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OPTIMISING PHOTOTHERMAL SILVER
NANOPARTICLES FOR EFFICIENT LIGHT-ACTIVATED
SHAPE MEMORY RESPONSE IN AgNP-POLYMER
COMPOSITES

K. Krizmane, M. Dile, E. Einbergs, V. Vitola®, A. Knoks,
B. Hamawandi, A. Zolotarjovs

Institute of Solid State Physics, University of Latvia,
8 Kengaraga Str., Riga, LV-1063, LATVIA
*e-mail: virginija.vitola@cfi.lu.lv

The study presents the synthesis and integration of silver nanoparticles (AgNPs) into a
polyurethane (PU) matrix to create a light-activated shape memory polymer (SMP). AgNPs
were synthesized using a microwave-assisted solvothermal method with polyvinylpyrrolidone
(PVP) as a stabilizer, where varying the molecular weight of PVP and the AgNO:/PVP ratio
influenced nanoparticle size and distribution. Characterisation via scanning electron micros-
copy (SEM) and dynamic light scattering (DLS) confirmed the irregular morphology and size
consistency of AgNPs, with smaller particles exhibiting narrow size distributions and enhanced
photothermal response. Among the samples, PVP with an average molecular weight (M, ) of
10,000 and an AgNOs/PVP mole ratio of 14.7 demonstrated optimal UV-blue light absorption,
which facilitated efficient local heating under irradiation. The AgNP-PU composite exhibited
a reliable shape memory effect when exposed to UV-blue light.

Keywords: Microwave-assisted synthesis, photothermal effect, polymer composite, shape
memory, silver nanoparticles.



1. INTRODUCTION

In recent years, SMPs have increasingly
become pivotal in the field of actuating
applications, ranging from everyday prod-
ucts to biomedical [1]-[3] and aeronautical
devices [4], [5]. An important turning point
in the usability of these materials has been
the possibility to 3D-print the desired final
shape. Four-dimensional (4D) printing,
an advanced evolution of 3D printing, has
acquired substantial interest across various
research domains, including smart materi-
als and biomedical research. This technique
enables a 3D printed structure to transform
its shape over time in response to specific
stimuli such as light, heat, electrical cur-
rent, magnetic fields, or osmotic pressure
[6]-[9]. SMPs are types of polymers that
can maintain a temporary shape due to
their network points and flexible chains.
The shape memory effect in thermal SMPs
is induced by subjecting the material to a
thermal stimulus that triggers a transition
between its temporary and initial shape
states. When heated to a specific tempera-
ture, above the polymer’s glass transition
temperature (Tg), the polymer chains gain
sufficient mobility, allowing the material to
revert to its initial shape (Fig. 7). This ther-
mally activated process is governed by the
polymer’s molecular structure, which can

be engineered to exhibit reversible phase
transitions. Upon cooling below the glass
transition temperature, the polymer retains
the recovered shape, effectively “locking”
in the morphology due to restricted chain
mobility [10].

By optimising the thermal and mechan-
ical properties of the polymer, it is possible
to achieve controlled and repeatable shape
memory behaviour suitable for applications
in biomedical devices [1], [11], [12], actua-
tors [13], [14], and smart materials [15],
[16]. There are different thermal SMPs,
i.e., PU, which is valued for its versatility,
biocompatibility, and potential biodegrad-
ability when modified with eco-friendly
components. PU’s biocompatibility makes
it particularly suitable for medical applica-
tions, including flexible foams and durable
elastomers that come into direct contact
with biological tissues [17]-[19]. Polylac-
tic acid (PLA), recognized for its robust
mechanical strength, biodegradability, bio-
compatibility, and non-toxicity, has been
increasingly used in biomedical applica-
tions in recent years [20], [21]. Poly-¢-
caprolactone (PCL), an affordable semi-
crystalline aliphatic polyester, is utilised in
bone tissue engineering for its drug delivery
and wound healing properties [22]-[24].

Temporary shape'
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Fig. 1. A schematic drawing of shape memory composite in action.
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Beyond traditional thermal activation,
the shape memory effect in thermal SMPs
can be achieved through the photother-
mal effect, where embedded photothermal
nanoparticles enable light-activated heat-
ing (Fig. I). Specifically, by incorporating
photothermal particles such as AgNPs into
the polymer matrix, shape recovery can be
triggered via light exposure [25]. This pro-
cess leverages the nanoparticles’ capacity to
absorb light, particularly in the UV or vis-
ible spectrum, converting it into localised
heat through surface plasmon resonance
(SPR) [26], [27]. The heat generated by
these nanoparticles can raise the polymer’s
temperature above its glass transition or
melting temperature, initiating the shape
memory effect without direct bulk heating
[28]. In this study, we synthesized AgNPs

2. EXPERIMENTAL

using PVP as a stabilizing agent, explor-
ing the influence of PVP molecular weight
and the AgNOs/PVP ratio on nanoparticle
properties. The length of the PVP polymer
chains, which correlates with its molecular
weight, plays a crucial role in nanoparticle
stabilization and size, directly impacting
light absorption efficiency. Our findings
demonstrated that AgNPs synthesized with
PVP (M, = 10,000 g/mol) at an AgNOs/PVP
ratio of 14.7 exhibited the highest photo-
thermal activity, achieving optimal UV-blue
light absorption and efficient heat transfer
to the PU matrix. This method allows for
precise, spatially resolved activation of
the shape memory effect via light, present-
ing promising applications in remote-con-
trolled actuation suitable for biomedical
applications.

2.1. Materials

Silver nitrate (AgNO,, purity > 99 %,
Lach-Ner) was used as an Ag precursor.
Polyvinylpyrrolidone (PVP) with three
different molecular weights (M = 10,000,
29,000 and 90,000 g/mol, Sigma-Aldrich)
was used as surface stabilizer for AgNPs.
Ethylene glycol (EG, C,H,O,, purity >99 %,
Sigma Aldrich) was used as both a solvent
and a reducing agent. Deionized water
(DIW, p=18.2MQcmat25 °C, total organic
carbon up to 20 ppb, microorganisms
<10 CFU mL™', heavy metals < 0.01 ppm,
silicates < 0.01 ppm, and total dissolved

2.2. Synthesis of AgNPs

Ag nanoparticles stabilized by PVP
were synthesized via a microwave-assisted
polyol process, following the method
developed by Lalegani et.al. [19]. To ensure
efficient transfer of microwave radiation for

solids < 0.03 ppm) and acetone (purity
> 99.5%, Sigma-Aldrich) were used to pre-
cipitate the synthesized AgNPs, and etha-
nol (C,H,OH, purity 96%; Supelco) was
used to redisperse the nanoparticles for
later incorporation into the polymer matrix.
To prepare the polymer matrix for AgNP
embedding, PU-22 universal polyurethane
polymer resin and HU-22 universal hard-
ener (Uzlex, WMT Baltic) were utilised.
All chemicals were of analytical grade and
used as received, without further purifica-
tion.

rapid and uniform heating, each sample was
prepared individually, with only one vial
placed in the microwave synthesis system
at a time.

First, a specified amount of PVP poly-



mer was dissolved in EG under constant
stirring. For higher molecular weight PVP,
heating was applied to promote dissolution.
After cooling the solution to room temper-
ature, a measured quantity of AgNOs was
dissolved, and the mixture was transferred
to a 70 mL PTFE container in a microwave
synthesis system. The specific quantities of
reagents used in this synthesis are listed in
Table 1.

AgNP synthesis was performed in a
Milestone synthWAVE microwave reactor.
The system operates at 2.45 GHz frequency
with variable power from 0 to 100 % (1.5
kW). The reaction was carried out at 160
°C for 10 min under constant stirring speed
(60 % of maximum stirring speed) in an

inert atmosphere (N, gas) and 40 bar pre-
load pressure. The target temperature was
reached within 2.5 minutes. After micro-
wave processing, the reaction mixture was
naturally cooled down to room temperature,
and transparent colloidal solutions with
colours ranging from yellow to brownish
red was obtained. As the reducing ability
of ethylene glycol (EG) becomes negligible
at room temperature, effectively slowing
down nanoparticle growth, the synthesized
AgNPs were stored in EG for further char-
acterisation. For subsequent dispersion of
AgNPs in ethanol for embedding in poly-
mer matrix, the samples were alternately
washed several times with DIW and ace-
tone.

Table 1. Amount of Reagents Used in AgNP Synthesis with the Ratio and Obtained Sample Colour

M, of PVP Mole ratio Sample
Sample name (g/mol) PVP (g) AgNO, (g) EG (mL) AgNO_/PVP colour
Ag 1 10,000 0.10 0.1 40 58.8 brownish red
Ag 2 10,000 0.40 0.1 40 14.7 red

brownish
Ag 29 29,000 0.29 0.1 40 58.8
yellow

Ag 90 90,000 0.90 0.1 40 58.8 yellow

2.3. Fabrication of Polymer/Nanoparticle Composite

AgNP sample labelled Ag 2 was used to
fabricate the PU/AgNP composite. 0.9 mL
of 0.03 M AgNP solution in ethanol was
added to a mixture of 1 g PU-22 and 1 g
HU-22. The mixture was stirred with a
magnetic stirrer for 5 min to ensure even
distribution of nanoparticles throughout the

2.4. Methods of Characterisation

The morphology of the Ag NPs samples
was characterised by scanning electron
microscopy (SEM) (Tescan Lyra, Brno-
Kohoutovice, Czech Republic), operated

polymer. The polymer mixture was then
cast onto a polystyrene plate and left to dry
at room temperature for 2 days. AgNP/PU
composite containing 0.15 % AgNP was
obtained. We tested the glass transition
temperature of the employed polymer, and
it was found to be 38 °C.

at 12 kV. A drop of the AgNP solution in
ethylene glycol was placed onto a silicon
wafer and air-dried before SEM analysis.
Additional measurements were performed



on the AgNPs in ethylene glycol solution.
Particle size distribution was characterised
by dynamic light scattering (DLS) using
Litesizer 500 (Anton Paar). Optical density
was measured with Cary 7000 Universal
Measurement  Spectrophotometer (Agi-
lent, USA). The nanoparticle samples, at a
concentration of 0.015 M, were diluted in

3. RESULTS AND DISCUSSION

EG in a 1:1 ratio. OD measurements were
conducted using a quartz cuvette (spectral
range 200-2,500 nm, pathlength 10 mm).
Temperature changes under UV-blue light
exposure were recorded using a Unisense
x-5 UniAmp with TP-200 glass thermocou-
ple, coupled with 420 nm LED.

The M, of PVP polymer is directly con-
nected to its chain length, where higher
molecular weight compounds have lon-
ger polymer chains. In the synthesis pro-
cess of silver nanoparticles, PVP is used
to coat and stabilise nanoparticles. The
chain length of PVP affects the radius of
the resulting nanoparticles and can lead to
variations in absorption. In this research,
we experimented with different molecular

a)Ag 1

weight PVP polymers to determine how
the length of the attached polymer chain
influenced the absorption of UV-blue light
by silver nanoparticles. Additionally, the
PVP to AgNOs ratio was varied to obtain
the best conditions for synthesis (Table 1).
Our goal was to achieve effective UV-blue
light absorption due to the SPR of silver
nanoparticles.

Fig. 2. SEM images of AgNP prepared with PVP; a) and b) M_ = 10,000 g/mol,
) M. =29,000 g/mol, d) M_= 90,000 g/mol.



The morphology of the prepared sam-
ples was determined using SEM analysis.
Fig. 2. shows the formation of irregular
Ag NP with sizes ranging between 20 nm
and 60 nm. In samples labelled Ag 1,
Ag 29, Ag 90, particles are capped with
a surrounding layer. This layer most likely
consists of organic compounds, more spe-
cifically, PVP polymer chains. SEM images
show agglomerates in samples where higher

M, PVP was used (M, = 29,000, 90,000 g/
mol), suggesting these particles may also
agglomerate in EG solution. In contrast,
Ag 1 and Ag 2, prepared with lower M_
PVP (10,000 g/mol), show less agglomera-
tion in SEM images, particularly for sample
Ag 2, where AgNO,/PVP ratio was 14.7.
This observation implies that the particles
are likely well dispersed in EG solution
without forming agglomerates.

Table 2. DLS Measurements of AgNPs Showing Hydrodynamic Diameter and Size Distribution (PDI)

Sample name Hydrodynamic diameter, nm PDI, %
Ag 1 44 26
Ag 2 41 0.18
Ag 29 394 22
Ag 90 1246 29

DLS measurements (Table 2) confirm
these observations. For Ag 90, the mea-
sured hydrodynamic diameter is 1246 nm,
likely representing organic-coated agglom-
erates rather than individual Ag NPs. Simi-
larly, Ag 29 has a hydrodynamic diameter
of 394 nm. In contrast, Ag 1 and Ag 2
show similar nanoparticle sizes (44 and 41

nm, respectively) but differ in polydisper-
sity index (PDI), with Ag 2 exhibiting a
narrower size distribution (PDI = 0.18 %).
SEM images support this, showing less
agglomeration in Ag 2 and suggesting
that PVP provides better stabilization of

nanoparticles in this sample.
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Fig. 3. The optical density (OD) of AgNP solution (1:1) in ethylene glycol.



