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Abstract :

In this study, the authors propose an architecture for a hybrid energy generation system combining
wind and photovoltaics. This system is designed to be easily connected or disconnected from the
grid in order to manage energy surpluses or deficits. The authors also connect a PV/Wind/Battery
hybrid installation to an already grid-connected hydroponic greenhouse. This allows them to reduce
the amount of energy consumed from the grid. The authors conclude that this shift from traditional
energy sources to renewable sources will have a positive impact on the environment and can also
contribute to reducing the bimonthly energy bill of the hydroponic greenhouse

I. Introduction :

The exploitation of photovoltaic solar energy provides a good solution for generating electricity.
The efficiency of renewable energy sources depends on climatic conditions. Indeed, a single source
of renewable energy sometimes cannot provide the required energy. In such cases, hybrid systems
combining two or more renewable energy sources offer a safe and effective solution to address this
dependence on renewable energies [1]. Therefore, there are several topologies of hybrid
installations. Among them, we can mention PV/wind [2], PV/wind/battery [3], PV/wind/fuel
cell/battery [4], and wind/battery [S]. The combination of multiple renewable energy sources of
different natures minimizes the effect of energy production discontinuity, particularly when
combined with a storage system. However, this requires attention to many fundamental factors, such
as the management of energy production and storage. This is especially crucial given the high cost
of the storage system, which represents a major constraint in the overall cost. This necessitates an
energy management strategy to optimize production capacity, minimize storage costs, and protect
the battery against deep discharges and overloads [6].

This work presents a control strategy based on multiple scenarios to ensure an optimal distribution
of energy among different sources and effectively meet the specific electrical needs of hydroponic
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greenhouses. This approach proposes dynamic energy management, allowing for the maximization
of the use of various available energy sources while ensuring a reliable and sustainable power
supply. A thorough numerical analysis is conducted on three integrated systems within the setup to
meet its electrical requirements. The study focuses on three different scenarios: the first option is a
photovoltaic power plant connected to the grid, the second is a wind turbine connected to the grid

(Figure 1), and the last is a hybrid PV/Wind/Battery system (Figure 1).

I1. Materials and methods :

Figure 1 illustrates the suggested hybrid installation structure, including the directions of energy
flows and the energy management system. To optimize the best configuration of the hybrid system

that meets the requirements of the hydroponic greenhouse, three scenarios were studied:
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Figure 1: components of hybrid PV wind battery system

II1. Modelling of hybrid system:

1. Modelling of PV system

The solar converter consists of a solar PV panel, and a DC-DC boost converter with MPPT
controller as shown in Fig. 2. In essence, a photovoltaic cell can be likened to an electrical current
generator shunted with a diode. This diode is created through the formation of a p—n junction. To
delve into the physical phenomena occurring within the cell, the model incorporates two intrinsic

resistors, Rs and Rp, in series and parallel arrangements, as depicted in Figure 2.
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Figure 2: equivalent diagram of photovoltaic panel

A photovoltaic generator is composed of a collection of individual photovoltaic cells interconnected
in series and/or in parallel. Consequently, the following equation describes the current output
delivered by the PV panel as a function of the number of cells in series (Ns) and in parallel (Np) [7]:

I =NI —-NI rexp(va +Rs[pv) —| V;;h +Rs pv) (1)
pv p ph s s — -1 _Np(
| nvy, .
The proposed boost converter in shown in figure 3.
L D1
YYYN . N
VI
3
| Q1
Gpv —— CPV 2 —L cout
1
@

Figure 3: Boost converter the proposed system

The P&O method is used for maximum power extraction, the developed MPPT algorithm keeps the
PV panel voltage near to MPP voltage to adjust the duty cycle (D). Then, the required change in
duty cycle (AD) is calculated based on the change in voltage (AV) and the change in power (AP)

[8].

2. Modelling of wind generator
The electrical model of the Permanent Magnet Synchronous Generator (PMSG) can be represented
in the park reference frame as:
[ ) dyy
o dy, )
L q s q dt e d

The terms y; and y  delineate the integrated fluxes in each phase and can be defined as follows:
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Vg = Lyig +y

L (3)
WV, =Ly

In the context of a permanent magnet synchronous generator (PMSG), Ly and L, represent the stator

inductances in the d-q reference frame, while y,, characterizes the rotor flux of the generator. The

electromagnetic torque of the PMSG can be computed by utilizing the expression for
electromagnetic power, as defined in Equation (4).

3 S
P=oT ="0(i-yi (4)

e m e 2 q qd
The electromagnetic torque can be derived as:

3 .
T="Pwyi_yi) (5)
e dq qd

22

3. Battery storage system
The storage system comprises a lead-acid battery and a bidirectional DC-DC buck-boost converter.
This converter utilizes a PI controller, as depicted in Figure 3, to regulate the DC bus voltage [9].
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Figure 4: Buck boost converter

Results:

The simulation was conducted assuming that the batteries were initially charged
(Soc = soc,,.) , with a value of approximately 95%. Figure 5 illustrates the power of the hybrid
production system connected to the grid. The simulation results demonstrate that the battery exhibits
dynamic behavior, responds efficiently to load requirements, and ensures a continuous energy
supply even without production from the hybrid system. During the period from 00:00h to 05:00h,
when the hybrid system does not generate electricity, the storage system's battery continues to
provide the necessary energy to meet the energy needs of the hydroponic greenhouse. From 5:00
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AM onward, the hybrid system begins to supply energy, and the batteries start to charge. At this
point, the system exports surplus energy to the grid.
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Figure 5: Power of the hybrid system with an initially charged battery

The Figure 6 represents the variation in battery voltage over a complete cycle. The results show that
during the discharge phase, the battery voltage decreases, indicating the use of stored energy.
However, as soon as the hybrid system starts generating sufficient energy, the batteries recharge,
causing the voltage to increase until it reaches its maximum value. This behavior confirms the
dynamic response of the batteries, adapting to the hybrid system by adjusting energy production
levels and efficiently managing the charge and discharge process to maintain optimal voltage levels.
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Figure 6 : Variation of battery voltage and state of charge over time
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Conclusion :

In this work, a hybrid PV/Wind/Battery system is employed. To assess the performance of the
hybrid system for supplying electricity to a hydroponic greenhouse, modeling and simulation are
conducted over a day. Subsequently, an Energy Management System (EMS) is designed to ensure
the optimal management of this energy system. The EMS oversees the renewable energy source's
energy management to meet the greenhouse's energy needs while considering the power phase shift
between the load's demand and that produced by the PV/Wind/Battery hybrid system.

The use of an Energy Management System (EMS) has contributed in several ways to the energy
management of a hybrid system, including:

-Maximizing the use of renewable energies, thereby reducing the system's dependence on the
electrical grid.

-Efficient energy storage: The EMS algorithm has determined the optimal time for charging and
discharging batteries, thereby maximizing the use of stored energy during periods of low renewable
energy production or high electricity demand.
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Abstract:

This study was conducted with the aim of uncovering the intricacies and prospects of Wind Data Forecasting & Infrastructure.
This endeavor harbored the deployment of a cloud infrastructure for 8 metmasts across the Asia Pacific Region (APAC) with
Microsoft Azure along with the investigation and automation of four wind data management basic functionalities: monitoring,
cleaning, report creation & Long-term (LT) Analysis. The LT Analysis was built on the Measure Correlate Predict (MCP)
architecture where a Linear Least Squares model was defined and evaluated. The venture was concluded with the deployment of
an all-encompassing infrastructure for the management of future wind site operations.

Keywords: Wind Resource Analysis, Long-Term Analysis, Microsoft Azure, Internet of Things.

I. Introduction

As the world seeps into an ever-approaching energy crisis, renewables have found themselves as the
center of global, economic, and corporate interest [8].While occupying 5% of the global energy share, the
wind energy market is nonetheless projected to reach $211.85bn by2030[9][11]. We have thus delved
into the APAC market where 10 GW farms are currently poweringhouseholds & industries [7].

