by
taking the natural logarithm of each data point after adding 1 to it, creating a new data s&ig\<=

+1).

The impact of thisransformation on our data set was quite profounthe resulting distribution of Y
demonstrated a more symmetric shape, simplifying our subsequent analyses and interpretations.
When we computed statistical properties like the mean, mode, median, andnearitiom the log
transformed data, we found them to be more accurate. This increased reliability played a significant
role in delivering meaningful results in our modelling and analysis.

However, while applying the log(x+1) technique, we remained vigilaotit potential issues with data
containing zero or negative values. We recognized that alternative transformation techniques, like the
BoxCox transformations, might be better suited for these instances.
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The use of the log(x+1) method in our project Hass proven invaluable. It helped us mould skewed
distributions into a form that was morkke a normal distribution, enabling more robust statistical
analysis and inference. As a testament to its effectiveness, we have applied the log(x+1)
transformationto a subset of our data, enhancing our general understanding of the data set, as
evidenced in graphs belowFigure58 and Figure59)
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Figure58: Outside Lux Values and Log Lux Values Comparison
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Figure59: Growth Rate Il Scores with respect to Average Temperature
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There was a notable improvement in the effect of average temperature values on Growth Rate | versus
Growth Rate Il. After the flowering season began, the fp&adhibited its optimum growth rate at
temperatures ranging from 285°C, which islearfrom the graph provided. The distribution of values

on the graph started to exhibit patterns of a parabolic increase when the temperature reached a
certain average vak. Subsequently, there were slight, sharp drops observed once the temperature
surpassed this critical average vaha@ge. Figure60 and Figure61)
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Figure60: Growth Rate Il Scores with Respect to PH and Along with Categorical Data of Bee Activation

EC and Bee effect on Plant Growth
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Figure61: Growth Rate Il Scores with Respect to EC and Along with Categorical Data of Bee Activation
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11.12.4  Analysing the Relationship Between Environmental Factors
and Pest Numbers

A crucial aspect of effective pest control involved grealg the intricate relationship between
environmental factors and pest numbers. Through a meticulous study of the interplay between
temperature, humidity, pH, and other environmental features, valuable insights were gained into the
influence of these fadrs on pest infestation. The findings of this analysis enabled the creation of Al
models capable of accurately predicting and controlling pest numbeigure62 and Figure63)

Effect of Planting Season on Pest and Pathogen Control
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Figure62: Effect of Planting Season on Pest and Pathogen Control

Effect of Avarage Temperature on Pest and Pathogen Control
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Figure63: Effect ofAverage Temperature on Pest and Pathogen Control
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Through meticulous feature analysis and the application of advanced machine learning algorithms,
the research successfully conducted comprehensive environmental and plant factor analyses. These
analyses estalished a solid foundation for developing effective Al models for pest management and
plant growth optimization. The insights gleaned from these analyses will significantly contribute to the
advancement of accurate and efficient pest control strategiemately leading to enhanced crop

yield and sustainability in the agricultural sector.

11.13Pest Infestation and Plant Growth Predictions

This section discusses the application of Machine Learning (ML) algorithms to predict pest infestations
and optimiseplant growth. The algorithms used include Random Forest, XGBoost, and Neural
Networks such as Recurrent Neural Networks (RNN) and LongTmortMemory (LSTM) networks.

Random Forest is an ensemble learning method that creates a set of decision trees faooomly
selected subset of the training set. It then aggregates the votes from different decision trees to decide
the final class of the test object.

XGBoost stands for Extreme Gradient Boosting; it is also an ensemble learning method and is a
decisiontree-based algorithm. It's known for its efficiency and effectiveness, particularly with
structured or tabular data.

Recurrent Neural Networks (RNN) are a type of artificial neural network designed to recognize
patterns in sequences of data, such as tegenomes, handwriting, or the spoken word.

Long ShorTerm Memory (LSTM) is a type of RNN that can learn and remember over long sequences
and is not sensitive to the length of the sequence.

These algorithms can handle both categorical and continuous gipestand can capture ndimear
relationships between features and the target variable.