The OD of the AgNP suspension in EG
was measured using a spectrophotometer
(Fig. 3.), employing EG in the reference
beam to account for its baseline absorption.
The Ag_2 sample (M, PVP = 10,000 g/mol,
AgNOs to PVP mole ratio 14.7) exhibited
the highest absorption in the UV and blue
spectral range, with a prominent peak around
400-450 nm, which was characteristic due
to their SPR. Typically, AgNPs with sizes
around 10-50 nm display a strong absorp-
tion band in this region, as the collective
oscillation of conduction electrons on their
surface resonates with incident light, par-
ticularly in the visible and near-UV ranges.

This SPR peak intensity and position are
influenced by nanoparticle size, shape, and
the refractive index of surrounding media.
The observed high OD in the Ag_2 sample
suggests efficient UV-blue light absorption,
which is ideal for photothermal applications
requiring localised heating and enhanced
responsiveness in SMPs.

Following the optical density measure-
ments, we assessed the photothermal heat-
ing effect of the AgNP solution in EG by
coupling a temperature sensor with a blue
light-emitting diode. The resulting tempera-
ture changes are depicted in Fig. 4.

45
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Fig. 4. Temperature change for different AgNP samples
under blue light exposure.

This setup allowed us to monitor the
temperature changes induced by light
absorption directly within the AgNP solu-
tion. The temperature profiles of differ-
ent AgNP samples in EG demonstrated a
similar trend: upon blue light exposure, the
temperature initially increased, with each
sample exhibiting a distinct heating rate.
However, after a certain period, the tem-
perature reached a plateau, indicating that
the heating rate due to light absorption bal-

anced with the cooling rate to the surround-
ing environment. This equilibrium point
reflects the thermal stability achievable with
each sample under continuous illumination,
determined by factors such as nanoparticle
concentration, size, and light absorption
efficiency. The variations in heating rates
before reaching the plateau also highlight
differences in the photothermal conversion
efficiency of each sample. The Ag 2 and
Ag 90 samples exhibited the fastest heat-



ing rate and the largest plateau temperature,
which is also above the transition tempera-
ture for the PU polymer — that means these
two NP samples could be used for the light-
activated shape memory polymer.

The nanoparticle sample Ag 2, which
showed the best heating efficiency, was
embedded in the polymer for the PU-
nanoparticle composite, and the shape
memory effect was tested and compared to
a polymer without nanoparticles. Both sam-
ples were cut into equal size: thin, straight
strips. They were submerged in 38 °C

hot water and formed in the temporary
shape — a ring, and after that, the samples
were rapidly cooled in cold water to fix the
temporary shape. Both samples showed a
stable temporary shape. After that, an LED
(40 mW, 420 nm, Thorlabs) was placed 5
cm from the samples, and the shape recov-
ery was observed. The polymer without
nanoparticles did not recover its original
shape. It remained in ring form, but the PU-
AgNP composite unrolled to the original
shape, thus demonstrating the shape mem-
ory effect (Fig. 5.).

Fig. 5. Unfolding of the shape-memory PU/AgNP composite under 420 nm light stimulus;
rolled polymer (t = Os), unrolled polymer (t = 50s).

4. CONCLUSIONS

Silver nanoparticles stabilised by poly-
vinylpyrrolidone were successfully synthe-
sized using a microwave-assisted solvo-
thermal method. The molecular weight and
concentration of PVP played a critical role
in determining the size and distribution of
the nanoparticles, with different AgNOs/
PVP ratios resulting in varied nanoparticle
characteristics. Dynamic light scattering
and scanning electron microscopy analyses
confirmed the size and morphology of the
AgNPs. SEM images revealed PVP coated
irregularly shaped silver nanoparticles,
while DLS measurements indicated that
samples synthesised with lower molecular

10

weight PVP had a narrower size distribu-
tion, suggesting that the molecular weight
of PVP affects synthesized nanoparticle dis-
tribution.

Notably, the smallest size distribution
was observed in the Ag 2 sample, where
the AgNO,/PVP ratio was 14.7, differing
from other samples. This indicated that the
PVP concentration significantly influences
particle agglomeration, which is critical
for achieving efficient light absorption and
photothermal conversion. Among the syn-
thesized samples, Ag 2 sample exhibited
optimal photothermal activity. This sample
demonstrated high UV-blue light absorp-



tion efficiency, which is attributed to its
surface plasmon resonance. This enhanced
photothermal effect is crucial for light-acti-
vated shape-memory applications. When
integrated into a polyurethane matrix, Ag_2
nanoparticles enabled the composite to
respond to UV-blue light, thus triggering
the shape memory effect. It was tested that
while a PU sample without nanoparticles
did not revert to its original shape, the PU-
AgNP composite demonstrated successful
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This study addresses the challenge of enhancing the strength of polyacrylonitrile (PAN)
nanofiber mats in the transverse direction, which is a critical aspect for filtration applications

targeting micro-sized viruses and bacteria. Traditional methods of producing orientated nano-

fibers often result in mats with limited transverse strength. To overcome this, our research

focused on developing biaxial nanofibers, which exhibit enhanced interbonding in both axial

and transverse directions. Using a single-syringe electrospinning setup with a rotating drum

collector, we successfully fabricated biaxially orientated PAN nanofiber mats. Scanning elec-

tron microscopy (SEM) analysis was employed to visualise and confirm the biaxial arrange-

ment and porous structure of the mats. Mechanical testing further demonstrated that these
biaxially arranged nanofibers possessed comparable strength in both orientations, signifying a
significant advancement in the structural integrity of PAN nanofiber mats for filtration applica-

tions.

Keywords: Aligned nanofibers, biaxial nanofibers, polyacrylonitrile (PAN), porosity.

1. INTRODUCTION

Electrospinning emerges as a cost-
effective technique for the manufacture of
polymer fibres, characterised by diameters
ranging from ten to several hundred nano-
metres [1]. This method has engendered a
wide array of applications, notably in the
realms of optical materials [2], sensor fab-
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rication [3], nanocomposites [4]-[7], tissue
engineering scaffolds [8], wound care, drug
delivery systems [9], filtration technologies
[10], protective clothing [11], and antibac-
terial textiles [5], [12], [13].
Polyacrylonitrile  (PAN) nanofibers,
produced through electrospinning, are fre-



quently employed as precursors for con-
tinuous carbon nanofibers via processes
such as stabilisation and carbonisation.
Additionally, these fibres are extensively
used in filtration and catalysis. PAN nano-
fibers are particularly effective in various
filtering scenarios, encompassing air and
water purification, biofluid processing, and
the extraction of toxic substances and del-
eterious contaminants from contaminated
aqueous environments [14]. Because of
their expansive surface area and electro-
static properties, PAN nanofibers are profi-
cient at trapping airborne particles, such as
dust and microbes, in air filtration systems.
Similarly, in water filtration applications,
they efficiently eliminate pollutants, includ-
ing toxic agents, chemical compounds, and
bacteria [15].

The biocompatibility and environmen-
tal safety of PAN nanofibers render them
particularly suitable for medical and bio-
logical applications. For example, they can
be used as filtering materials on dialysis
machines, in wound dressings [16], or as
scaffolds for tissue engineering [17]. PAN
nanofibers have numerous advantages over
traditional filtration media, establishing
their utility in a wide spectrum of filtering
applications [18].

2. MATERIALS AND METHODOLOGY

However, a notable challenge with
conventionally aligned nanofiber mats lies
in their limited strength in the transverse
direction. These mats predominantly bear
loads along the direction of the nanofibers,
resulting in increased susceptibility to parti-
cle penetration. This limitation significantly
undermines their effectiveness in filtration
applications [19].

To address this issue, we introduce
a novel method for producing biaxially
arranged nanofiber mats at a laboratory
scale. The approach involves the prepara-
tion of orientated nanofiber mats which are
subsequently sectioned into smaller pieces.
These segments then undergo a secondary
electrospinning process to create an addi-
tional aligned layer, culminating in a biax-
ial arrangement. The fabricated nanofiber
mats were subjected to a rigorous evalua-
tion, including mechanical testing, analysis
of fibre orientation, and scanning electron
microscopy (SEM) analysis. This compre-
hensive investigation aims to determine the
efficacy of the biaxial nanofiber configura-
tion in enhancing the mechanical properties
and, as a consequence, for the subsequent
enhancement of the filtration efficiency of
PAN nanofiber mats.

In the fabrication of biaxial nanofibers,
polyacrylonitrile (PAN) with an average
molecular weight of 150,000 (typical) and
a CAS number of 25014-41-9 was used.
The solvent used for this process was N,
N-Dimethylformamide (DMF), which has
an average molecular weight of 73.10 g/mol,
designated as ACS Reagent (solvent) with
a purity of >=99.8 %, and a CAS number
of 68-12-2. This solvent was obtained from
Sigma Aldrich Chemicals, Germany.
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The electrospinning process was carried
out as previously described by the authors
[19]-[21], with a notable modification. Fol-
lowing the production ofa 40 cm x 5 cm nano-
fiber mat, it was segmented into 5 cm x 5 cm
squares. These sections were then rotated 90
degrees and reattached to the rotating drum to
facilitate the formation of a secondary layer of
nanofibers, thus achieving a biaxial configura-
tion. The entire procedure of biaxial nanofiber
fabrication is illustrated in Fig. 1.



Magnetic stirring

Electrospinning

fggﬁg 80 °C . 800 RPM = Oriented Nanofibers
0 g . ? R
; L LR
¥ g ’g —-

Biaxial PAN nanofibers

£
Eu

syringe

E

o

Electrospinning

|

)

Mat rotated by 90°

—

Fig. 1. Fabrication process of orientated and biaxial nanofibers.

For the acquisition of scanning elec-
tron microscopy (SEM) images, a Hitachi
TM300 tabletop SEM was used. This instru-
ment was set to a magnification of 1500, a
vacuum of 107 Torr, and an ion coating cur-
rent of 6 mA. The nanofibers were coated
with a layer of gold (Au) with a thickness
of 150 A to enhance image quality. The
orientation and porosity of the fibres were
analysed using the Orientation] plug-in for
ImageJ software (Imagel, National Insti-
tutes of Health, Bethesda, MD, USA). Con-
trast enhancement was applied to the SEM
images to facilitate clearer observation.
The mean diameter and standard devia-
tion of the nanofibers were determined by
measuring the diameter of 100 randomly
selected nanofibers from three different
SEM images.

Tensile properties were measured using

2. RESULTS AND DISCUSSION

a Mecmesin Multi-Test 2.5-i tensile test-
ing machine equipped with a 25-N sensor
(PPT Group UK Ltd., t/a Mecmesin, New-
ton House, Spring Copse Business Park,
Slinfold, UK). Samples were conditioned
at room temperature according to ISO
139:1973, “Standard Environments for Con-
ditioning and Testing”. This standard speci-
fies a temperature of 21 = 1 °C, a relative
air humidity of 60 %, and an atmospheric
pressure of 760 mm Hg. The dimensions
of the test samples were 50 mm % 10 mm
(length x width), according to ASTM D88§2-
18. A total of five measurements were made
to ascertain the tensile properties of the
nanofiber mats. The thickness of these mats
was measured using a digital micrometre
(range: 0-25 mm; Digimatic micrometre,
MDC-25PX, code No. 293-240-30, serial
No. 71912410, Mitutoyo, Japan) [19].

Scanning electron microscopy (SEM)
images presented in Figs. 2a and 2b depict
the microstructure of polyacrylonitrile
(PAN) nanofibers, both in their orientated
and biaxial configurations. These images
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unequivocally demonstrate that by rotating
the initial nanofiber mat and subsequently
performing a secondary electrospinning
process, it is feasible to fabricate biaxial
nanofibers.



(b)

Fig. 2. SEM images of (a) oriented and (b) biaxial PAN nanofibers.

Figure 3 illustrates the diameter distri- standard deviation in a normal distribution
bution of the nanofibers. Analysis of the of £ 95 nm. In certain instances, the nano-
SEM images of uniaxial and biaxial nanofi- fibers exhibited a minimum diameter of
ber samples revealed that the average diam- 325.045 nm and a maximum diameter of

eter of the nanofibers was 512 nm, with a 805.713 nm.
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Fig. 3. Distribution of the diameter of nanofibers.

Porosity, indicative of the spaces within ence is attributable to the single-axis orien-
the nanofiber structure, is quantified as the  tation of the uniaxial fibres, leading to larger

ratio of the volume of voids to the total vol-  voids, while the biaxial fibres, aligned along
ume of the sample, typically expressed as the X and Y axes, exhibit reduced porosity.
a percentage. Porosity analysis revealed Figures 4a and 4b present the orienta-

that uniaxial nanofibers exhibited a higher  tion of nanofibers in uniaxial and biaxial
porosity of 52.7 %, in contrast to the 38.3 % arrangements. The orientation analysis
observed in biaxial nanofibers. This differ- indicated that the uniaxial fibres predomi-
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nantly displayed angles within a maximum
variation of 10 degrees, while the biaxial
fibres exhibited orientation within a range
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Fig. 4. Orientation of (a) aligned fibres and (b) biaxially arranged fibres.