Despite the global momentum of wind farm development projects, grid integration may be the greatest
contemporary challenge facing wind professionals nowadays due to strict grid codes and little to no
visibility [10]. Companies such as BayWa r.e aim to close such a gap by investing in wind analysts to help
with the different phases of project development.

Reducing the unpredictability ofwind energy yieldsis dependent on a plethora of variables, most notably:
winditself. Wind is not only an unpredictable meteorological element, but also requires constant
monitoring to integrate the wind farms it powers. While a wind analyst is pivotal to the assessment of a
given land plot's long-term potential and in spite of the development of Internet of Things (loT) capacity, a
lot of the wind data management tasks are far from automated.

II. Challenges to Address

This endeavor was the fruit of many years of inefficient and tedious work for the employees. While the
team is composed of wind experts, there is a certain limit to the number of farms a group of people can
manage. It is therefore essential to automate, optimize & diversifythe capabilities of the system at hand.
We may, thus,summarize our motivation under the following:

Copyright © 2023
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e Can we improve and automate wind data processing using loT technologies?
e How can we make wind data & reports more accessible and centralized?

e How can we perform the LT analysis independently of third-party software?
e Are there alternatives to traditional LT algorithms?

There is a plethora of papers offering an overview of wind prediction methodologies and their intricacies
such as A. Tascikaraoglu & M. Uzunoglu's 2014 encapsulation of individual and hybrid methodologies
towards forecasting wind power [1].A good literature overview may also be that of Lawan et al. where
different technologies, paper and metrics were showcased [5]. Common metrics such as the Mean
Absolute Error (MAE), Mean Absolute Percentage Error, and others were projected across a multitude of
technologies and resampling periods.

The growth in 5G technology has ignited discussions of digital twin technology where an asset can have a
real-time digital copy that is both physical and signal-base. The 2023 IEEE conference on Power
Electronics and Renewable Energy was presented with a paper on Wind Turbine Digital Twin based on
Microsoft's Azure cloud services [4]. The paper explored Azure's potential when it comes to building
digital twins and the forecasting of powerproduction.

III. Methodology

1. Daily Wind Data Monitoring

LINC LAERLY; SRORT -

. Azure
) Outlook Extraction  Metmast blob Metmast o
Metmast Outl’?_(l k Logicapp container Function App 5QL database
email -

I
0 2, 6
& 1559

Hetmast
sharepoint

Outlook Netification Transfer
email logicapp Logicapp

Figure 1: Azure-basedwind data monitoring system architecture

With eight metmasts across the Asia Pacific region (APAC), the daily monitoring and diagnostics of wind
data and relevant sensors becomes a tedious and monotone task which calls for the automation of the
overall process. We have thus created and maintained a fully automatic cloud-based wind data
monitoring system, as seen under figure 1, capable of:

= Collecting sensor measurements from emails through the means of and Azure Logic App
= Storing the data in a dedicated Postgres database for analytics through an Azure Function App
= Transferring daily ‘csv’ files to relevant employees via an Azure Logicapp anda SharePoint
= Sending email alerts in cases of:
o Low sensor correlation

o Low battery levels which may hinder metmast functionalities.
Copyright © 2023
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2. Wind Data Cleaning
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Figure 2: Common raw wind data defects to be removed.

Due to a plethora of factors, raw wind data is not available for direct use as seen under figure 2, we have
thus overturned the time-consuming cleaning process through an Azure function that performs the

following:

= Eliminating data with null Standard Deviation

= Ruling out null wind speed data

= Removing flatlines

= Reducing or eliminatingdata impacted by the shadow effect on given sensors.

These discrepancies are generally due to faulty sensors and will need intervention upon their persistence.
Through the means of our cleaning function app, we are able to reduce their impact on analytics.

3. Monthly Report Generation

sQL

0
\< G (2 &@

Metmast Monthly X
0ld repofrt Report App New report Metmast
@ t Logicapp @ sharepoint

Metmast blob Figure 3: Monthly report generator architecture
container

——

Outlook
email

Wind analysis requires extensive reporting which takes up 2 business days per month at the very least. To
reduce these wasted resources, we harnessed the capabilities of Azure function apps under Figure 3 to
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craft new reports for each month while also including data from past reports. The resulting document
summarizes wind speed and sensor coverage for each month since the metmast has been set up.

4. Long Term Analysis
By following the Measure Correlate Predict methodology for the Long-term (LT) projection of the wind
speed of a given site, we are capable of conservatively predicting the site’s available wind resources.

a. Data Preparation

We resorted to 10 neighboring ERA-5 and MERRA-2 satellite metrology dataset sites per metmast to help
find a trustworthy correlation between onsite and reference data[2, 3].While onsite metmasts have been
performing measurements over a few months, reference data would include records from 2003. We then
performed several resampling operations (daily, weekly, ten days and monthly) for six onsite
metmastsand each of their 10 relative reference sites. In order to prevent bias, we ought to ensure that
the data found within each timestep is representative of the overall sample. We have therefore enforced
a minimum coverage rate pertimestep length along with obligatory timestep alignment of all involved
datasets (onsite
and

w,
.0 o,
I. C Notification

Outlook

Arure f
SQL database \ / Logicapp email
/v < > >

1 lGI"j term Analysis Metmast blob '-\
:n function App container \

1

Do O\ 2

_
Metmast blob @ Metmast
container Trame charenair
reference). _-Aar_n{s'r sharepoint

logicapp

Figured: LT Analysis Architecture

b. Model & Architecture building
S.M. Weekes & A.S. Tomlin studied the Measure Correlate Predict method using an LLS model showcasing
a 0.21(m/s) MAE for only 3 months of data and 0.12(m/s) for 12 months [6]. We have thus opted for
testing this model out as we aim for an architecture that requires minimal computing capabilities as the
model will be running fully on the cloud as seen under figure 4. We will, thus, create 10 different models
where theoutputis the onsitewind speed, and the input is a reference wind speed.

IV. Results & Discussion

Copyright © 2023
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1. Automation
Upon deployment, 8 runs are generated daily which is directly equivalent to the number of metmasts. In
fact, we have one daily run per metmast in the most perfect conditions and designated employees receive
notification emails if data errors are found. Data cleaning is also accomplished on a daily basis and data is
stored in a separate database. A monthly report may now be generated and may contain:

e Speed mean per month per year

e Cross-year speed mean of a given month (note that there are only 12 options)
e Speed coverage per month per year per sensor

e Direction coverage per month per year per sensor

e OQverall coverage per sensor

2. LT Analysis
The following results provide the R and mean od monthly means (MOMM) estimation provided by our LT
analysis algorithm for sites across Asia.

Table 1: Model Monthly Forecast Performance

a. Monthly Projections

Onsite Metmast Months | Mean R? MOMM Speed
"y 9 0.852495 | 5.622321

"\ 9.5 0.944497 6.751833

"H” 20 0.623009 | 5.807894

”s” 12 0.635339 | 5.79401

"R"” 25 0.776146 | 6.311221

Upon looking into the given results under Table 1, we noticed a variation in the performance metrics from
site to sitewhere theR? was as high as 0.94 and as low as 0.62. This leads us to conclude that the model is
site dependent, and tests have to be conducted prior to using it in future predictions. A pair of sites may

not correlate at all due to geographic conditions or distance.

b. 10-day Projections

Table 2: Model 10-day Forecast Performance

Onsite Metmast 10-day sets Mean R? Mean of 10-day Speed
"y’ 30 0.804395 | 5.63136

"\ 30.5 0.913378 | 6.77554

"H” 57 0.398874 | 5.865808

”s” 37 0.567483 | 6.34979

"R"” 83 0.625762 | 6.311221

As one observes the results under table 2, one can see acceptable R? rates for 10-day periods. We may
also note a drop in accuracy in comparison to the monthly results, which is intuitive.

c. Weekly Projections

Onsite Metmast Weeks | Mean R2 Mean of Weekly Speed
"u” 43 0.763164 5.663273

Copyright © 2023
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' Tabld3.5Viode ! WBdRBBtbrecla§.Pdifé@iance
"H” 89 0.369586 | 5.883744
”s” 53 0.445704 | 5.817242
”R"” 130 0.57236 6.266987

In spiteof the satisfactory results for sites 'V’ and ‘U’, all other sites under Table 3 showcase a serious drop
in accuracy thus making the model untrustworthy for weekly projections as it is quite difficult to forecast
a given week by merely using long term data.