11.13.1 Data Features for Predictive Models

Continuous data used include temperature, humidity, pesticide effectiveness percentage, number of
natural enemy bugs, and @wth scores of plants. Categorical data encompass plant season, plant's
genetic illnesses, and type of the plant. The models combine these different data types to create more
accurate predictive models for pest infestation and plant growth optimization.

11.13.2 Random Forest Regressor

I wlyR2Y C2NBaid wSaINBaaz2N Y2RSt ¢l a4 dzASR GAGK mrs
The Mean Absolute Error (MAE) was calculated as 2.6484615384615386. The MAE measures the
average magnitude of the errors in a séjpredictions, without considering their direction. It's a linear

score which means that all the individual differences are equally weighted. The lower the MAE, the

better the model's performance.

¢CKS &dzoaSt 2F FSIidNBa dzaSEEAYyOQt @RYRSY LAPAS/L iz
Ghdzi aA RSyt dzE ¢ = [ SRYGAYSE TAYFEQPKdzZYA xSyt 2yl

GxSyft2¢l @RNRBYRNI AYFASYP9/ ¢3 FYR dal @3PpKdzYA xSyt 2
experiments were also calculated, resulting in an average MAE stB8r&38715076923077.
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11.13.3 XGB Regressor (Extreme Gradient Boosting)

Two models were trained using the XGBoost algorithm. For the first model, the number of estimators
was set to 500 and the learning rate was set to 0.05. The MAE for this model was
2.3018537153548095. For the second model, the number of estimators was increased to 10000, and
the learning rate was lowered to 0.005, resulting in a better MAE of 1.6321163378597703.

11.13.4 Recurrent Neural Networks (RNN) and Long Seormh Memory
(LSTM) Newal Networks

For both RNN and LSTM models, the number of hidden layers was set to 50 and the number of epochs
was set to 200. Detailed results and graphs showing the performance of these models are included in
the subsequent sections.

11.13.5 RNN (Recurrent Neural Network®rformance Figure64 and
Figure65)
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Figure64: RNN (Recurrent Neural Networkédpdel Predictions Vs Actual Values
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Figure65: RNN Model Predictions

11.13.6 LSTM (Long Shdrerm Memory Neural Network$)erformance
(Figure66 and Figure67)
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Figure66: LSTM (Long Shefierm Memory Netal Networks) Model Predictions Vs Actual Values

56/65
¥ |susmepHouse



SusMedHouse D9@3Performance Assessment Report

0.9 1 Predicted

0.8 A

0.7 4

0.6

0.5 4

0.4 4

0.3 1

0.2 0.3 0.4 0.5 0.6 0.7

Figure67: LSTM (Long Shefierm Memory Neural Networks) Model Predictions

11.14 Effective Greenhouse Management. Web Application, Data
Pipelines, and Data Analytics

This section details the development and implementation of a web application for effective
greenhouse management, the creation of data pipelines, and the utilisation of data analytics to
optimise crop health.

11.14.1 Web Application for Greenhougknagement

Our customdeveloped web application features secure login and-f@eed access, utilising Flask
forms for screen sensitivity. The web application not only allows for direct data entry but also ensures
the secure storage of these entries in asRyres Server. Key utilities of the application include the
ability to edit and delete these entries, manual training options for object detection, file upload
functionality to the file server, and support for Re&spi.

The application also includes var®modules, such as data entry for tables like greenhouse values for
plant growth features, PAR values for lux, PH and EC values, Bee activation, and other categorical data
entries. It supports data editing, uploading of temperature and humidity readimgtty from

sensors, and a responsive design for usability across devices.

One standout feature is the CNN tool menu for pest detection and anomaly detection on plants using
cutting edge segmentation. There's also a utility for the creation of Excelfrfilesthe database,
providing easy data exporting for further analysiseporting. Figure68to Figure77)
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Figure69: Responsive Design of The Application
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Figure70: Greenhouse Data Ent8election Module
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Figure73: CNN (Convolutional Neural Network) Module
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