Figure 5 shows the representative
stress-strain curves for oriented and biaxi-
ally arranged nanofibers. The elastic modu-
lus of the uniaxially oriented nanofibers was
determined to be 524 + 15 MPa, while for the
biaxial nanofiber mats, it was 343 + 12 MPa.
The elongation at break was recorded at

14,00

12,00

10,00

of -1 to +1 degrees, perpendicular to the ori-
entated fibres.
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(b)

12 £ 1 % for oriented fibres and 8 £ 1 %
for biaxial fibres. The maximum tensile
strength for uniaxial and biaxial fibres was
found to be 11 £ 1 MPa and 8 + 1 MPa,
respectively. The summary of the mechani-
cal properties of orientated and biaxial
nanofibers is shown in Table 1.
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Fig. 5. Representative stress-strain curve of orientated and biaxial nanofibers.
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Table 1. Summary of the Mechanical Properties of Orientated and Biaxial Nanofibers

Thickness Elastic modulus Ultimate tensile | Elongation at break
(um) (MPa) strength (MPa) (%)
Nanofiber mat with 1128 52415 1241 1121
oriented nanofibers
Nanofiber mat with 225+10 343+12 8+1 81
biaxial nanofibers

Theoretically, the mechanical proper-
ties of biaxially arranged nanofibers would
be approximately half of those observed
in uniaxially aligned fibres. However,
the findings of this study indicate a slight
deviation from this expectation, with the
properties being marginally above half.
This discrepancy could be attributed to the
phase in which the nanofibers are collected
during electrospinning. The SEM analysis

3. CONCLUSIONS

confirms that the fibres are not collected in
a liquid phase. The observed mechanical
properties suggest that some fibres are col-
lected in a semi-solid state, leading to their
fusion with the pre-existing-oriented nano-
fibers. This interaction could potentially
contribute to the enhanced mechanical
properties observed in biaxially arranged
nanofiber mats.

This study has successfully demon-
strated the feasibility of fabricating biaxi-
ally arranged polyacrylonitrile (PAN)
nanofiber mats using an innovative electro-
spinning technique. This method involved
the rotation and subsequent layering of
electrospun nanofiber mats, resulting in a
biaxial fibre arrangement. The comprehen-
sive analysis conducted through scanning
electron microscopy (SEM), mechanical
testing, and porosity evaluation has yielded
insightful findings relevant to the structural
and functional attributes of these nanofiber
mats.

SEM analysis provided a clear visual
representation of the nanofibers in both
their uniaxial and biaxial orientations. This
image was pivotal in confirming the suc-
cessful creation of biaxial nanofibers and
their distinct morphology. The measured
diameters of the nanofibers indicated rea-
sonable uniformity with a moderate range
of variance, thereby ensuring consistent
fibre quality.
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Porosity analysis revealed that the biax-
ial nanofibers exhibited a lower porosity
percentage compared to their uniaxial coun-
terparts. This result can be attributed to the
dual-axis alignment in biaxial fibres, which
effectively reduces void spaces, making
them denser and potentially more suitable
for applications requiring finer filtration
capabilities.

The mechanical properties of the nano-
fiber mats, as assessed through tensile test-
ing, indicated that the biaxially arranged
nanofibers possess a mechanical strength
slightly higher than theoretically predicted.
Although the uniaxial nanofibers showed
higher values in terms of elastic modulus,
elongation at break, and ultimate tensile
strength, the biaxial fibres demonstrated
respectable performance, considering their
structural complexity. This unexpected
enhancement in mechanical properties can
be partly attributed to the phase in which
the nanofibers were collected during elec-
trospinning, with some fibres potentially



being in a semi-solid state, leading to fusion
with the preexisting-orientated nanofibers.
In conclusion, the development and
characterisation of biaxial PAN nanofiber
mats has opened new avenues in the field
of nanofiber technology. The unique struc-
ture of these biaxially arranged nanofibers
holds significant promise for a variety of
applications, particularly in filtration and
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other fields where enhanced mechanical
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Alternating current (AC) motor applications are commonly controlled using variable-
frequency drives (VFDs), which provide benefits such as enhanced system controllability and
improved energy efficiency. Despite these advantages, VFDs are associated with challenges,
particularly the generation of electromagnetic interference (EMI). This study examines the
radiative EMI characteristics of VFDs and evaluates straightforward technical solutions, with
a primary emphasis on shielding techniques, to mitigate their impact. For a low-power VFD,
a test system was specifically designed for this investigation. The analysis revealed that the
most significant broadband EMI emissions originated from the motor cable and the VFD unit
itself. By implementing appropriate shielding strategies, we substantially reduced the EMI sig-
nal strength, with some cases demonstrating complete suppression. Furthermore, this experi-
mental setup will serve as a practical component in laboratory exercises for undergraduate
students, offering hands-on experience with EMI analysis and mitigation methodologies.

Keywords: Education, electromagnetic compatibility, electromagnetic interference, vari-

able-frequency drive.

1. INTRODUCTION

The adoption of frequency-controlled
motors, commonly referred to as variable-
frequency drives (VFDs), has grown sig-
nificantly over recent decades. The benefits
of VFDs are well-documented, including
enhanced process control and improved
energy efficiency. Notably, energy efficiency
has become increasingly critical in light of the
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ongoing green transition. Despite their advan-
tages, VFDs present notable challenges, par-
ticularly as sources of electromagnetic inter-
ference (EMI), e.g., [1]-[8]. These EMI issues
can lead to malfunctions in other electronic
devices, additional energy losses, motor bear-
ing failures, and broader disruptions in sys-
tems where signal integrity is essential.



The source of this interference can be
traced to the control strategies employed
in motor drives. Achieving precise con-
trol necessitates high switching frequen-
cies, often reaching hundreds of kilohertz,
facilitated by power semiconductor devices
such as insulated gate bipolar transistors
(IGBTs) or gate turn-off (GTO) thyristors.
These high switching frequencies produce
rapid voltage and current transitions, which
in turn generate high-frequency voltage and
current components. These unwanted high-
frequency components are the primary con-
tributors to many interference issues.

Electromagnetic interference (EMI)
issues in VFD systems can be classified as
either conductive or radiative emissions.
Conductive EMI is transmitted along physi-
cal connections, such as wiring, whereas
radiative EMI propagates through electric
or magnetic fields. In VFD systems, both
transmission mechanisms contribute to
EMI propagation.

Mitigation strategies include the use
of various filtering solutions [7], [9], [10]
and the careful selection of appropriate
materials. Additionally, strict adherence to
the manufacturer’s installation guidelines
and related recommendations is essential
to minimise EMI-related problems. Regu-
latory standards define permissible EMI
emission levels for VFDs, with the IEC
61800-3 standard, Adjustable Speed Elec-
trical Power Drive Systems — Part 3: EMC
Requirements and Specific Test Methods,
providing a comprehensive framework for
ensuring compliance.

Effective shielding techniques are
essential to mitigate radiative emissions.
Specifically, the cable connecting the con-
verter unit to the motor must be shielded.
Shielded cables should be grounded, typi-
cally at least at one end; however, in cer-
tain applications, grounding at both ends
is required. The choice of grounding con-
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figuration is highly context-dependent and
must account for local conditions. In addi-
tion to shielding, common-mode filters are
frequently employed to attenuate high-fre-
quency voltages and currents. These filters
are typically installed on both phase con-
ductors and ground wires to further suppress
EMI and enhance system performance.

Figure 1 provides an overview of a
VFD system. According to the IEC 61800-
5-1 standard, the drive system, excluding
the motor and any sensors mechanically
coupled to the motor shafts, is referred to
as the Complete Drive Module (CDM).
In this study, the term “VFD unit” is used
synonymously with the Complete Drive
Module (CDM), representing the entire
physical VFD unit. CDMs are typically
well-shielded and engineered to minimise
EMI emissions, making them less signifi-
cant as sources of interference. Instead, the
motor cable is the primary determinant of
the overall EMI performance of the VFD
system. In contrast, the feed cable, which
connects the power input to the drive unit,
has a relatively minor influence on total
EMI performance. While standard cables
are generally sufficient for feed cable appli-
cations, shielded feed cables may be nec-
essary in sensitive installations where strict
EMI mitigation is required.

In Fig. 1, potential locations for detect-
ing radiative EMI are highlighted with red
flashes. The size of each flash represents the
relative likelihood of encountering radia-
tive EMI at that specific location. Interfer-
ence currents and voltages are character-
ised by high-frequency signals, with their
frequencies proportional to the switching
frequency of the VFD. These interference
signals can extend into the high-frequency
range, reaching several hundred megahertz
or even into the gigahertz spectrum. Like
other power electronic devices, VFDs are
typically non-linear loads, which generate



harmonic distortions in the input power
network. These harmonic voltages can
contribute to additional energy losses and
may cause malfunctions in other connected
devices. To mitigate harmonics, various fil-

Sinusoidal power input

Complete drive module, CDM 0 10

tering techniques can be employed, includ-
ing passive filters, such as inductors and
capacitors, and active filters, which dynam-
ically compensate for harmonic distortions.

Non-sinusoidal power to load

S

30

Rectifier

—
1
1

Inverter

Fig. 1. The frequency-controlled motor drive comprises three main components: the rectifier, the direct current
(DC) bus, and the inverter. Red flashes highlight potential sources of radiative EMI, with the size of each
flash representing the relative likelihood of EMI occurrence. The motor cable, marked by the largest flash, is
identified as the most significant source of radiative EMI. Additionally, the feed cable, connecting the input
power network to the VFD unit (or Complete Drive Module, CDM), may also contribute to radiative EMI,
albeit to a lesser extent.

Conductive EMI in VFDs has been
studied more extensively than radiative
EMI. However, the significance of address-
ing radiative EMI is increasing, particularly
as industrial environments become more
dependent on wireless communication
systems, which are highly susceptible to
various forms of interference. As a result,
understanding the radiative emission char-
acteristics of VFDs is becoming increas-
ingly crucial. Given the widespread use
of VFDs across diverse applications and
environments, the potential for interference
with other devices is rising. Radiative EMI

emissions are often referred to as radio fre-
quency interference (RFI), as these interfer-
ing signals typically operate at relatively
high frequencies.

Section 2 describes the test setup and
the radiative interference measurements
conducted in this study. Section 3 presents
the results of these measurements, along
with key observations drawn from the data.
Finally, Section 4 provides the conclusions,
including recommendations for future
research and potential areas for improve-
ment.

2. MEASUREMENT SETUP AND EMI MEASUREMENTS

This study investigates the radiative
interference emissions from a VFD sys-
tem, with all measurements conducted in

the radiative near-field. The objective is
not to standardise electromagnetic compat-
ibility (EMC) measurements but to identify



the locations of the strongest interference
signals and assess whether their magni-
tudes are sufficient to disrupt other systems
potentially. Additionally, we evaluate the
effectiveness of traditional shielding meth-
ods in mitigating the interference levels.
While absolute signal strength is not the
primary focus of this study, the main goal
is to pinpoint the origins of the EMI signals.

It is likely that VFDs operating at high
power levels also generate radiative inter-
ference in the far-field; however, this aspect
falls outside the scope of the present study.
Standardised EMC measurements typically
require specialised infrastructure, such as an
anechoic chamber, which was unavailable
for this work. Alternatively, using a semi-
anechoic chamber could also be consid-

ered, as suggested in [11]. In the real-world
environment where our measurements were
conducted, it was crucial to minimise the
influence of other devices on the results,
particularly for far-field observations.

For the test environment, we selected a
mini-scale VFD with a nominal operating
power of 750 W. This VFD drives a small
three-phase induction motor with a nominal
power rating of 40 W. A small-scale VFD
was chosen due to its ease of modification,
which facilitates efficient adjustments dur-
ing testing. Additionally, the system lacks
any filters, allowing for accurate identifica-
tion of the sources of harmful radio emis-
sions. Figure 2 illustrates the VFD system
used in the experiment.

Fig. 2. VFD test setup. The numbers (1 and 2) indicate the measurement locations. Measurements were taken
both with and without shielding. The motor cable was shielded using aluminium foil, while the VFD unit was
shielded with a metallic mesh.

The measurements were performed
using a handheld spectrum analyzer and a
near-field probe antenna. The emission lev-
els were sufficiently high that no additional
low-noise amplifier was needed. The fre-
quency range analysed in this study spans
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from 10 kHz to 200 MHz. The alternating
current generates a magnetic field, which,
when the wire is unshielded, can be detected
in the near field using a loop antenna. The
operating principle is illustrated in Figure 3.



Near-field probe

Metal mes

VFD unit

Magnetic field (H)

Fig. 3. The near-field probe should be positioned close to the conductor, allowing the magnetic field lines to
pass through the loop antenna (near-field probe). The probe is then connected to the spectrum analyzer for
measurement.

The distance of the near-field (df) can
be calculated as follows:

A
df:E’

where 4 is the wavelength. In this study, the
shortest near-field distance is approximately
24 c¢cm at 200 MHz. The loop antenna was
positioned about 1 cm from the measure-
ment target, ensuring that all measurements
were conducted within the near-field. In
addition, the magnetic field (B) around a
straight cable can be calculated as follows:

_ Mol

2nr’

where po is permeability of free space
(~4m x 1077 H/m); I is a current through
the wire, and 7 is distance from the wire. It
is evident that the magnetic field strength
decreases as the distance from the wire
increases. However, with our measure-
ment setup, we observed that the magnetic
field did not attenuate significantly. Shield-
ing effectiveness (SE) refers to the ability
of a material to attenuate radio frequency
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(RF) signals, indicating how effectively the
material blocks or reduces electromagnetic
interference. For metal mesh net shielding
effectiveness (in near-field for the magnetic
field) can be defined as follows:

r
SE(db) = 20 x log <E)'

where g is mesh’s grid size. In our case, it
is 6 mm. If we assume that the loop antenna
is located around 1 cm away from the mea-
surement target (r = 0.01 m), the SE is
about 14.4 dB.