Table 4: Model Daily Forecast Performance

d. Daily Projections

Onsite Metmast Days Mean R2 Mean of Daily Speed
"y 307 0.73031 5.622321
"y 327 0.86469 6.751833
"H” 730 0.271063 5.807894
”s” 379 0.418989 5.817242
"R” 1243 0.360944 6.266987

In spite of a surprisingly high R? rate for sites’U’ and ‘V’, the daily forecast results under Table 4are non-
conclusive for daily long-term predictions which is typical for an MCP model.

e. Discussion
The results presented throughout this section showcased the strengths and weaknesses of our model to
which we suggest possible remedies:

e (Capabilities:
o High Accuracy for Monthly and 10 Day timesteps
o requires low computation power which is essential for cloud deployment.
e Limitations:
o Low resolution for weekly and daily forecasts: predicting such a short window through LT
showcases low results in all literature as wind is hardly that predictable.
o Site Dependency: the greatest weakness of this model and requires testing prior to fully
adoptinga given site’s LT results.

Conclusion:

Throughout the course of this endeavor, we aimed to reduce the wasted resources inflicted by
thedifferent phases of wind data processing which results in low visibility and high dependence on
external software. We have thus established a cloud-based monitoring, cleaning and reporting system.
We have also dwelled on improving the pre-existing forecasting model and aim to test further long-term
models along with short-term prediction methods.
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Abstract:

This study seeks to assess the thermal efficiency of mortars in the construction sector by
incorporating human hair and textile fibers. The objective is to achieve enhanced energy efficiency.
The investigation involves substituting sand with fractions ranging from 10% to 50% in volume.
The evaluation encompasses both thermal conductivity measurements and an examination of the
mechanical properties after 28 days of curing.

1. Introduction:

The urgent environmental challenge confronting humanity is underscored by the prominent role of
the buildings sector, accounting for a significant portion of the world's climate-altering emissions.
This industry plays a significant role, influencing both power usage and the release of carbon dioxide
[1]. The substantial emissions from energy consumption in buildings [2—6], encompassing heating,
cooling, lighting, and appliance power, emphasize the need for innovative solutions [7,8]. The
integration of recycled waste as a novel technology presents a promising avenue for innovating in
architecture with minimal environmental impact, all while maintaining optimal thermal comfort in
buildings [9]. Various waste materials are employed to enhance the physical characteristics of
cement-based materials. One of the prominent wastes that are disposed to the industrial wastes
chains is textile [10,11], that has been studied throughout the years as a reinforcement in
construction components [12—-14]. Where Rubino et al. [15] examined the thermal attributes
demonstrated that the materials under scrutiny could effectively rival conventional insulators,
displaying a thermal conductivity of less than 0.05 W/(m-K). This includes the utilization of natural
filaments [16] sourced from renewable natural reservoirs, such as flax [17], and other fibers emitted
from vegetal sources [18,19]. Animal fibers, including unconventional sources like human hair [20],
serve as reinforcing materials. Research indicates that the incorporation of protein-based fibers
enhances the strength of construction materials. Kanagalakhmi et al. [21] studied the integration of
hair strands in 0.5, 1 and 1.5 by weight of the cement material, led to a general improvement in the
compressive strength of the concrete, ranging from 1% to 12%. Additionally, there was an increase
of up to 5% in the flexural strength of the concrete test specimens. The thermal insulation is
evaluated as the waste percentage increases, revealing that a higher proportion of waste results in
increased insulation properties for the material. In our research, we employed two distinct types of
waste: mortars integrating natural fibers from human hair (MHF) and mortars incorporating textile
fibers (MTF). The mortar formulation involved substituting sand volume with percentages ranging
from 10% to 50%. These composite materials were then subjected to thorough thermal and
mechanical characterization.
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2. Materials:

The components employed in crafting the cement-based samples include Portland cement CEM II
32.5 N and natural sand AF-R-0/2-S, aligning with the specifications outlined in the European
standard EN-197-1:2011 [22]. Two varieties of fibers were utilized in the integration of the mortars.
The first type consists of mortars incorporated with textile fibers (MTF) predominantly composed
of linen, polyester, and cotton fibers, sourced from the textile manufacturing industry [23]. The
second fiber type comprises natural filaments derived from human hair (MHF), consisting of 95%
keratin, a helical fibrous (propeller-shaped) protein [24]. These fibers were sourced from waste
collected at hairdressing salons. Mortars with reinforcement were created by substituting the volume
fractions of sand with 10%, 20%, 30%, 40%, and 50% of either of the two types of fibers.

3. Preparation:

Initially, the materials were blended in a dry state, followed by manual mixing with the waste fibers
after their immersion in water. Subsequently, the remaining water was introduced. All mixtures were
prepared using a mechanical mixer in accordance with European standards terminology [25].
Following that, the prepared mixture will be poured into molds and allowed to dry for 24 hours in a
climatic chamber set at a temperature of 20°C. The concluding step involves placing the samples,
extracted from the molds, into a water tank for a curing period of 28 days, after this period the
samples will be extracted from the water and ready for the different characterization tests as shown
in Fig. 1.

(@ S

Fig. 1: (a) Textile reinforced mortars, (b) Hair-reinforced mortars after 28 days of curing.

4. Characterization tests:

The cured bulk density was examined following the European standard EN 1015-10. The samples
were placed under a temperature of 60 °C in a oven to dry until a content mass is attained [26]. To
characterize the properties of the hardened cementitious composites, flexural and compressive
strength tests were conducted using the EZ50 apparatus presented in Fig. 2(b) in conformity with
EN standards [27]. The heat transfer of the samples was determined using the Hot Disk TPS 500,
illustrated in Fig. 2(a) within a climatic chamber set at a temperature of 20 °C, following the
guidelines outlined in ISO-22007-2 standard [28].
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(a) 0
Fig. 2: Thermal and mechanical testing materials (a) Hot Disk apparttus, (b) EZ50 testing machine.

5. Results and discussion:
Physical properties:

The variation in bulk density of the composites in terms of the proportion of reinforcing materials
is illustrated in Fig. 3, the graph demonstrates that plain mortar has a higher apparent density,
reaching a value of 2027 kg/m’. The incorporation of both fiber types in mortar reduced the density,
however the hair-reinforced composites have higher bulk density values than MTF. The lowest
value was recorded at MTF for the 50% of waste addition at 1269 kg/m’, the same results were
found with Demircan et al. [29] where mortars integrated with animal fibers had higher values of
dry bulk density than those of synthetic fibers.

)

o~ 1500

Bulk Density (Kg/m

0 10 20 30 40 50
Reinforcement material percentage (%)

Fig. 3: Bulk density of the two types of mortars after 28 days of curing.

Mechanical tests:

In Fig. 4(a), the flexural strength was observed to decrease as waste fiber content increased, reaching
a decrease of about 53% and 58% for both MTF50 and MHF50 respectively, when compared to the
plain mortar.
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Fig. 4: Mechanical test results of the samples after 28 days of curing: (a) Flexural strength, (b) Compressive strength.