The motor was tested under three dif-
ferent rotational speed conditions: 10 %,
50 %, and 100 % of the nominal speed.
However, no significant differences in the
interference levels were observed across
these conditions. Figure 4 presents the
spectrum measured from the motor cable
when the system was powered off. This
plot illustrates that the spectrum was free of
interference sources, serving as the baseline
(background noise level) for the subsequent
measurements.
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Fig. 4. The measured spectrum (10 kHz—200 MHz) from the motor cable, when the system was powered off,
serves as the background level for the measurements. From this spectrum, it is also evident that the room where
the tests were conducted was free from radiative interference sources.

Strong radiative emissions were
detected from the motor cable (Fig. 5, left
plot) and the VFD unit (Fig. 6, left plot). The
interference originating from the VFD unit
was the most prominent, with a maximum
signal level of approximately -28 dBm.
Other components of the system, such as
the input cable, were also examined, but no
significant interference was detected from
these locations.

In both cases (motor cable and VFD
unit), the interference signals were broad-
band, spanning the entire frequency range
under study (10 kHz to 200 MHz). Addition-
ally, the signal levels at their peak exceeded
the reference level by more than 30 dB.

Detect: Max Pk

t: 10 kHz
TRACE=>
MEMORY

<& '"Stop: 200 Hiiz
DETECTOR

The original motor cable in the sys-
tem was an unshielded polyvinyl chloride
(PVC) cable. To mitigate the emissions,
we wrapped the cable with aluminium foil
(commercial-grade foil with a thickness
of 0.03-0.04 mm). This shielding method
proved highly effective, as no significant
radiative interference was detected from
the cable afterward (Fig. 5, right plot), with
only minor peaks (~5 dB above the refer-
ence level) observed within the 10 kHz to
200 MHz frequency range. Therefore, we
can conclude that the applied shielding sig-
nificantly reduced the radiative interference
from the motor cable.

TRACE=>

MEMORY DETECTOR

Fig. 5. The measured spectrum (10 kHz—200 MHz) from the motor cable is shown in the plots. The left plot
displays the spectrum when the system was running, while the right plot shows the spectrum after the cable was
shielded. The shielding effectively eliminated most of the wide-band interference, with only minor interference

remaining between 10 kHz and 60 MHz.
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The VFD unit is not fully shielded, pri-
marily due to its cooling requirements. Both
sides of the VFD feature ventilation holes,
which are suboptimal from an EMC per-
spective. To address this issue, we shielded
both sides of the VFD using a metallic mesh
with a grid size of 6 mm x 6 mm. After
applying this shielding, we repeated the
measurements, and the results were promis-
ing (Fig. 6, right plot). The interference sig-
nal level was reduced by more than 10 dB,
as anticipated based on our calculations,

G "Stop: 200 M

DETE

representing a significant improvement
over the original condition. While using
a foil similar to that applied to the motor
cable would likely offer better shielding
efficiency, it would also cause overheating
due to obstruction of the natural ventilation.
These findings underscore the importance
of implementing proper EMC solutions in
areas requiring ventilation. For example,
fans equipped with EMC filters could be
used to maintain adequate ventilation while
minimising interference.

Detect: Max Pk

dBm

Fig. 6. Measured spectrum (10 kHz—200 MHz) from the VFD unit: the left plot shows the spectrum when the
system was running, and the right plot shows the spectrum after the unit was shielded. The shielding reduced
the signal level by approximately 10 dB across the entire frequency range.

3. RESULTS

Methods to reduce harmful emissions
are relatively straightforward. The use of
shielded cables, especially shielded motor
cables, is one of the simplest and most effec-
tive ways to minimise radiative interfer-
ence. Additionally, common-mode filters,
when installed around cables or individual
wires, provide another effective mitigation
technique. Proper grounding is also a criti-
cal measure for preventing radiative emis-
sions.

Conductive interference can be miti-
gated using various filter solutions. It is
important to recognise that conductive and
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radiative emissions are closely intercon-
nected. Radiative interference can result
from conductive emissions, as leakage volt-
ages and currents may transfer to metallic
structures, which can then function as anten-
nas, converting the interference into radia-
tive emissions. In this study, we primarily
focused on radiative electromagnetic inter-
ference from the motor cable, specifically
the cable connecting the VFD to the motor.
We conducted various measurements to
compare the interference levels between
non-shielded and shielded cables.
Additionally, radiative electromagnetic



interference was assessed and measured
from the input cables and the VFD unit
itself. The shielding methods we employed
were straightforward to implement and, as
noted earlier, proved highly effective. As

4. CONCLUSIONS

VFDs become more prevalent in consumer
electronics and household applications,
understanding their EMC properties is cru-
cial.

The present study serves as a demon-
strative example of the importance of EMC
design, particularly in VFD applications.
VFDs are potent sources of EMI and should
never be used without appropriate shielding
solutions. Additionally, this study will form
the basis for a future laboratory exercise for
bachelor-level students, providing hands-on
experience with EMC-related topics.

In the exercise, students will first identify
the sources of EMI within the system. They
will then implement shielding techniques
to mitigate radiative EMI and validate the
effectiveness of their solutions through mea-
surements. This educational application was
a key motivation behind the study. The test
setup was designed to be portable, facilitat-
ing its use across different laboratory spaces.
With this setup, students can directly observe
how the mitigation techniques impact the
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The task of this study was to design and later produce a low-power (single supply 5-30V,
dual supply + 2.5 V and + 15 V) rail-to-rail operational amplifier aRD820 with low voltage
noise (<4 pV, p-p. 0.1 to 10 Hz), ultralow input bias current (< 15 pA), and low offset volt-
age (< 500 pV) characteristics. Similar characteristics are presented by Analog Devices chip
ADR820. Thus, the task of the design team was to adapt the prototype circuity of AD820 to
our technological capabilities, modify the circuit, if necessary, and eliminate any deficiency
of the prototype. The input stage module got source followers at the input of the operational
amplifier. The second stage module was modified to be more symmetric. The output stage
module obtained additional resistors and capacitors to achieve frequency compensation. One
FET transistor in the current reference module was substituted with other elements. Simpli-
fied electric schemes of these modules of AR820 and aRD820 are presented. The performance
of modules of modified electric schemes was tested in Simulink software. Simulations of the
full electric scheme for aRD820 demonstrated characteristics similar to those of AD820 data
tables. Later production of the aRD820 chip and measurements demonstrated that the planned
characteristics of the operational amplifier were met.

Keywords: AD820, circuit, electric scheme, operational amplifier, rail-to-rail.
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1. INTRODUCTION

An operational amplifier (op-amp) is
an essential component in electronics that
amplifies voltage [1]-[3]. Op-amps are
widely used in various applications, such
as signal processing, filtering, and math-
ematical operations [4], [5] because they
can increase the strength of weak electri-
cal signals and perform complex tasks with
simple configurations. While traditional
operational amplifiers are designed to
amplify voltage, operational transconduc-
tance amplifiers (OTAs) provide a current
output, making them useful in several medi-
cal applications [6], [7]. CMOS operational
amplifiers have gained widespread adop-
tion in recent years due to their low power
consumption and integration capabilities
[8], [9], yet amplifiers based on comple-
mentary bipolar technology [10], [11], like
the AD&20, continue to excel in precision
applications. Each technology serves dis-
tinct purposes: CMOS is ideal for modern,
low-power digital systems, while bipolar
amplifiers remain the gold standard for low-
noise, high-precision analogue applications.

A rail-to-rail amplifier is a type of oper-
ational amplifier designed to utilise the full
range of the power supply voltage, from the
lowest supply rail (ground) to the highest
supply rail (positive voltage). This means
it can produce output voltages that go very
close to the minimum and maximum supply
voltages, enhancing its versatility in low-
voltage applications. The development of
low-voltage operational amplifiers capable
of achieving rail-to-rail input and output
operation has been a significant advance-
ment in precision signal processing. One
notable design achieves this functionality
by incorporating a nested-loop frequency-
compensation technique, allowing stable
performance even at supply voltages as
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low as 1.5 V [12]. Operational amplifiers
are also used for high supply voltages, e.g.,
30 V [13]. For applications requiring rail-
to-rail input and output, new bulk-driven
amplifier designs offer significant perfor-
mance improvements. The use of composite
transistor arrays has been shown to provide
superior voltage gain without sacrific-
ing power efficiency [14]. A recent design
using a folded cascode architecture and
Class AB output stage achieved rail-to-rail
performance with low power consumption
and high gain [15]. Another work proposes
a rail-to-rail auto-zero operational amplifier
using a time-interleaved charge pump cir-
cuit to ensure low power consumption and
low offset voltage [16].

Operational amplifiers could be sin-
gle-stage, two-stage, three-stage, and
multistage. The comparison of single and
two-stage CMOS op-amps showed that sin-
gle-stage op-amp is more stable and oper-
ates for longer duration of time, while two-
stage op-amp produces a larger output with
lower noise [17].

The design of operational amplifiers
for space applications requires consider-
ation of radiation-induced effects, such as
total ionizing dose (TID). Techniques such
as hardened-by-design (RHBD) have been
successfully implemented to mitigate these
effects, as demonstrated in the development
of a rail-to-rail operational amplifier resil-
ient to radiation doses up to 500 krad(Si)
[18].

Analog Devices, Inc. developed a tech-
nology for vertical NPN and PNP transis-
tors known as complementary bipolar (CB)
technology. This innovation significantly
enhanced various chip solutions, includ-
ing operational amplifiers. Leveraging this
technology, Analog Devices, Inc. intro-



duced several operational amplifiers — sin-
gle-channel AD820 (1993), two-channel
AD822 (1994), and four-channel D824
(1995). These amplifiers exhibited excep-
tional characteristics regarding input cur-
rent, noise levels, dynamic performance,
and low power consumption. While they
did not achieve the highest possible speci-
fications in any single parameter, their bal-
anced performance made them highly use-
ful in many applications, particularly those
requiring low input currents.

The ADS820 is a precision, low-power
operational amplifier developed by Ana-
log Devices, Inc., tailored for single-supply
applications that demand high accuracy and
efficiency. It operates over a wide supply
voltage range (single supply 5-30 V, dual
supply £ 2.5 V and + 15 V), making it suit-
able for both low-voltage portable devices
and higher-voltage industrial systems. Key
features include an ultralow input bias cur-
rent of less than 15 pA and a low input off-
set voltage below 500 pV, which minimise
errors when interfacing with high-imped-
ance sources and enhance overall measure-
ment precision. The amplifier also exhibits
low voltage noise, specified at less than
4 1V peak-to-peak withinthe 0.1 Hzto 10 Hz
frequency band, crucial for applications
involving low-frequency, low-level sig-
nal amplification, such as precision instru-
mentation and sensor signal conditioning.
Moreover, the AD820 offers a rail-to-rail
output swing, allowing the output voltage
to approach the supply rails closely and
thereby maximizing the dynamic range,
especially in low-supply-voltage scenarios.
Despite its low power consumption, with a
typical quiescent current of only 800 pA,
the amplifier maintains a moderate gain-
bandwidth product suitable for wvarious
analogue signal processing tasks. Its design
effectively minimises both flicker (1/f) noise
and thermal noise contributions, ensuring
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signal integrity across varying temperatures
and supply voltages. These attributes make
the AD820 an excellent choice for precision
analogue applications where low noise,
ultralow input bias current, and low offset
voltage are essential, including medical
instrumentation, active filtering, and high
precision data acquisition systems.

The task of this study was to design
and later produce a low power (single sup-
ply 5-30V, dual supply £ 2.5V and £ 15 V)
rail-to-rail operational amplifier with low
voltage noise (<4 puV, p-p. 0.1 tol0 Hz),
ultralow input bias current (< 15pA), and
low offset voltage (< 500 puV) characteris-
tics. Similar characteristics are presented by
Analog Devices chip AD820. Thus, the task
of the design team of RD Alfa Microelec-
tronics was to adapt the prototype circuity
of AD&20 to our technological capabilities,
modify the circuit, if necessary, eliminate
any deficiency of the prototype, and uti-
lise previous results obtained from design-
ing the low-voltage four-channel amplifier
microchip aRD824 [19], [20].

The list of planned parameters of
aRD820 compared to the datasheet val-
ues of AD820 is given in Table 1. It shows
that aRD820 is expected to achieve similar
characteristics to AD820 and even exceed
in some parameters.

+Vee

L

Fig. 1. Electric scheme to test FET transistors.
+V_— supply voltage, R,— generator resistor,
R, load resistor, J1 — FET transistor, G — signal
generator, ¥ — voltage on source, U, — voltage gate
source.



Table 1. Planned Specification of an Operational Amplifier

aRD820 Chip and Specification of Analog Devices AD820 Chip

aRD824 (planned) ADS820 (AD820A) [21]
No. | Parameter ;l"ermf era Units
ure Minimal | Maximal | Minimal . Maximal
Typical
values values values values
1 Offset Voltage | T\ ru -0.5 0.5 0.1 0.8 mv
Tynto Ty |-1.5 1.5 0.5 1.2
2 Input Bias Tyorm -15 15 2 25 A
Current T, to T\, |-4000 4000 500 5000 P
3 Input Offset Tiorm -10 10 2 20 A
Current T, 10T, | -500 500 500 P
4 Large Signal
Voltage Gain
R =1kQ Tyorm 10
R =2kQ Trorm 15 30
Ty 0 Tk 10 V/mV
R =10kQ Trorm 50 80 150
TMIN to TMAX 80
R, =100 kQ Tyorm 250 400 1000
Ty to Ty [180 400
5 Output Voltage
(High)**
ISOURCE - 20 HA TNORM 14 14
Ty 0 Tk 20 10 20 mv
Looures = 25 mA | T o 110 110
T 0 Tk 160 80 160
Louree= 15 mA | T o 1500 1500
T 0 Tk 1500 800 1900
6 Output Voltage
(Low)***
ISOURCE = 20 p'A ¥NORM T ZO 5 ZO
to
MIN MAX mv
Lioures = 25 mA | T o 55 40 55
T, t0 Typax 80 80
Lioures = 15 mA | T o 500 300 500
T, t0 Typax 500 1000
7 Voltage noise,
0.1 Hz to 10 Hz 4 2 nV.p-p
*T is +22 & 3 °C for aRD820 and +25 °C for AD820. T, to T, ,  is a temperature range (-60 ... +125 °C)

NORM

for aRD820 and range (—40 ... +85 °C) for AD820.

**Qutput saturation Voltage (High) is the difference between the highest possible output voltage and the
positive supply voltage.

***Output Saturation Voltage (Low) is the difference between the lowest possible output voltage and the
negative supply rail.
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Fig. 2. Exit current-voltage characteristics FET transistor. V, — voltage drain source,
I,— drain current, U, voltage gate source,
red line — separation between ohmic and saturation regions for various U, .

2. INSPECTION OF AD820, REPLICATION, AND DRAWBACK ANALYSIS

We inspected AD820 chip and derived
its electric scheme. Then, we replicated this
electric scheme on a chip produced in our
production facilities. Tests on several such
chips showed drawbacks that did not allow
them to reach the performance of AD&20.
We analysed the drawbacks and came to
several conclusions.

First, our N-channel FET transistors
are inferior to similar transistors used in the
input stages and reference source circuits
of the AD820. Specifically, amplifier stages
using these transistors have poor noise
characteristics. The noise voltage swing
Vinp-p, referenced to the input, in the range
of 0.1 Hz to 10Hz in the circuit shown in
Fig. 1is 5 pV...10 pV, which is more than
five times the corresponding value obtained
in a similar circuit using an NPN transistor.

Second, the output voltage-current
characteristic of our FET transistors has a
broader “Ohmic region” compared to the
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FET transistors of the AD820. The initial
section of the voltage-current characteris-
tic of our FET transistor is shown in Fig. 2.
The “Ohmic region” is characterised by
significantly lower transconductance (gm)
values compared to the saturation region:
g, =dl ﬂ/dVgx, where dI,— increment of a
drain current /, and d Vgs— increment of a
gate-source voltage V,. If the FET tran-
sistor enters the “Ohmic region” (i.e., the
source voltage is close to the drain voltage),
the circuit’s gain significantly decreases.
Since the input stage of the AD820 is simi-
lar to the circuit in Fig. 1, its gain undergoes
the same changes. When the input voltage
(V) increases to +V_-2V... + V -1V, the
op-amp gain can drop to several hundred,
especially in amplifiers with a higher gate
cutoff voltage (in absolute value) Vgso (the
gate source voltage at which 7, becomes 0).
Of two operational amplifiers with gate
cut-off voltages of -2 V and -1 V, the gain



reduction for input signals close to +V, will
be more significant in the amplifier with the
gate cut-off voltage of -2 V, since at equal
V. values, the V, value of these transistors
will be lower by approximately 1 V (i.e., it
will enter the “Ohmic region” earlier).
Third, our FET transistors have a large
spread in gate cutoff voltages Vo rang-
ing from -0.5V to -2.5V. This 1eads to an
inability to set the required reference cur-
rent on crystals with extreme Vo values,
resulting in a low yield of good chips. To
demonstrate this assertion, we calculate the
value of resistor R, (Fig. 3) needed to obtain
a 20 pA current ﬂowing through the FET
transistor J2: [,= I (1 =V /V, )2, where
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1, is the drain current I, 1is the drain cur-

rent when the gate- sourg?e voltage is 0, Vgs
is the gate-source voltage, and Vo is the
gate cut-off voltage. Vo= —1R, we get:

L(+1R)/ Vgso)z. The I, values obtained
from the test FET transistors are as follows:
for transistors with V=05V, 1 is 32 uA

>7do
For transistors Wlth V

=-25V, [,
1600 pA. Substituting the values of Ve and
1, we get R values of 5.2 kQ (Vgs = -0 5 V)
and 110 kQ (Vgs0= -2.5 V). This resistance
range exceeds the adjustment capabilities of
resistors available in our technological line.

Fourth, at drain-gate voltages (Vdg)
greater than 22 V..25 V, the drain-gate
reverse current increases sharply. It can
exceed 1 pA, which is unacceptable for
input transistors. Therefore, an additional
circuit to limit Vdg is needed for the input
transistors.

Fig. 3. Electrical scheme used for calculations.
Vec — supply voltage; R1-R5 — resistors;
J1,J2 — FET transistors; VT2, VT3, VT4 — NPN
transistors; 11, 12 — currents.

Fifth, it was found that produced thin-
film resistors had poor characteristics.
Therefore, they should be replaced by ion-
implanted resistors [22].

Based on the conclusions outlined
before, we proposed several modifications
for the electric scheme of AD820 that would
allow us to reach similar performance, but
using strengths and limits of our production
facilities. Changes were proposed for the
input stage, second (pre-final) stage, output
stage, and current reference.

3. PROPOSED DESIGN OF OPERATIONAL AMPLIFIER ARD820

In Microsim software, we developed a
model of the AD820 electrical schematic
and configured the parameters of the elec-
tronic components within limits that can be
reached by our production line, e.g., param-
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eters for FET transistors. The simulation
results showed that we could not achieve
the desired parameters corresponding to
the technical data of AD820 [21]. There-
fore, several modifications to the elec-



tric scheme of AD820 were proposed and
tested. Finally, we got an electric scheme
for operational amplifier aRD820 with
good simulation performance correspond-
ing to the targeted parameters (see Table 1).
Below, we describe several modules of the
aRD820 electrical schematic and explain
why its performance surpasses that of the
ADS820 schematic. It should be emphasised

that the AD820 electrical schematic is well
suited for the production capabilities of
Analog Devices, Inc., which manufactures
the AD820 that allows it to reach good per-
formance. However, due to the limitations
of our production line, this electric scheme
does not allow us to reach the expected per-
formance.

3.1. Modification of Input Stage Module

The input stage of an op-amp is designed
to receive the input signal and provide initial
amplification. This stage is typically imple-
mented as a differential amplifier, which
amplifies the voltage difference between
the inverting and non-inverting inputs.
One of the key functions of this stage is to
reject common mode signals, ensuring that

+Vee
5.9% 5.2
L p | Vref=1v
VT VT2
I B
J1 J2
+input -input
150 150
Current
97uA idirror
|
é) AD820
-Vee

only the differential signal is amplified.
The input stage is crucial for maintaining
a high input impedance, which minimises
the loading effect on the preceding circuit.
In addition, the bias circuit within the input
stage ensures that the transistors operate in
the correct region, thus stabilising the over-
all performance.

+Vee
i
[jh [jm \ Vrsf=1V
}I
+input q
q@m P
|
(g aRD820

-Vee

Fig. 4. A simplified electric scheme of the input stage modules of AD820 and aRD820.

Figure 4 shows simplified circuits of
the AD820 and aRD820 input stages. By
modifying the aRD820 input stage circuit
relative to the AD820, we attempted to
solve three problems. First, we attempted to
reduce the noise of the input stage. Second,
we expanded the input signal range toward
voltages close to +Vcc. Third, we intended
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to limit and stabilise the Vds voltage of the
input transistors. As indicated above, imple-
menting the input stage as given for AD820
could result in an input noise voltage swing
(Vinp-p) of 5 uV to 10 pV in the range of
0.1 H to 10 Hz. Therefore, it was proposed
to place source followers J1, J2 at the input
of the operational amplifier. This configu-



ration should reduce noise by five times or  input signal by at least 0.4 V (since the volt-
more. At the same time, using source fol- ages at the drains of J1 and J2 in these cases
lowers and a differential pair of NPN tran- are +Vcc - Vref + Vbe for AD820 and +Vcc
sistors VT2 and VT4 allows raising the for aRD820).

upper limit of the allowable common-mode
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Fig. 5. Signal response of input stage modules of AD820 and aRD820.
Vee==£15V, V(+inp) =10V, V(-inp) =9.9 V ... 10.1 V. Black line: Voltage on the collector of the transistor
VT2 of AD820 scheme (Fig. 4), Vout(p-p) = 1.25 V. Red line: Voltage on the collector of transistor VTS of
aRD820 scheme (Fig. 4), Vout(p-p) = 1.5 V.
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Fig. 6. Signal response of input stage modules of AD820 and aRD820.
Vee==15V, V(+inp) = 13V, V(-inp) = 12.9 V ... 13.1 V. Black line: Voltage on the collector of transistor VT2
of AD820 scheme (Fig. 4), Vout p-p = 0.33V. Red line: Voltage on the collector of transistor VTS of aRD820
scheme (Fig. 4), Vout p-p=1.3 V.

38



Figures 5 and 6 illustrate the described
advantage of the circuit for aRD820 in
Fig. 4, obtained from computer models
for input signals close to +Vce. Instead of
a current mirror, a resistive load of 50 kQ
was used, and the FET transistors’ gate cut-
off voltage was assumed to be Vgs0 =-2 V.
In Fig. 5, signal response of input stage
modules of AD820 and aRD820 schemes
are presented. Parameters used in simula-
tions were Vcc = 15 V, V(+inp) = 10 V,
and V(-inp) is changed from 9.9 Vto 10.1 V.
The black line corresponds to the voltage
Ve(VT2) on the collector of the transis-
tor VT2 of AD820 scheme (Fig. 4) giving
peak-to-peak value Vout(p-p) = 1.25 V. The
red line corresponds to the voltage Ve(VTS)
on the collector of the transistor VTS5 of
aRD820 (Fig. 4) giving peak-to-peak value
Vout(p-p) =1.5V.

Figure 6 shows signal response of input
stage modules of AD820 and aRD820 sche-
mes. Parameters used in simulations were
Vee = £15 'V, V(+inp) = 13 V, and V(-inp)
is changed from 12.9 V to 13.1 V. The black
line corresponds to the voltage Vc(VT2)
on transistor VT2 of AD820 (Fig. 4) giving
peak-to-peak value Vout(p-p) = 0.33 V. The
red line corresponds to the voltage Ve(VTS)
on transistor VT5 of aRD820 (Fig. 4) giv-
ing peak-to-peak value Vout(p-p)=1.3 V.

Figures 5 and 6 show that for the change
of the input signal from +13 V to + 10 V,
the gain of the circuit of AD820 drops four
times, while the gain drop of the circuit of
aRD820 is only 15 %. Similar simulations
were made with parameters Vec = 15V,
V(+inp) = 14.5 V and V(-inp) change from
14.4 V to 14.6 V. Then, voltage Vc(VT2)
on the collector of the transistor VT2
of AD820 showed peak-to-peak value
Vout(p-p) = 26 mV. Correspondingly, volt-
age Vc(VT5) on the collector of the transis-
tor VTS5 of aRD820 showed peak-to-peak
value Vout(p-p) =28 mV.
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At high supply voltages (+Vce =+30V;
-Vcec = 0 V) and low input signals (Vin <
7 V), there is a significant reverse current
at the drain-gate junctions of the input tran-
sistors J1, J2 of (Fig. 4, electrical scheme
AD&820), causing the input current of the
operational amplifier to exceed the norm.
To avoid this effect, the aRD820 uses a cir-
cuit limiting the voltage in the drains of the
input transistors, including the transistors
VTI, J3, the diode D1, and a current source
of 30 pA. This ensures that the voltages at
the drains of J1 and J2 are approximately
equal to Vin - 2Vgs +Vbe, where Vgs is the
gate-source voltage of J1 (J2). The average
Vgsis-1.2 V, and Vbe is 0.65 V. Therefore,
the drain voltages of J1 and J2 will be Vin
+ 3.05 V, and Vdg at the input signals Vin
<+Vcc - 3.05 V remain almost constant at
3.05V.

The input stage circuit of aRD820 has
two drawbacks. First, the introduction of
an additional stage increases the phase shift
and theoretically reduces the stability. Sec-
ond, the introduction of an additional stage
imposes a restriction on the gate cut-off
voltage Vgs0 of the input transistors J1 and
J2. The gate cutoff voltage must not exceed
-0.8V..-09V (ie., it must be between
-0.9 V and -2.5 V). Otherwise, the dif-
ferential stage transistors VT2, VT3 will
close when an input signal close to -Vcc
is applied. Considering the advantages and
disadvantages of the input stage circuit of
aRD820, we deemed it feasible to use this
circuit, addressing stability issues by modi-
fying the pre-final stage, using additional
frequency compensation in the final stage,
and selecting wafers based on the Vgs0
parameter of test FET transistors during
manufacturing.