The findings for the compressive strength are illustrated in Fig. 4(b). The MTF samples exhibited
higher compressive strength than MHF samples after 28 days of curing, recording the lowest value
at 3.27 MPa for a 50% of integration of hair which violates the rules to be respected for European
standard EN 998-1 [30] in order for this composite to be considered as a coating material in
buildings.

5.3 Thermal conductivity:
The Fig. 5 presents the thermal conductivity of the MHF and MTF composites. Increasing
reinforcing material reduced thermal conductivity regardless of fiber type. Regarding the 28-day

thermal conductivity, both textile types show a similar result, reaching values of 0.72 W/mK and
0.91 W/mK for MTF50 and MHF50 samples respectively.

Thermal Conductivity (W/m.K)

0 ‘t 20 3 40 50
Reinforcement material percentage (%)
Fig. 5: Thermal conductivity of MTF and MHF samples after 28 days of curing.

6. Conclusion:

In order to mitigate the adverse environmental impact of advanced materials, achieving complete
degradation is essential yet challenging. In light of this, our findings suggest that composites

reinforced with a substitution percentage below 50% for the studied textile and natural fibers can
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effectively meet thermal insulation objectives without compromising the required mechanical
resistance standards.
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Abstract

This study focuses on the energy-intensive nature of the heating process in agricultural
greenhouses during cold periods. To improve energy efficiency, two different heating systems
were integrated into a hydroponic greenhouse. The first is a novel dual solar air collector with
latent heat storage (SAC-2 beds), while the second is a solar water heater system (SWHS)
with two vacuum tube collectors for sensitive heat storage. The results show that SAC-2 beds
contribute to higher nighttime temperatures and the solar water system achieves the highest
daytime temperatures. Without a heating system, the greenhouse will experience significant
temperature fluctuations, which can be up to 12°C between different levels. The implemented
heating system improves thermal stratification with higher temperatures in the upper
greenhouse levels.

Keyword: Hydroponic greenhouse, Microclimate optimization, Solar collectors, Phase
change materials.

1. Introduction

The heating process during cold periods represent the most energy-intensive process in the
entire agricultural greenhouse operation. Therefore, the use of solar energy and its storage in
the form of latent heat to improve the energy efficiency of the greenhouse microclimate can
only bring positive results. In this context, several researches studied the effect of exploring
solar energy on the energy consumption and the microclimate of greenhouses. The research
by Liu et al. [1] focuses on a greenhouse that requires additional heat at night to maintain an
air temperature above 20 °C. They implement an innovative wall panels made from a phase
change composite material. Benli and Durmus [2] developed a geothermal heat pump system
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with latent heat storage to adjust the air temperature in the greenhouse. In a winter scenario,
Bouadila et al. [3]-[5] installed an air solar collector with a latent storage collector in a
chapel-shaped greenhouse with an area of 14.8 m®. The results showed that the developed
system increased the greenhouse temperature by 5°C and reduced the relative humidity by up
to 17%. The air solar collector provided 30% of the total nighttime heating demand, with
stored heat accounting for approximately 56% of the total excess daytime heat in the
greenhouse. To remedy the stratification problem, several climate regulation tools are
available. Among these systems are shading techniques [6], [7] and evaporative cooling in
summer, dehumidification in winter and ventilation techniques (natural and forced) [8], [9]. In
this context, Revathi et al. [10] developed a solar-powered forced ventilation system that
emphasized energy saving and ensuring thermal comfort in the greenhouse.

In pursuit of energetic optimization of the microclimate, this research investigated two heating
systems that were integrated, designed and implemented taking into account the specific
energy needs of the hydroponic environment. The first is an innovative double bed solar air
collector with latent heat storage (SAC-2 beds). The second is a solar water heater system
(SWHS) with two vacuum tube collectors.

2. Description of the experimental device
2.1 Description of SAC-2 beds

Designed for greenhouse heating, the SAC-2 beds solar collector (Fig. 1) differs from
traditional collectors in that it replaces the flat absorber with a set of black nodules containing
a phase change material that can operate even in low sunlight. It consists of two layers, each
consisting of 156 spherical nodules. These nodules contain CRISTOPIA brand phase change
materials and form the absorber of the collector. The 312 nodules are arranged on two metal
grids, each with twelve columns and thirteen lines. These two beds are stacked in a square
box with a dimension of 1.05 m and a volume of 0.28 m’ and are mounted on a metal support
facing due south and forming an angle of inclination of 30° from the horizontal. Above the
box is a converging piece of aluminum sheet that connects the collector to the greenhouse. To
ensure the greenhouse effect and minimize convective and radiant heat losses from the
absorber, the collector is covered by a transparent cover glass with an area of 1 m” and a
thickness of 0.004 m. There are also two openings in the design of the SAC-2 beds, an
opening below the collector allows cold air to enter and a second opening at the top in the
upper part of the convergent allows hot air to exit from the collector to the greenhouse. The
exchange between the incoming air and the absorber inside the collector is ensured by an air
extractor controlled by a speed controller. These openings change position according to the
operating mode of the SAC-2 beds collector; They open when charging and close when
discharging. To ensure thermal insulation of the collector, a 5 cm thick layer of Arma Flex
covers the converging side and rear surfaces of the collector. This insulation resists heat and
moisture, is flexible and quick and easy to use. The nodules forming the absorber have a
spherical shape made by extrusion blow molding and whose caps are welded by ultrasound,
taking into account the phenomenon of expansion to avoid the constraints of the shell. They
are made from a blend of polyolefins that ensure chemical neutrality to heat transfer fluids
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and phase change materials. These nodules contain calcium chloride hexahydrate as a phase
change material.

/

Fig. 1. Double bed solar air collector with latent thermal storage (SAC-2 beds).
2.2. Description of the SWHS system

The second experience considers the use of a heating system (SWHS) consisting mainly of
solar-water collectors for heating the hydroponic greenhouse. The main idea heating the
climate of the hydroponic greenhouse while homogenizing the temperature and reducing
thermal stratification between the different levels of the culture trays. For this reason, the
principle of this system is to provide the same heat to the different levels of the greenhouse
through a multi-stage heat exchanger arranged under the culture dishes at different vertical
levels [11]. The water heating is guaranteed by the two vacuum collectors shown in the Fig. 2
[12]. During the daytime, the absorber tubes capture the solar energy and the heat exchanger
transfers it to the heat transfer fluid in the form of thermal energy. The water heated by the
collectors is then stored in the tank until it is needed. As soon as the circuit starts operating,
the pump delivers the stored hot water to the water collector and from there to the coils to
circulate it among all the culture dishes. After passing through the multi-stage heat exchanger,
the water is collected in the second collector, sucked in and sent back to the tank, where it
compensates for the extracted thermal energy and reaches further degrees Celsius to do the
same thing again. This means that the hot water leaves the storage tank at the same
temperature and circulates in the multi-stage heat exchanger, producing almost the same
amount of heat.

Fig. 2. Evacuated tube solar collectors used in the SWHS.

3. Results

Fig. 3 shows the temperature inside the hydroponic greenhouse before heating and after
heating using the SAC-2 beds and the SWHS system. For this experience, we selected three
days with comparable climatic conditions. We note that the lowest temperature corresponds to
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the case of the greenhouse without heating. For heating with the SWHS, it is characterized by
the largest daytime temperature, which is explained by the sensitive storage during the day
where the vacuum collectors provide the highest amount of heat to the water that
subsequently goes circulate to heat the greenhouse. Regarding heating with the SAC-2 beds, it
is characterized by the highest nighttime temperature, which is explained by the heat released
by the latent thermal storage collector during the evening and evacuated into the hydroponic
greenhouse.

40

— Without heating
—— SAC-2 beds
—— SWHS

Temperature (°C)
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Time (h)

Fig. 3. Comparison of the temperature inside the hydroponic greenhouse before heating and
after heating by SAC-2 beds and SWHS system.

4. Conclusion

This work presented a comparative study of the thermal behavior of a hydroponic greenhouse
heated by two different heating systems. The first is a double bed solar air collector with
latent heat storage (SAC-2 beds). The second is a solar water heater system (SWHS) with two
vacuum tube collectors. The recorded experimental measurements showed that the
temperature in the greenhouse varies significantly without a heating system, with a difference
of up to 12 °C between different levels. However, the use of the heating system increases
thermal stratification between the different levels, with temperatures being higher in the upper
levels of the greenhouse. In fact, the SAC-2 beds is characterized by a higher nighttime
temperature, while the heating with the solar water system has the highest daytime
temperatures.
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Abstract

Repurposing waste into building materials offers a dual solution to energy shortages and
environmental pollution. This study investigates the incorporation of textile fiber wastes into
concrete blocks to improve the microclimate of agricultural shelters. A year-long experiment
compared a transparent greenhouse (Ref Gh) and an hydroponic greenhouse thermally insulated
with thermal panels (THP_ Gh). Using cement blocks with 30% textile fiber replacement, a
hydroponic greenhouse (TRC_Gh) was evaluated using a numerical model. TRC Gh showed a
higher diurnal temperature variation than THP_Gh, but remained significantly lower than Ref Gh.
The study concludes that a hydroponic greenhouse with textile-reinforced cement blocks provides
enhanced thermal performance compared to plexiglass structures. However, greenhouses with
thermal panels still outperform in thermal efficiency. This research highlights the benefits of
recycling textiles for building insulation and presents an innovative and environmentally friendly
strategy to improve the microclimate of hydroponic greenhouses.

Keywords: Thermal insulation, Agricultural greenhouse, Textile fibers, Thermodynamic model.

1. Introduction

Agricultural production in greenhouses is considered a promising alternative to  outdoor
cultivation [1]. While greenhouses provide controlled environments for optimal plant growth and
nutrition [2], they can be expensive and energy intensive [3][4]. Accordingly, the use of energy in
agricultural shelters needs to be addressed by adoptingnew sustainable methods[5]-[7].Energy
consumption varies depending on various parameters, particularly the integration of thermal
insulation [8][9]. Many researchers have studied the influence of thermal insulation on
greenhouses. For example, one study examined the thermal performance of a tunnel greenhouse
with double glazing made from polycarbonate panels [10], while another examined the thermal
environment of three greenhouses with different north wall designs and found that reinforced
walls performed better than hollow block walls [11]. In this context, it is imperative to advance the
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development of new, extremely cost-effective insulation materials for shelterscover [12]-[16].
This is particularly important due to the integration of reinforcing materials into a cement matrix,
for example in the form of concrete.In this regard, this study focuses on evaluating the possibility
of using post-industrial textile waste to reinforce cement blocks to improve the thermal
performance of greenhouses. A comparative study was carried out to analyze the thermal behavior
of three types of greenhouses.

2. Studied greenhouses

This research showed both experimental and numerical analyzes to evaluate and compare the
thermal performance of three types of agricultural shelters (Fig. 1). Two greenhouses were built
on the Mediterranean coast in northern Tunisia: a reference greenhouse (Ref Gh) with a Plexiglas
cover and a hydroponic greenhouse (THP_Gh) with thermal panels. The experimental
measurements of the thermal performance in the two agricultural greenhouses (Ref Gh and
THP_Gh) were conducted in 2021. Various sensors were used, including K-type thermocouples,
pyranometers, pyrheliometers, HMP155A and an ultrasonic wind sensor. Climate parameters were
recorded every 10 minutes via a Campbell CR5000 data acquisition system, providing detailed
insights into greenhouse conditions. The third greenhouse (TRC_Gh) uses textile-reinforced
concrete blocks in which 30% of the sand was replaced by textile fiber wastes and which had an
equivalent thermal conductivity (U) of 1.88 W/m?K. These textile-reinforced concrete blocks were
integrated into a hydroponic greenhouse structure, reflecting the geometry of THP_Gh. The study
established a thermodynamic MATLAB model to simulate air temperature fluctuations in
different types of greenhouses, integrating their structural thermophysical properties. The climatic
conditions from the experimental site were integrated to perform and validate simulations for
Ref Gh and THP_Gh shelters. The model was then used to simulate the thermal microclimate of
the TRC _Gh greenhouse.

(©)
Fig. 1. Studied greenhouses (a) Ref Gh, (b) THP_Gh and (c) TRC Gh.
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3. Results

3.1. Numerical model validation

The comparison between the results of the numerical model and the experimental data from the
Ref Gh and THP_Gh greenhouses is shown in Fig. 2. The graph shows a close agreement
between predicted and experimentally recorded air temperature values in the reference and
hydroponic greenhouses. Both Ref Gh and THP_Gh showed temperature variations of 0.5 °C to
70 °C and 4 °C to 45.5 °C, respectively, with generally minor differences between predicted and
experimental data. While occasional differences were noted, possibly due to infiltration in
experimental setups and model assumptions, the overall agreement underscores the effectiveness
of the model in accurately predicting air temperature variations across different greenhouse types.
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Fig. 2. Comparison between experimental and predicted temperature variations in (a) Ref Gh and
(b) THP Gh greenhouses.

3.2. Microclimate assessment

After the validation, the model was used to determine the air temperature variation inside the
textile reinforced greenhouse. Fig. 3show the temperature differences between the interior
environment of each greenhouse and the exterior air temperature. For Ref Gh, the average
temperature difference was 11°C throughout the year. In the case of THP_ Gh, the temperature
difference varied between -7°C and 10°C. Likewise, the temperature difference for TRC Gh
mainly fluctuated between -7.8 °C and 9.9 °C. Accordingly, Ref Gh has the highest energy
exchange with the outside environment, resulting in inferior thermal performance compared to
insulated greenhouses. Overall, both fiber insulation panels and thermal insulation panels prove to
be effective insulation materials, with the selection between them depending on the specific
necessitates and demands of the greenhouse and insulation application.
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Fig. 3. Temperature difference between the exterior and interior temperature of each greenhouse.

4. Conclusion

The study investigates the performance of a greenhouse built withtextile-reinforced blocks. The

temperature inside the textile-reinforced greenhouse was slightly higher than ina thermal panel

greenhouse, but it still has a considerably lower temperature than a transparent greenhouse.
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Abstract. This article presents a novel design for a multi-source energy system utilizing the networked control system
(NCS) paradigm. The primary objective is to investigate the feasibility of managing and distributing electrical energy
among nearby producers/consumers, often referred to as "prosumers," through an existing communication network.
To achieve this, an interconnected electric energy prosumer system with multiple nodes is established, featuring a
centralized control and energy-sharing mechanism. Subsequently, a stability criterion, leveraging the Lyapunov-
Krasovskii theorem, is introduced. This criterion incorporates a stochastic distributed network-induced delay model
for each prosumer. It is formulated as a set of linear matrix inequalities (LMIs), the solution of which provides the
maximum permissible upper limit for network-induced delay. Consequently, the assessment of these findings serves
as a valuable tool, among others, in determining the maximum allowable separation distance between prosumers and
making informed decisions regarding investment in a networked energy-sharing system.

Keywords: Multi-source energy, networked control system, Lyapunuv-Krasovskii stability.