During the design of the input stage,
special attention was paid to minimising the
offset voltage of the operational amplifier.
In ADS820, it does not exceed 800 uV and



is achieved by laser trimming of thin-film
resistors located in the sources of the input
FET transistors. Since we decided not to use
thin-film resistors, we proposed to use an
array of cutting resistors with fuses, blown
by current, in aRD820. The trimming resis-
tors are located in both arms of the lower

NPN transistors of the current mirror of
aRD820. The resistor values are chosen so
that the adjustment range of the operational
amplifier offset voltage is from -10 mV to
+10 mV, with the total voltage drop across
the resistors not exceeding 100 mV.

3.2. Modification of the Second (Pre-final) Stage Module

Typically, the second stage, also known
as the gain stage, provides most of the op-
amp’s voltage gain. This stage may employ
a common emitter or common source
amplifier configuration, which enables
high-voltage amplification. The high gain
of this stage allows the op-amp to amplify
even very small input signals effectively.
Additionally, this stage ften includes fre-
quency compensation, typically in the form
of a Miller compensation capacitor, which
helps to stabilise the amplifier by control-
ling the bandwidth and preventing oscilla-
tions. This ensures that the op-amp remains
stable across a wide range of frequencies.
For our scheme of aRD820, the main gain
of op-amp was performed at the first stage.

Figure 7 shows simplified circuits of
the second (pre-final) stages of AD820 and
aRD820. The second stage of aRD820 has

a symmetrical structure, resulting in equal
signal propagation times in the upper and
lower arms. In AD820, the additional sig-
nal delay in the upper arm (VT1-VT3-
VT2-VT4) is compensated by the parallel
connection of capacitor C1. Calculations
showed that the signal delay (and, conse-
quently, phase shift) in the circuit in the
aRD820 scheme is 3.5 times less than in the
circuit in the AD820 scheme, even at lower
operating currents in the stage. Thus, the
circuit of aRD820 will provide greater sta-
bility to the operational amplifier compared
to the circuit of AD820. Additionally, the
circuit of aRD820 uses additional emitter
followers VT3, 13, and VT4, 14 to reduce
the operational amplifier’s offset voltage.
They ensure identical input currents of the
stage for any B values of the Npn and Pnp
transistors.

3.3. Modification of Output Stage Module

The output stage of an operational
amplifier is responsible for driving the
load connected to the op-amp’s output. To
achieve this, the output stage often uses a
push-pull configuration, which can both
source and sink current, making it highly
efficient and capable of driving low-imped-
ance loads. This stage provides current gain
and reduces output impedance, ensuring
that the op-amp can deliver sufficient cur-
rent to the load without significant distor-
tion. In some designs, a buffer is also used
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in the output stage to isolate the high-gain
second stage from the load, further improv-
ing performance.

Figure 8 shows simplified circuits of
the output stages of AD820 and aRD820.
To compensate for the increased phase shift
introduced by the VT2 and VT3 transistors
in the aRD820 input stage (see Fig. 4), fre-
quency compensation was proposed in the
output stage. The compensation elements
are C1, C2, R1, and R2.
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Fig. 8. Simplified electric schemes of the output stage modules of AD820 and aRD820.

Figures 9 and 10 illustrate a compara-
tive analysis of the amplitude-frequency
and phase-frequency characteristics of
simulated signals of the circuits AD820 and
aRD820. The parameters used in simula-
tions were Vcc = £15V, VACinp = 1mV,
Rload = o0, and Cload = 0. The gain of the
output stage of aRD820 is lower than that of
the circuit in AD820, but we considered this
acceptable due to the ample margin for this
parameter. The phase-frequency character-

istic of the circuit of aRD820 appears pref-
erable to that of AD820 scheme. The phase
margin of the circuit of AD820 at 3MHz is
68.6 degrees, while for aRD820 it is 89.6
degrees. The frequency of 3 MHz was cho-
sen because it is close to the unity gain fre-
quency of the operational amplifier. The
operational amplifier is considered stable
with a phase margin of at least 45 degrees at
the unity gain frequency.
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Fig. 10. Simulation of output module of operation amplifiers AD820 and aRD820. Phase vs. frequency.

3.4. Modification of the Current Reference Module

The current reference circuit is a fun-
damental component that ensures stable
operation of the op-amp under varying con-
ditions, such as changes in temperature or
power supply voltage. The current refer-
ence typically consists of a constant current
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source and current mirrors, which provide a
stable bias current to the transistors in both
the input and second stages. This stable
biasing ensures consistent operation, allow-
ing the op-amp to maintain its performance
across a range of operating conditions.



As described earlier, using a reference
source circuit of AD820 would inevitably
result in a low yield of good op-amp chips.
Therefore, it was proposed to eliminate
the FET transistors determining the refer-
ence current magnitude. Figure 10 shows
the reference source circuits of the AD820
and aRD820. In the current reference cir-

R3
35... 100k (adjustment)

cuit of aRD820, there is only one FET tran-
sistor that is used as an element to initiate
the circuit, so it can also work with average
characteristics. The reference current is set
using the PNP transistor VT10. This current
is approximately equal to the sum of the
currents through resistors R3 and R4.

+Vce

T

R1 R2 R5 R6
VT VT4 vT8 vT10
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Fig. 11. Simplified electric schemes of the current reference modules of AD820 and aRD8&20.

The current through resistor R3 has a
positive temperature coefficient, while the
current through resistor R4 has a negative
one. Thus, the resistances of R3 and R4 are
chosen so that the current through VT10
remains constant over a temperature range
of -40 °C to +85 °C. The exact reference

current value will be set using trimming
resistors connected in series with R6. The
total drift of the reference current over the
temperature range of -40 °C to +85 °C and
the entire supply voltage range should not
exceed 5 % to 10 %.

3.5. Simulations of the Full Electric Schemes of AD820 and aRD820

The modified components described
above and the complete operational ampli-
fier circuit were simulated using the Micro-
sim circuit simulation program. Parameters
of'the components and the entire operational
amplifier model were determined over tem-
perature ranges (-40 °C to +85 °C), sup-
ply voltages (+30 VOV; +5 VO V; £2.5V;
+ 5V; £ 15V), input signals (-Vcc ... +Vce),
load capacitances (up to 350 pF), and out-
put currents (up to 20 mA).

Fig. 12. Schematics to test the performance of
operation amplifiers AD820 and aRDS§20.



Particular attention was paid to the
impact of replacing thin-film resistors (as in
ADS820) with diffusion and ion-implanted
resistors, as diffusion and ion-implanted
resistors have significantly higher tempera-
ture coefficient of resistance. Simulation
showed that this replacement did not sig-

nificantly affect the operational amplifier
parameters. Moreover, special attention was
given to the model’s dynamic properties,
specifically its stability. To assess stability,
an operational amplifier configuration with
a gain of A =+1 and a load capacitance of
Cn =100 pF was used (Fig. 12).
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Fig. 13. Input and output signal oscillograms (simulations).
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Fig. 14. Output signal oscillograms (tests).

Figure 13 shows the input and simu-
lated output signal oscillograms of the
ADS820 and aRD820 models for the above
configuration. As seen, the AD820 has a
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longer transition process during voltage
jumps. Additionally, the aRD820 has a
slightly higher slew rate. Finally, Fig. 14
shows the output signal oscillogram of the



actual aRD820 microchip (Vcc = £15 V)
demonstrating similar performance.
Later production and tests of aRD820

4. CONCLUSION

chips showed that the expected parameters
of the operational amplifier given in Table 1
were achieved.

The task of the research was to design,
construct, and test a single-channel, low-
noise, rail-to-rail operation amplifier
aRD820 with the specification given in
Table 1, based on an initial prototype of
the Analog Device AD820 chip. Due to lim-
itations and specificity of available produc-
tion lines, the construction of a chip that has
implemented an electric scheme of AD820
prototype is not reasonable, as a high rate of
damaged chips with poor performance will
be obtained. Therefore, a modified electric
scheme of AD820 prototype was proposed,
allowing it to reach the targeted perfor-
mance.

The input stage module got source fol-
lowers at the input of the operational ampli-
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1. INTRODUCTION

The European Union (EU) has ambi-
tious plans for the transformation of the
energy sector to provide secure, sustainable,
competitive, and affordable energy for all
Europeans. Modern fossil or nuclear power
plants convert fuel to electricity with an
efficiency of 30—40 % [1], [2]. Transporting
electricity from power plants to homes and
businesses incurs further losses of 1-4 %
on the transmission level and 2-23% on
the distribution level [3]. Therefore, decen-
tralised decarbonised electricity generation
forms part of the clean energy response to
climate change and can reduce greenhouse
gas emissions, improve supply security, and
enhance resilience.

An essential element of the new elec-
tricity market design is active participa-
tion of empowered consumers. It aims to
integrate higher proportions of renewable
energy, allow prosumers (participants who
both consume and produce electricity) to
sell their excess self-generated electricity
back to the grid, and allow them to ben-
efit from cheaper electricity during oft-
peak periods. Interested citizens can group
together to form a local energy community
(LEC). LECs are called Advanced Energy
Communities in the US, Smart Communi-

ties in Japan, and are gaining traction in
Europe [4], [5].

The EU legislation is moving at pace
to ensure a clean and fair energy transi-
tion at all levels of the economy. The Clean
Energy Package makes the EU’s electricity
market more interconnected, flexible, and
consumer-centred. The Electricity Market
Directive is consumer-focused and out-
lines requirements for Member States and
Regulatory Authorities to develop frame-
works that allow for consumer participa-
tion in energy markets [6]. There are two
definitions of an energy community: Citi-
zen Energy Community (CEC) is defined
in the Electricity Market Directive [6], and
Renewable Energy Community (REC) is
defined in the Renewable Energy Direc-
tive [7]. In both cases, the communities
are autonomous legal entities based on
open and voluntary participation with the
purpose of providing environmental, eco-
nomic, or social community benefits for
their shareholders or members rather than
financial profits. They are entitled to gen-
erate, consume, store, and sell renewable
energy and may be allowed to participate in
cross-border electricity exchanges.

2. RESEARCH CONTEXT AND MOTIVATION

Despite the progress made, variations in
the interpretation and application of LEC-
related concepts remain a major challenge.
The European framework allows Member
States considerable flexibility in shaping
tailored definitions and support measures of
LECs [8]. However, EU countries are at dif-
ferent stages in transposing EU legislation
[9] and adopt various approaches to REC,
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CEC, and collective self-consumption [10].
Regulatory challenges exist in defining the
general meaning, the main activities, con-
trol and operation, membership, ownership
and boundaries of LECs [10]. Meanwhile,
scientific literature presents multiple related
concepts, such as community energy stor-
age, community microgrids, energy sharing,
smart energy community, prosumer com-



munity, energy hub, community wind, com-
munity solar, virtual power plant, energy
cooperative, etc. While “energy commu-
nity” and “community energy” are the most
commonly used terms in research — they
tend to focus more on economic objectives
rather than social goals, primarily referring
to the community as aplace[11]. In line with
this idea, de Sdo José, Faria, and Vale [12]
distinguish between place-based and non-
place-based communities. Additionally,
another widely used term in research is
“integrated community energy system”
[12].

Furthermore, LECs wunite multiple
actors, such as consumers and prosumers,
local authorities, distribution system opera-
tors (DSOs), service providers (e.g., Energy
Service Companies (ESCOs)), and property
investors [13]. These stakeholders may have
controversial objectives and interpret LEC-

related concepts differently. Even within the
research community, different disciplines
have multiple perspectives and priorities,
which pose a challenge for true multi-
and inter-disciplinary research. Therefore,
addressing terminological inconsistencies
is essential for creating a foundation for
more effective communication and align-
ment of goals among diverse stakeholders.

In this paper, we explore some of the
terminology that occurs in LEC research
and practice. We select a subset of terms,
with provision of a power system and
Operations Research (OR) and analytics
perspective and interpretation of each term.
We aim to enhance shared understanding
of these terms, create insights into how the
disciplinary perspectives may complement
each other, or give rise to mutual confusion
and misunderstanding.

3. METHODOLOGICAL APPROACH TO GLOSSARY DEVELOPMENT

The SEC-OREA (Supporting Energy
Communities Operational Research
and Energy Analytics) team responded to
the call to create “Novel Computational
Approaches for Environmental Sustainabil-
ity” in the CHIST-ERA (European coordi-
nated research on long-term Information
and Communication Technologies (ICT)
and ICT-based scientific challenges) 2019
call. Focusing on developing algorithms
and analytics to serve the needs of emerging
LECs, the team aims to provide decision
support tools for the design and operation
of LEC. Multiple skills and sets of knowl-
edge are needed for the successful and sus-
tained participation of LECs in EU energy
markets.

The project is broken into work pack-
ages targeting just some of the associated
disciplines and activity areas: (1) Energy
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Analytics that aims to extract insights
and understanding relationships between
weather, renewable energy source (RES)
generation, and electricity demand; (2)
Optimisation algorithms to capture the
interaction of stakeholders with compet-
ing perspectives such as the LEC and DSO;
Optimisation algorithms to solve the energy
dispatch problem taking into account the
variability of RES; and Power Systems. All
the approaches are designed to assist LECs
in understanding the business, regulatory
and power system’s perspectives, and to
make good decisions about how to design
and operate their LEC infrastructure.

The SEC-OREA team is composed
of researchers from Business Analytics,
Operations Research and Power Systems
disciplines. Business Analytics and Opera-
tions Research use quantitative approaches



to enable better decision making. Business
Analytics uses data modelling to understand
relationships in empirical data. Mathemati-
cal modelling represents decision actions
and the objectives and constraints of differ-
ent decision makers and stakeholders in a
form that appropriate algorithms can solve.