1 Introduction

e  The multi-sources energy systems are an active area of research and development nowadays, the development
of such systems is expected to grow in the coming years as the demand for more efficient and sustainable
energy solutions increases. These systems can integrate multiple energy sources including renewable energy,
grid power, and stored energy [1]. It also enables efficient real-time energy sharing, management, and control
between different prosumers through a communication network [2], in this context, several research works
were published in recent years as [3-5]. Nevertheless, the network induced-delay which results from
communication delay, packet dropouts, congestion..etc, can affect the stability of such systems [6-7]. In this,
paper we present a stability analysis of a multisources networked energy system based on the Lyapunuv-
Krasovskii stability theorem [8-9], with a stochastic delay distribution model, resulting in an LMI stability
criterion, which after its resolution gives us the maximum allowable upper bound delay to keep the system
stable, therefore, it can be considered as an important tool to support the decision to invest in an intelligent
energy sharing system for close producers. This paper is organised as follow: section two presents the
networked multi-source energy systems, with the state-space modeling. In the section 3, the stability analysis
methodology is elaborated, focusing on the Lyapunov-Krasovskii theorem, with the the incorporation of a
stochastic delay distribution model, and the derivation of the Linear Matrix Inequality (LMI) stability criterion.
An application example is depicted in section four for a practical scenario within networked multi-source
energy systems, where the obtained results are interpreted and discussed. Finally, a conclusion is given in
section five, providing a summary of the proposed approach and the obtained results.

2 Networked Multi-Source Energy Systems Modeling

The aim of this study is to establish a networked multi-source energy system from a microgrid. This system is designed
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to facilitate energy collaboration and sharing among users, particularly in remote areas that are distant from the primary
grid. The system's configuration can consist of various combinations of energy sources, energy storage facilities, and
electrical loads. This paper specifically emphasizes a networked system based on multiple Solar Photovoltaic Energy
Systems (SPVES) while considering non-uniformly distributed communication delays. However, it can be expanded to
encompass additional energy sources.

2.1  SPVES State-Space Model

The solar photovoltaic energy system shown in Figure 1 consists of a PV array generator followed by a push-pull

converter.
S Ry Lon " g
; ANAAA SLLA =
: P % RCIE
: [
E Vi Ve —/—— ¢ Vu p— ]
b4 L Il
' ' Iq
: : Wa
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S

Fig. 1. SPVES with Push-Pull Converter [10]

This circuit is modeled as a small-signal representation. The state-space model of the entire system is provided

by reference [10]:" 1 1
v 1 172¢ "¢ [I@W [ 0]
PV 9 + — |
| [l Ll m

L| + 0 h Ln] (1)

v,
xd
y=[1 0] 7
L =
where 18y is the capacitor voltage, [ is the inductor voltage and dis the duty cycle (input control of the DC/DC
converter).
1 1
RC ~C [ 0]
S B = |
2]
Ln J

1
In addition, the adopted controller consists on a state feedback vector gain K.

The state matrix are: 4 =

I

3 Stability Analysis of the Networked Multi-Sources Energy Systems with Distributed Delay
Approach

In a Networked Control System (NCS), the traditional control loop is integrated with a communication network,
enabling the exchange of critical information among system components such as sensors, controllers, and actuators.
This shared network serves as the medium for transmitting data including reference input, plant output, and control
input. Figure 2 provides a typical graphical representation of the NCS structure, offering insights into the interactions
and communication pathways among these components.
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Fig. 2. Typical NCS structure

A significant aspect impacting NCS performance, especially in the context of Internet Protocol (IP) networks,
is the non-uniform distribution of communication delays. We assume that the network-induced communication delay,

denoted as T(f), varies within the interval [T;,T, ], where 7 represents the lower bound delay, T, signifies the
maximum allowable delay bound (MADB), andT , is chosen within the interval range [T; ,T ,, ]. This variation in delays

is principally observed in the lower interval [T;, T, ] [11-13]. Therefore, we can write:

((l)k r(t)grm < oo, Vt>0

(2) Prob [r (1) e[ty )] =5 (2)

Probl[t(f e[t ;1 ]I=1-5

l ]

whereT , is a bound which get the probability of § for [l' 1T b) .

Let define a stochastic variable O (¢) for further computation simplicity:

§(t) = 1 () e[u,1) 3)
%[0, () eft,, |

3.1 Stability Analysis

Now, considering a closed-loop control system with a communication delay that respects the probability law mentioned
in Eq (1) as follows [14]:

(x(f) = Ax(f) + & ()BKx (t =7, () + (1=-8 (1))BKx (¢ -7, (1))

“)
x(f) = o(t),t € [—’Em,—’tl]

where x(f) € R" and u(f) € IR™ are the state vector and control input vector, respectively. 4 and B are constant
matrices with appropriate dimensions. K is the feedback gain of the network controller, p(Z) is the initial condition

function.
The following theorem is derived from Lyapunov-Krasovskii stability theorem (see [14] for more details)

Theorem
The system of Eq.(4) is asymptotically stable in the mean square, for given constantsT;, T, T,, and matrix K , if there

exist matrices P>0,0,>0,R, >0,5,>0(=1,2,3, j=1,2) with appropriate dimensions, such that the
following LMIs holds:
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|_I—Ill HIZ H13—|
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where
noZn Zz 00 Xgs O—|
* 2, Z, 0 0 0‘
* k0 Xy 2y () 0
I =

Z:56

|L * * * * 2 U
I, = diag (4",0,8 K"B",0,(1-8 )K" B",0)Ones(6,5)=

I;; =5 (1-8 )diag (0,0,K"B",0,~K "B",0)Ones(6,5)=
Iy = diag {~Ri,—Ry,—R3,~S1,=S» }, Tlz3 =& (1-8 )Ty
E= dlag (TZRIJTbR2 :TmR3:(Tb -1 )Sl’(rm —Tp )SZ)

and

Y =PA+A"P+0+0 +0 -R-R -R,S =R
1 2 3 1 2 3 1

11 2 1
Y,=8 PBK+R,,%,;=(1-8 )PBK+R,X,, =—0,—R, - S,

2y =81, 25="2R, =282 =R, + 8,244, =-0, - R, - §, -5,
Lys=80,255=—2R; =25, 556 =R +5,, X =03 — R; = §,
Ones(6,5) isan 6x5 matrix of ones.

4 Application, Results and Discussion

To illustrate the proposed approach, let's consider a networked energy system consisting of three promsumers having
Solar Photovoltaic Energy Sources (SPVES) with the following numerical state space mumerical models:

Prosumer 1:
] > 5>< 104
—Xx103 —=
2
I _ X104 0
3
0
=[ 35
B [—_ X 105]
I 9
I K=1[0.0006 —0.00016]
Prosumer 2:
1 —4%x103 —4x104
5 _
A=[7 3]
| Zx 104 0
3
0
=7 30
B [—_ X 105]
I 9
I K=10.0005 —0.00012]
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Prosumer 3:

7 3 7 4
] §—><10 —-—x10
A=[3 3]
| —x 104 0

3
B=[ 40

[—_><105]
I 9

I K=[0.0007 —0.0002]

Now, let’s apply the theorem of section 3 in order to determine the maximum allowable communication delay
bounds MADBs (bold) for different probabilities, that conseves the system stability for each prosumer. The following
tables resumes the obtained results.

Table 1. MADBsS for different probabilities (prosumer 1).

5 0.2 0.4 0.6 0.8
() € [10-6 10-4] 6.10-* 8.10-* 12.10-% 22.10-*

Table 2. MADB: for different probabilities (prosumer 2).

5 0.2 0.4 0.6 0.8
() € [10-6 10-4] 8.10-* 11.10-* 17.10-* 33.10-*

Table 3. MADBsS for different probabilities (prosumer 3).

5 0.2 0.4 0.6 0.8
() € [10-6 10-4] 4.10*+ 6.10-* 8.10-* 15.10-*

4.1 Results Interpretation

From the preceding tables, if the probability of communication delay's T(t) falls in the range [10-6 10-4] is:

«  20% (6 =0.2), then the maximum allowable delay is 6.10~4 seconds for the first prosumer, 8.10~4 seconds for
the second and 4.10—4 seconds for the third.

« 40% (8 = 0.4), then the maximum allowable delay is 8.10-4 seconds for the first prosumer, 11.10-4seconds for
the second and 6.10—* seconds for the third.

« 60% (& = 0.6), then the maximum allowable delay is 12.10-4 seconds for the first prosumer, 17.10~4 seconds
for the second and 8.10-4 seconds for the third.

«  80% (& = 0.8), then the maximum allowable delay is 12.10-4 seconds for the first prosumer, 33.10—4 seconds
for the second and 15.10-# seconds for the third.

Based on the previous results, we can conclude that any multi-source energy system composed by the three
prosumers from the previous example, must consider the maximum allowable communication delay for the stability
of the entire system. This maximum delay should be determined as the minimum among the three prosumers based
on the the différents probabilities.

5 Conclusion

This paper highlights the critical importance of managing communication delays in Networked Control Systems (NCSs)
within multi-source energy systems context. It addresses a state space model from the non-uniform distribution of these
delays and their probabilistic nature. After that, it conducts a stability analysis of such systems by determining the
maximum allowable delays by rersolving an LMI Lyapunov-Krasovskii based stability criterion for differents
probabilities. The results can serv as a decision-making tool for investment in such systems.

Copyright © 2023
ISSN: 1737-9334 34



Conférence Internationale sur les Energies Vertes et le Traitement des Eaux (EVE-2023)
Proceedings of Engineering & Technology-PET-Vol 79

References

P. Mancarella, “MES (multi-energy systems): An overview of concepts and evaluation models,” Energy Vol. 65, 2014, pp.
1-17.

M. Segatto et al, “14 - Telecommunication Technologies for Smart Grids: Total Cost Optimization,”“ Advances in
Renewable Energies and Power Technologies, Elsevier, 2018, pp 451-478, https://doi.org/10.1016/B978-0-12-813185-
5.00007-3.

Deng, Fang, et al. "Multisource energy harvesting system for a wireless sensor network node in the field environment."
IEEE Internet of Things Journal 6.1 (2018): 918-927.

Lee, Wai-Kong, et al. "Multi-source energy harvesting and storage for floating wireless sensor network nodes with long
range communication capability." IEEE Transactions on Industry Applications 54.3 (2018): 2606-2615.

Parmar, KP Singh, S. Majhi, and D. P. Kothari. "LFC of an interconnected power system with multi-source power
generation in deregulated power environment." International Journal of Electrical Power & Energy Systems 57 (2014):
277-286.

Tan, Cheng, Lin Li, and Huanshui Zhang. "Stabilization of networked control systems with both network-induced delay
and packet dropout." Automatica 59 (2015): 194-199.

Zhang, Wen-An, and Li Yu. "Modelling and control of networked control systems with both network-induced delay and
packet-dropout." Automatica 44.12 (2008): 3206-3210.

Kharitonov, Vladimir L., and Alexey P. Zhabko. "Lyapunov—Krasovskii approach to the robust stability analysis of time-
delay systems." Automatica 39.1 (2003): 15-20.

Zhenman, Gao, He Yong, and Wu Min. "New constructing method of Lyapunov-Krasovskii functionals for stability of
time-varying delay systems." IECON 2017-43rd Annual Conference of the IEEE Industrial Electronics Society. IEEE,
(2017).

[10] D. Fernandes, R. Almeida, T. Guedes, A. J. Sguarezi Filho, and F. Costa, “State feedback control for DC-photovoltaic

systems,” Electric Power Systems Research, vol. 143, pp. 794-801, Feb. (2017), doi:10.1016/j.epsr.2016.08.037

[11] Y. Tipsuwan, M.Y. Chow, Gain scheduling middleware: a methodology to enable existing controllers for networked

control and teleoperation—part i: network control, IEEE Transactions on Industry Electronics 51 (6) (2004) 1218-1227.

[12] G.C. Walsh, H. Ye, L.G. Bushnell, Stability analysis of networked control systems, IEEE Transactions on Control Systems

Technology 10 (2002) 438-446.

[13] H.C. Yan, X.H. Huang, M. Wang, Delay-dependent stability and stabilization criteria of networked control systems with

multiple time-delays, Journal of Control Theory and Applications 4 (4) (2006) 321-326.

[14] Peng, Chen, et al. "A delay distribution based stability analysis and synthesis approach for networked control

systems." Journal of the Franklin Institute 346.4 (2009): 349-365.

Copyright © 2023
ISSN: 1737-9334 35



Conférence Internationale sur les Energies Vertes et le Traitement des Eaux (EVE-2023)
Proceedings of Engineering & Technology-PET-Vol 79

Experimental Analysis of a PV/Battery Hybrid Installation with

Energy Storage
Safa Skouri”', Aymen Lachheb™ , Salwa Bouadila™

* Centre de Recherches et des Technologies de I'Energie, Thermal Processes Laboratory Technopole de Borj-
Cédria, BP : 95, Hammam Lif, Ben Arous, Tunisia.
* Laboratory Smart Electricity & ICT, SEICT, LR18ES44, National Engineering School of Carthage, University
of Carthage, Tunisia.

Email 1 - safa.skouri@crten.rnrt.tn
Email 3 - salwa.bouadila@crten.rnrt.tn

1. Introduction

The adoption of renewable energy in the electricity sector is imperative for tackling the
environmental and energy challenges of the 21st century. The economic dimension stands out
as the most persuasive factor in the realm of any project or investment. As highlighted by the
International Renewable Energy Agency (IREA), the amalgamation of various renewable
energy technologies, including wind turbines, has the potential to reshape our energy landscape
renewables energies [1], biomass and hydrogen energies, will provide over 60% of all global
energy needs by 2050 [2]. However, all kinds of renewable energy plants need to be upgraded
in all regions to meet the world energy transition. In this context, photovoltaic (PV) hybrid
installations with energy storage play a crucial role in enabling a more efficient and stable
utilization of solar energy. The optimization of excess solar radiation in greenhouses and the
generation of electricity from renewable sources without negative effects on the environment
remain the subject of intensive investigation [3]. Furthermore, arid and semi-arid regions are
exceptionally well-suited for photovoltaic electricity production [4—6]. A significant research
effort has been made in the field of energy to enhance the electrical and energy efficiency of
greenhouses [7]. The estimation of photovoltaic energy requirements for a 150 m? greenhouse
was conducted by Yildirim et al. [8]. They demonstrated that the photovoltaic greenhouse could
meet 33 to 67.2% of the electricity demand, and the electrical energy generated by the
photovoltaic system over a year is 21,510.4 kWh. Relevant works to meet the energy demand
of greenhouse are developed [9—12] and to develop isolation material of greenhouses [13—15].
This study aims to present a thorough analysis of the electrical requirements of a hydroponic
greenhouse and a PV/battery hybrid installation by combining the advantages of PV with
energy storage capabilities, focusing on its performance and efficiency. The design of the
PV/battery hybrid installation has been developed, with key components such as solar panels,
inverters, batteries, and energy management devices described in detail. Criteria for component
selection and design considerations to optimize the performance of a vertical greenhouse are
also addressed. The performance of the PV/battery hybrid installation is evaluated in terms of
energy efficiency, electricity production, battery utilization rates, and system stability.

2. Hydroponic greenhouse layout

The hydroponic greenhouse under investigation is a well-insulated structure with a galvanized
framework covered by polyurethane sandwich panels, spanning an area of 24 m? and standing
at a height of 3 m (Fig. 1). Comprising two distinct rooms facing southeast, this hydroponic
greenhouse is meticulously designed to create an optimal environment for plant growth. The
primary chamber is dedicated to hydroponics, while the smaller room serves as a space for
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germination, as well as overseeing irrigation, ventilation, and conditioning processes. Within
the main compartment, designated for plant cultivation, vegetation is arranged in rectangular
trays set on a metal structure featuring five tiers spaced 0.5 m apart. This space incorporates
two windows; one with single glazing on the north facade and another with double glazing on
the south facade; totaling an area of 4.77 m?, ensuring ample sunlight exposure on both sides.
Addressing air renewal and ventilation, the soilless greenhouse is equipped with a ventilation
system, comprising three fans strategically placed on both the north and south sides. Height
lamps installed on all four walls serve as artificial lighting, compensating for insufficient
sunlight in winter and ensuring adequate illumination. The greenhouse features an irrigation
and water harvesting system that optimizes the supply of water and nutrient solutions essential
for plant growth and metabolism acceleration. Drip irrigation is facilitated through pipes fixed
on the trays, as detailed in Table 1 outlining the greenhouse equipment.