OR has an established history of model-
ling and solving energy optimisation prob-
lems [14]. It takes a formal approach to
specifying a problem statement for the opti-
misation problem to ensure that the prob-
lem inputs, outputs, data, and assumptions
are stated. The problem statement is then
formulated in mathematical notation with
precise definitions for all concepts, sym-
bols, and data parameters or distributions.
See, for example, the approach to solving
the Unit Commitment problem in [15]. The
OR approaches simplify assumptions, such

as that all data parameters are known with
certainty. These models and approaches
can be extended to incorporate uncertainty,
such as [16]. Understanding uncertainty is
a significant challenge for LECs that may
not have adequate business or data analytics
expertise, or access to high-quality empiri-
cal data to create appropriate statistical or
machine learning models.

The SEC-OREA project tries to comple-
ment the analytics and algorithmic expertise
of the team with power systems insights. In
that way, complementary perspectives can
be encoded in the mathematical models,
which, when solved, should provide more
insightful and useful recommendations for
LECs. However, this comes with a signifi-
cant challenge as each discipline has its
own methodological approaches and termi-
nology and naming conventions.

4. EXAMPLES OF TERMINOLOGICAL AMBIGUITY

4.1. Prosumers and Self-consumption

The EU legislation per se does not
include a definition of the term “prosumer”.
However, the term generally refers to energy
consumers — typically connected to the
distribution grid — who also produce and/
or store electricity at their premises [17].
While prosumers are often associated with
RES, using RES is not a strict requirement.
The rapidly evolving concept of prosumers
includes the ability to sell surplus electricity
and provide various energy services, either
individually or through collective structures
such as energy communities [18], [19]. Ertz
etal. [20] propose a contemporary definition
of prosumers, highlighting their contribu-
tion to economic, social, and environmental
goals and underlining their broader impact
beyond individual energy production: “pro-
sumers create value for themselves and oth-
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ers independently or in collaboration with
organisations, communities or peers.”

As the role of prosumers continues to
expand, the EU has introduced the con-
cept of the active customer within its legal
framework to provide clarity and support
inclusive participation in the energy tran-
sition. According to the EU Electricity
Market Directive [6], an “active customer
means a final customer, or a group of jointly
acting final customers, who consumes or
stores electricity generated within its prem-
ises located within confined boundaries or,
where permitted by a Member State, within
other premises, or who sells self-generated
electricity or participates in flexibility or
energy efficiency schemes, provided that
those activities do not constitute its pri-
mary commercial or professional activity.”



Notably, active customers are not required
to generate electricity themselves — par-
ticipation in flexibility or energy efficiency
schemes is also sufficient — and where gen-
eration is involved, it is not limited to RES.

A distinct group within this framework
is the renewable self-consumer, who pri-
marily generates and consumes renewable
energy at their premises, most typically
from solar panels. According to the EU
Renewable Energy Directive [7], “renew-
ables self-consumer means a final customer
operating within its premises located within
confined boundaries or, where permitted
by a Member State, within other premises,
who generates renewable electricity for its
own consumption, and who may store or
sell self-generated renewable electricity,
provided that, for a non-household renew-
ables self-consumer, those activities do not
constitute its primary commercial or pro-
fessional activity”. Thus, self-consumption
refers to the consumption of energy at the
same location where it is generated.

The EU Renewable Directive [7] also
introduces the term “jointly acting self-
consumers”, as “a group of at least two
jointly acting renewables self-consumers
who are located in the same building or
multi-apartment block”. Often, the term
“collective-self consumption” is used to
describe jointly acting self-consumers [21].

4.2. Flexibility and Demand Response

The literature uses multiple similar
but slightly different terms when referring
to system flexibility, such as demand-side
flexibility, demand response, and flexibility
services. The EU Regulation on Improving
Electricity Market Design defines flexibil-
ity as “the ability of an electricity system to
adjust to the variability of generation and
consumption patterns and to grid availabil-
ity, across relevant market timeframes” [26].
Sources of flexibility can include demand
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Some authors use the term “collective self-
consumption” to refer to community-level
energy consumption, where a portion of the
electricity is consumed collectively within
the community [22], [23].

From an analytics and optimisation
perspective, these definitions and sets
of assumptions have implications when
designing a related mathematical optimisa-
tion model and solution approach. The OR
provides a resource allocation framework
by creating an appropriate mathematical
model of the decisions, objectives, and
constraints. Traditional OR approaches
have focused on the perspective of DSO
and TSO (transmission system operators),
mainly focusing on cost minimisation [16],
[24]. More recently, as the number and type
of actors in energy markets have grown, the
concerns and objectives of individuals or
groups of are included in the models [25].
Incorporating the competing objectives of
prosumers and energy communities along-
side those of established system operators
leads to more challenging mathematical
models. Creating a shared interpretation
of the remit and objectives of the actors in
an ever-changing regulatory landscape is a
challenge, but it is necessary to ensure valid
assumptions are encoded in the mathemati-
cal models.

response, energy storage, and other non-
fossil flexibility solutions [26].
Consequently, the literature tends to
focus either on quantifying the available
flexibility potential that flexibility resources
can offer or on the flexibility requirements
necessary for stable system operation [27].
Degefa et al. [28] review existing defini-
tions of flexibility and propose three essen-
tial criteria that a consistent definition
should include: the type of flexibility, the



duration of its activation, and the incen-
tive for activating the flexibility resource.
They also identify several categories of
flexibility resources: demand-side (shift-
able in advance, delay, or both), supply-
side, stationary storage (standalone or with
generation), mobile storage (e.g., electric
vehicles), and operational flexibility (e.g.,
dynamic line rating) [28]. Furthermore,
flexibility services refer to products deliv-
ered by flexibility resources, which can
be offered as ancillary services in existing
markets or under alternative arrangements
[28], [29].

The EU Energy Efficiency Directive
emphasises the role of demand-side flex-
ibility as an important energy efficiency
measure [30]. At the same time, the EU
Electricity Market Directive [6] market
defines demand response as “the change
of electricity load by final customers from
their normal or current consumption pat-
terns in response to market signals, includ-
ing in response to time-variable electricity
prices or incentive payments, or in response
to the acceptance of the final customer’s
bid to sell demand reduction or increase
at a price in an organised market, whether
alone or through aggregation”. Although
the terms “demand-side flexibility” and
“demand response” are sometimes used

4.3. Uncertainty

The last concept we address in this
paper is “uncertainty”. There is inherent
unpredictability in factors affecting energy
generation, consumption, and management.
This unpredictability arises from various
sources, including fluctuations in renewable
energy generation due to changing weather
conditions, variations in consumer behav-
iour influenced by lifestyle and occupancy
patterns, shifts in market dynamics such as
energy prices and policy regulations, and
potential inefficiencies or failures in energy
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interchangeably, demand response typically
focuses on consumer actions triggered by
price signals or incentives [18, 31].

Thus, when discussing LECs, it may
be more accurate to refer to demand-side
flexibility, as this term better captures
the diverse behaviours and technologies
involved at the community level. Referring
to flexibility services may be more appro-
priate at a higher level or in advanced com-
munity models where LECs act as service
providers.

In both cases, OR mathematical optimi-
sation models can be formulated to support
the participation of LECs in these markets.
An optimisation technique called Mixed
Integer Linear Programming (MILP) is
used by [32] to optimise collective self-
consumption of an energy community of
prosumers, traditional consumers, and dis-
tributed storage units by scheduling mem-
bers’ loads and implementing a Demand
Side Management. A MILP model is also
proposed in [33], whose authors explore
three different objectives for the different
types of ECs. They note individual house-
holds do not offer sufficient flexibility for
any significant grid enhancement, but col-
lectively in an EC their aggregate flexibility
has the potential to operate as an aggregator
and provide flexibility directly to the DSO.

systems and storage technologies [34], [35].
However, “uncertainty” is interpreted and
treated differently by different actors in the
clean energy transition.

For example, within the Operations
Research mathematical modelling and opti-
misation communities, ‘“uncertainty” is
given a mathematical definition to bound
the values that specific parameters can take.
When there is no uncertainty in the prob-
lem parameters, computationally efficient
techniques such as Linear Programming



are used to find optimal solutions in the
deterministic case. More advanced com-
putational approaches are needed when
the parameters are uncertain. Stochastic
Programming offers an optimisation frame-
work to address uncertainties and can be
used in energy generation, consumption,
and market dynamics problems. Uncer-
tainty is incorporated if the parameter sta-
tistical distributions are known by creating
sample scenarios from the probability dis-
tributions. This enables decision-makers to
develop contingency-based energy man-
agement strategies that account for vari-
ability in factors such as renewable energy
output, consumer demand, and price fluctu-
ations [36], [37]. Stochastic Programming
models are bigger as they include additional
constraints for the set of scenarios, and are,
therefore, more challenging to solve than
deterministic Linear Programming models.

Robust optimisation is another optimi-
sation technique that considers uncertainty
in the model parameters but captures uncer-
tainty differently. The goal of this approach
is to ensure that optimal decisions are
robust to fluctuations in the model param-
eters, even for their worst-case realisations.
An uncertainty set defines the range of
variation of the uncertain parameter. Uncer-
tainty can be characterised in the form of
a box, polyhedral, or ellipsoidal uncertainty
sets based on the shape of the variation of
the uncertain parameters. When the model
simultaneously accounts for the worst-case
realisation of all uncertain parameters, the
optimal solution might be highly conser-
vative and computationally expensive. In
order to control the degree of conservative-
ness, the decision maker can allocate a bud-
get for the uncertainty [38] in the param-
eters by imposing a cap on the number of
parameters that can fluctuate within their
specified bounds. The corresponding uncer-
tainty set is called the budget uncertainty
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set. Sometimes, uncertain parameters like
photovoltaic (PV) solar power supply and
electricity demand may exhibit a spatio-
temporal correlation between them, allow-
ing for further reduction of the uncertainty
space, easing the computational burden of
the problem. Uncertainty sets of correlated
parameters can be constructed using data-
driven approaches by defining the boundar-
ies of the spread of the data points in the
form of a convex hull based on the actual
empirical distribution.

This OR treatment of uncertainty in
Robust Optimisation leads to conservative
solutions from a power systems perspective
that ensure the power system operates reli-
ably under fluctuations in power supply and
demand once they fall within the range of
the uncertainty sets.

The effectiveness of legislative efforts
towards energy transition and decarboniza-
tion depends on how policymakers address
uncertainty [39]. Scott et al. [39] examine
how different methods of representing long-
term uncertainty affect the evaluation of
renewable support policies. They find that
relying on deterministic or scenario-based
approaches can lead to overly restrictive
policies, whereas stochastic optimisation
offers more accurate insights despite higher
computational  requirements.  Further-
more, uncertainty in policy, RES support
mechanisms, and market prices can hinder
investment decisions [40], [41] and particu-
larly the employment of LECs and citizen
involvement [42]. At the same time, TSOs
and DSOs face uncertainties in both plan-
ning [43] and operation [44], [45] of power
systems. Velasquez et al. [43] distinguish
between two types of uncertainty: alea-
tory uncertainty, which stems from inherent
variability in natural processes (e.g., wind
speed or human behaviour), and epistemic
uncertainty, which arises from a lack of
knowledge and can potentially be reduced



through further research. At the same time,
Bessa et al. [44] focus on decision-depen-
dent uncertainty, which describes the state

5. CONCLUSION

of electric devices (available or unavail-
able).

In this paper, we have explored just
three of the terms that occur in LEC research
and practice: prosumers and self-consump-
tion, flexibility and demand response, and
uncertainty. Our dual perspectives from the
power system and OR show that providing
as much definition of the term as possible
can assist the two disciplines in appreci-
ating the scope and focus of the research
problem. Without agreeing on definitions
and sharing understanding, the concepts
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This study investigates the role of electricity consumers in multi-apartment residential
buildings, specifically condominiums, within the framework of energy communities in Latvia.
With the European Union (EU) aiming for climate neutrality by 2050, energy communities are
pivotal in promoting renewable energy. The study examines current electricity supply models

in Latvia, analysing whether they allow residents to become active customers, engage in col-

lective self-consumption, or join energy communities. The findings reveal that existing regula-

tory and infrastructural limitations restrict the participation of many apartment residents in the

electricity market. The study suggests legal amendments to enable more inclusive engagement

of apartment owners and communities, promoting energy self-sufficiency and supporting the

EU climate targets.
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1. INTRODUCTION

The European Union (EU) has set tar-
gets for achieving climate neutrality by
2050 and reducing dependence on fos-
sil fuels. In the context of the targets set,
energy communities are seen as one of the
key elements in achieving the EU’s energy
transition: by 2050, half of Europe’s popu-
lation could produce up to half of the EU’s
renewable energy [1].

Energy communities (ECs) are also a
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means of restructuring the energy system, as
they will enable citizens to play an active role
in the energy transition, bringing them direct
benefits, such as increasing energy efficiency,
reducing electricity bills, reducing carbon
emissions, supporting the local economy, and
creating local job opportunities [2].

In accordance with Directive (EU)
2019/944 of the European Parliament and
of the Council on common rules for the



internal market for electricity and amend-
ing Directive 2012/27/EU (Directive (EU)
2019/944) [3], participation in a citizen
EC is open and voluntary, its members or
shareholders may be natural persons, local
authorities, including municipalities, or
small enterprises.