Table 1 Equipment used in the hydroponic greenhouse.

Equipement Unit Power (W)
AquaOxy aerator 2 60
NVF2-1.5/ TS4 inverter 1 900

Fan Type 1 2 250

Fan Type 2 1 50

Hunter X-core controller 1 10

Water pump 1 80
Centrifugal pump 1 370

Lamp 8 16

Chaine d’acquisition 1 20

Fig. 1. Experimental setup.

3. Results
3.1 Hydroponic greenhouse energy consumption
In ensuring the optimal functioning of the greenhouse, electric energy becomes a vital

requirement, as all organisms depend on energy for their survival. The electrical energy
consumption of the hydroponic greenhouse fluctuates based on the growth phase, the
operational state of various equipment, and the specific needs of the vegetation. The power
usage for different operations within the greenhouse throughout a barley growth cycle is
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illustrated in Fig. 2. Ventilation, facilitated by two fans enhancing internal air quality, involves
the continuous use of a inverter to modulate airflow velocity. Air renewal, occurring twice a
day, requires 1400 Wh of energy. Lighting, crucial for the photosynthesis process, varies based
on the cultivation phase, with an energy consumption of 128 Wh when all lamps are active. In
terms of irrigation, Watering frequency adjusts throughout the growth cycle, with a maximum
energy consumption of 90 W. Conditioning operations, essential for barley cultivation,
encompass heating and cooling systems. The energy demand is 50 Wh during operation and
370 Wh at night. Fig. 3 provides an overview of the cumulative energy consumption required
to sustain all operations within the hydroponic greenhouse throughout a barley cultivation

cycle.
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Fig. 2. Used power for HG operations.
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3.2 Photovoltaic system

As previously mentioned, crucial components within the hydroponic greenhouse rely on
electric energy. Beyond the consumption of these devices, various factors must be considered,
This factor accounts for meteorological uncertainties, the uncorrected inclination of modules
based on the season, and the operational point of the modules. The photovoltaic (PV) system
was meticulously sized and designed specifically for the hydroponic greenhouse, taking into
consideration its electricity requirements. The peak power of the photovoltaic plant indicates
that the energy demands of the greenhouse amount to 2.1 kWc. Consequently, all components
of the PV system are proportionally dimensioned based on this output. While the plant will be
connected to the grid, the inclusion of batteries ensures storage capability in the event of
overproduction. Table 2 provides an overview of the components utilized in the PV/battery
hybrid installation for the hydroponic greenhouse (Fig.4).

Table 2: Components of the hybrid PV/Battery installation.

Component

Units

Solar cell module 400Wc¢

8

Solar charge controller 30A

Inverter OFF GRID 24V/500VA

Solar battery 12V/200AH

Battery protection

DC protection box for a pre-wired chain with MC4

—_ = DN =] =
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Fig. 4. PV installation.
3.3. Experimental analysis

The experimental analysis spanned a duration of 13 days, marked by significant fluctuations in
irradiation ranging from 0 to 1033 W/m? Concurrently, ambient temperatures exhibited
variability between 17.15 and 40.67 °C, as depicted in Fig 5(a). Fig. 5(b) and Fig.5(c) illustrate
the generated voltage and current by the PV array. The current and voltage produced by the PV
array exhibit a stable sinusoidal shape, reaching their peak values at 12 A and 167 V.
Conversely, the grid voltage displays an unstable sinusoidal pattern, with maximum current
values reaching 12 A.
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Fig. 5. Climatic conditions, generated voltage and current by the PV array

4. Conclusion
This study has underscored the significance of PV/battery hybrid installations as a sustainable
energy solution. The in-depth analysis of the installation's performance and efficiency
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highlights its potential to meet the electrical requirements of a hydroponic greenhouse
while mitigating environmental impact. Consequently, this study contributes to advocating
for the adoption of solar energy and energy storage in the global energy landscape,
facilitating a transition toward a greener and more sustainable society.
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Introduction:

The production of steel is accompanied by the formation of solid or liquid by-products (about 550 kg
per ton of steel). This represents approximately 17 million tons per year'l. These by-products are
extremely varied: slags of blast furnace and steel-works, calamines, muds and dust of de-dusting of
smoke. Blast furnace slags are by-products of the steel industry. They are generated during the
production of steel, during the development stage cast iron from iron ore. According to the cooling
process of the molten slag, we distinguish two families!**!:

— Crystallized slag, obtained by slow cooling which transforms it into an artificial,
chemically stable hard rock;
— Vitrified slag, obtained by brutal cooling, generally with water, which gives it a .

vitreous structure allowing it to develop properties properties similar to those of cement.

Blast furnace slag is a byproduct of iron and steel production. Its physicochemical characteristics are
influenced by the type of production process used. Depending on the iron and steel production
processes and the raw materials, the chemical composition and solidification structure of the blast
slag can vary? %,

There are three main types of iron and steel slag:

- Blast furnace slag,
- Conversion steel slag,
- Electric steelworks slags.

In our study we are interested in the characterization of slag, for various practical use.

Production of Slag furnace
As with most industrial by-products, the valorization of slag responds to:

- has a double challenge
- environmental, by avoiding the final storage of materials which still have waste status
- by offering less expensive solutions than other natural materials available.
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We observed two type of slag:
- Crystallized slags:

They have physical and mechanical characteristics comparable to those of natural materials. They are
used in technical road from the constitution of embankments, to the layers of road surface. Freshly
produced slag and stocks called “slag”, built up over decades, are exploited asnatural rock quarries
for the manufacture of aggregates.

- Vitrified slags:

Most often produced in the form of granulated slag, they find, due to their physicochemical
characteristics, a privileged employment in the cement industry, but also as binders in different
granular mixtures of road bases.

The slag production process in the blast furnace is illustrated in figure 1.
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Figure 1: Process production of slag in Blast furnace!'”!
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Resultats of caracterization:
Chemical analysis of blast furnace slag sample were conducted using X-ray fluorescence (XRF) and

presented in Table 1. The result shows the predominance of silica and lime with alumina and iron

oxide in lower proportion.

Element Mass %

Ca0 38.5
Al,O3 7.6

SiO, 42.8
Fe 03 1.51
MgO 3.45
MnO 3.25
(¢10) 0.4

Na,O 0.7

Others 1.79

Table 1. Chemical composition of Blast furnace slag sample.

In order to follow the thermal behavior of the blast furnace slag powder at different temperatures,
thermal analysis by Differential Scanning Calorimetry (DSC) and thermogravimetric (ATG) was
carried out using a fully computerized Netzsch STA 409 PC. About 10 mg of powder was placedinto
AlLOj; crucible and was heated at a rate of 10°C/min, from room temperature to 1100°C in a static air
environment. Results obtained are showed in figure 1 for Differential Scanning Calorimetry and
figure 2 for Thermogravimetric analysis.
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Figure 2: Thermogravimetric analysis for blast furnace slag sample
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Conclusion:

The results of chemical analysis shows the predominance of silica and lime with alumina and iron
oxide in lower proportion.

We can see from DSC spectrum three endothermic peaks at 75°C, 100°C and 572.43°C, and one
Exothermic peak at 80°C shows in figure 1. The endothermic peak centered at 75°C and a shoulder
around 100°C was assigned to the loss of water absorbed on the diatomite. The small peak at
572.43°C might be due to the quartz transformation.

The mass losses observed by thermogravimetric analysis and presented in figure 2 are 12%.
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