Given that the participation of citizens
in ECs is voluntary, the issue of the motiva-
tion of citizens to join energy communities
is relevant. To date, several studies have
been carried out that considered the fac-
tors that could influence the involvement
of citizens in energy communities. As it is
indicated in the literature, the population
always has certain motives: these motives
are heterogeneous and complex [4]. Other
authors point out various factors that influ-
ence the motivation of citizens to accept
renewable energy projects, such as financial
and environmental factors, self-sufficiency,
factors of uncertainty and trust, level of
inconvenience, impact on residence, as
well as different views of citizens. These
factors are also linked to concerns about
energy self-sufficiency [6], participation
in the community’s energy transition [7],
energy efficiency and the development of
a renewable energy production system [8],
as well as opportunities to own renewable
energy projects, which would include direct
involvement — responsibility for aspects
of renewable energy projects and direct
involvement in the project planning process
[9]. The simplicity of participation is also
mentioned as a significant factor.

Similarly, in the context of the partici-
pation of citizens in energy communities
without factors related to motivation, the
existence of preconditions for a resident of
an apartment building to become, for exam-
ple, an active customer or a member of EC
is no less important. This would make the
energy consumer more self-sufficient, more
energy independent and contribute to cli-
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mate neutrality and environmental objec-

tives.

The hypothesis of this study is that not
all electricity consumers in multi-apartment
residential buildings in Latvia can partici-
pate in the electricity market as active users,
participants of collective self-consumption
or members of ECs.

Within the framework of the study, the
following research questions are raised:

* Do electricity supply models that exist
in Latvia ensure the status of an active
user, a participant in collective self-
consumption or a member of the energy
community for a person living in multi-
apartment residential building as an
energy consumer?

* Can the community of apartment own-
ers, as a legal entity uniting all apart-
ment owners of an apartment building
(communities of apartment owners),
participate in the electricity market?

As part of the study, the following tasks
are performed:

» the status of a person living in multi-
apartment residential buildings as an
energy consumer has been investigated
depending on the electricity supply
model and the connection of such a sta-
tus with the status of an active user, col-
lective self-consumption participant or
member of the energy community;

» the prerequisites have been identified
so that an apartment owner community
may operate in the electricity market.

The study is based on the literature
review method, using both scientific lit-
erature and regulatory enactments of the
EU and the Republic of Latvia. During the
research process, the authors used gener-
ally accepted qualitative methods — analy-
sis, synthesis and logically constructive and
comparative methods.



2. STATUS OF A PERSON LIVING IN AN APARTMENT
BUILDING AS AN ENERGY CONSUMER

The types of activities to be performed
in the electricity market in Latvia, which
include the production of electricity, trans-
mission of electricity, distribution and trade
of electricity, are regulated by the Electric-
ity Market Law [10]. Regulatory enact-
ments distinguish the following statuses of
electricity consumers:

* energy user — a natural or legal person
who buys and consumes a particular
type of energy or fuel from energy sup-
ply merchants for his or her own needs
or uses it in energy supply or other type
of commercial activity [11];

e final customer — an energy customer
who purchases energy for use for his
own needs (final consumption) in com-
mercial activities [11];

* sub-user — a person who, upon agree-
ment with the user, uses the electricity
grids owned or possessed by him or her
to receive electricity and does not pur-
chase electricity from a trader or system
operator 121,

Thus, the energy user is a broader con-
cept than the term “final customer” and
includes the right not only to consume
energy for its own purposes, but also to use
it for energy supply or use it on other com-
mercial activities. On the other hand, the
sub-user differs from the final customer or
energy user as the sub-user does not pur-
chase electricity directly from the trader
through networks belonging to the system
operator because he or she uses networks
belonging to the energy user to receive elec-
tricity.

At the same time, it is important that
the status of the final customer or sub-user
within the meaning of regulatory enact-
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ments is not linked to the ownership rights
of the apartment, which means that both the
owner of the apartment and the tenant may
be the final or sub-users of energy. In turn,
the status of a person living in an apartment
building (owner of an apartment or tenant
of an apartment) as an energy consumer
depends on the boundary of ownership to
electrical installations, up to which electric-

ity is supplied to the electricity user [10].
There are two models of electricity sup-

ply in Latvia, observing electricity account-

ing, as well as the boundary of ownership to
electrical installations.

» Electricity is supplied to each owner
(or tenant) of apartments in an apart-
ment building and is accounted for
with a meter for commercial account-
ing of electricity, which is installed on
the boundary of ownership to electrical
installations. Separately, the electric-
ity consumed for the common use of a
residential building is also accounted
for by means of a commercial electric-
ity meter. In such a model, the owner
(or tenant) of an apartment building has
the status of an end user. This model
also includes cases where a commercial
meter is installed not on the boundary
of ownership of the distribution system
operator, but already beyond it. How-
ever, in these cases, the consumer is the
end-user.

» All electricity supplied to one or more
apartment buildings is accounted for
by a common meter for commercial
electricity accounting. The amount of
electricity consumed in apartments and
residential buildings for the purposes of
sharing is determined by using commer-
cial electricity meters. In such a model,



the owner (or tenant) of apartments in
an apartment building has the status of a
sub-user, while the energy user status in
most cases lies with the manager of the
apartment building.

The electricity supply model, in which
the owner (or tenant) of apartments in an
apartment building has the status of a sub-
user, can be created in already built apart-
ment buildings, if a written consent of the
owners of the apartment building and all
users in the building to terminate contrac-
tual obligations with the system operator
has been received. Also, due to the reduced
costs associated with the creation of elec-
tricity connections, such a model is cre-
ated by up to two-thirds of the newly built
apartment buildings and exists in about 500
objects [13]. At the same time, both the
Ministry of Economics and the Ministry of
Climate and Energy, which is responsible
for the energy sector, have agreed that such

a model is undesirable and, in the future,
only the construction of apartment build-
ings in which electricity would be supplied
to each owner (tenant) of apartments in an
apartment building would be allowed as a
final customer. This is because the sub-user
cannot choose an electricity trader. Thus,
in a situation where all residents of one or
even several apartment buildings have the
status of a sub-user, they will all have one
electricity trader and one tariff plan that
will not meet the needs and peculiarities of
consumption of each resident. Considering
the findings, the authors of the study con-
clude that it is necessary to develop amend-
ments to Cabinet Regulation No. 693 of 19
October 2021 “Construction Standard for
General Requirements for Structures LBN
200-21” by imposing such requirements
for electricity connections and commercial
accounting in order to ensure that apartment
owners in all newly built houses have the
status of an end user.

3. STATUS OF THE COMMUNITY OF APARTMENT
OWNERS AS AN ENERGY CONSUMER

In addition to the energy consumed in
the apartments, electricity is also consumed
in the multi-apartment residential build-
ings for common use purposes — lighting of
common areas, elevator, circulation pumps,
etc. In the model, when the electricity sup-
plied to one or more apartment buildings is
accounted for by a common meter for com-
mercial accounting of electricity, the energy
user is the manager of the apartment build-
ing. As already mentioned above, electric-
ity consumed in each apartment as well as
in shared premises is determined by control
meters. However, also in the model when
electricity is supplied to each apartment
owner (tenant) of a multi-apartment resi-
dential building and it is accounted for by
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a meter for the commercial accounting of
electricity, the manager, who accordingly
has the status of electricity user, shall enter
a contract for the supply of electricity con-
sumed for the purposes of sharing.
However, in accordance with the laws
and regulations governing the management
of residential buildings, the manager should
act as a representative of the community of
apartment owners and not become a user of
electricity. In accordance with the Law on
Administration of Residential Houses [14],
one of the mandatory management activi-
ties is the provision of electricity to the part
of the residential house in common owner-
ship (also to ensure the operation of equip-
ment under joint ownership). The Senate



of the Supreme Court has clarified [15] that
the provision of utilities, also electricity, is
understood not by the supply of a service,
but the drawing up of a service contract.
Also, the Senate of the Supreme Court
has stated that the manager of a residen-
tial house must take all necessary actions
to comply with the service provider on the
conclusion of the above-mentioned con-
tract, including organising in the apartment
property house the decision of the commu-
nity of apartment owners on the conclusion
of the contract, contacting the provider and
discussing with it the terms of the contract.
Also, having previously assessed the role
of the community of apartment owners and
the manager in utility contracts, the Senate
of the Supreme Court [16] pointed out that
the Law on Administration of Residential
Houses and the Law on Residential Proper-
ties create the concept sufficiently clear
that all apartment owners together are
the owner of a residential house, who is
directly the legally entitled party to the
contracts, as well as that the manager is
a trustee by law, and not independently
assumes obligations for himself.

With regard to the legal capacity of the
community of apartment owners, the judg-
ment of the Senate of the Supreme Court of
12 December 2019 in case SKC-109/2019,
by which it was recognised that the commu-
nity of apartment owners is a special type of
legal entity that is able to acquire property,
enter into obligations and be a defendant or
plaintiff in court [17]. Recognition of the
legal capacity of the community of apart-
ment owners means that the totality of the
owners of a residential house is primarily
viewed as a special type of society endowed
with legal capacity, and not as joint owners
within the meaning of the Civil Law [18].

Recognising the communities of apart-
ment owners as a legal entity, the Senate of
the Supreme Court, in its judgment in case
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SKC-109/2019, stated that the status of the
community as a legal entity makes it possi-
ble to separate the ownership of these funds
from the funds belonging to the individual
apartment owners and to dispose of those
funds in order to achieve the objective of
the community, namely the long-term [19]
management of the apartment building. The
concept of community of apartment owners
as a special type of society endowed with
legal capacity forms the framework for
solving legal relations between apartment
owners and plays an important role in clari-
fying the content of legal relations between
the community of apartment owners and
third parties, including the manager [19].

However, despite the case law of the Se-
nate of the Supreme Court, as well as the fact
that the findings contained in the judgment
of case SKC-109/2019 were codified in the
Law on Residential Properties [18], electri-
city traders do not enter into agreements with
communities of apartment owners because
electricity traders either “do not see” or “do
not want to see” as counterparties.

However, the Senate of the Supreme
Court explained in the judgment in SKC-
109/2019 that the community of apartment
owners is a special type (sui generis) legal
entity — a company that does not fully cor-
respond to one of the types of legal enti-
ties already recognised in the Latvian Civil
Law. At the same time, the community of
apartment owners has similar features to
such types of legal entities as associations
and capital companies [19]. However, in
practice, electricity traders enter into con-
tracts either with natural persons or legal
entities. Although the community of apart-
ment owners is the same legal fiction as a
legal entity, the community of apartment
owners differs from a legal entity in that it
does not have a registration number, and
also its representative may not be indicated
in the public register.



To address the issue of assigning an
identifier to communities of apartment
owners and indicating this identifier, as
well as a representative in a public regis-
ter, the Ministry of Economics is currently
drafting amendments to the Law on Resi-

dential Properties. The adoption of this bill
would create prerequisites for the correct
resolution of mutual legal relations between
the community of apartment owners as an
energy user and an electricity trader.

4. APARTMENT OWNERS AND THE COMMUNITY OF APARTMENT
OWNERS AS AN ACTIVE USER, PARTICIPANT IN COLLECTIVE SELF-
CONSUMPTION OR A MEMBER OF AN ENERGY COMMUNITY

According to the EU legislation, the
following models related to decentralised
energy exchange can be distinguished: indi-
vidual self-consumption, collective self-
consumption, peer-to-peer trading, energy
communities [9].

In the case of individual self-consump-
tion, the final customer who uses the self-
generated electricity for self-consumption
and transfers or sells the electricity that is
not immediately consumed (surplus) to the
electricity trader has the status of an active
customer [10]. As a result, the status of the
active user is linked to that of the end-user.

The owner (or tenant) of an apartment
may be an active user in cases when the
electricity consumed in the apartment is
accounted for with a meter for commercial
accounting of electricity. However, because
the common elements of a residential build-
ing belong to the part in common owner-
ship [20], in order, for example, to place
electricity production equipment on the
facade or roof of a house, apartment own-
ers need the consent of the community of
apartment owners. In turn, the placement of
electricity production equipment in a sepa-
rate property is problematic; therefore, the
most common case will be if the active user
will have several objects. Moreover, elec-
tricity will be produced at another object,
while consumed in an apartment because
the Electricity Market Law also allows
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consumption of the active user in several
objects of the active user as self-consump-
tion of the active user [10].

In the electricity metering model, when
all electricity supplied to a residential build-
ing is accounted for with one commercial
meter, the owner (tenant) of the apartment
has the status of a sub-user; therefore, the
owner of the apartment cannot become
an active user. In this model, the manager
who enters into a contract for the provision
of electricity to one or several apartment
buildings also has the status of a user. Thus,
the manager as a user does not comply with
the status of an active customer specified
in the Electricity Market Law. In such a
model, the owner (tenant) of the apartment,
due to the absence of the status of the final
customer, cannot also engage in collective
self-consumption, or become a member of
the energy community.

Apart from the case when the produced
electricity is consumed in several objects of
an active customer, the Electricity Market
Law also defines the consumption of the
produced electricity in the objects of active
customers acting jointly or at the objects
of the members of the energy community
as self-consumption of the active customer
[10]. Thus, it can be seen from the defini-
tion of the law that the self-consumption of
an active customer includes the consump-
tion of electricity both within collective



self-consumption and within energy com-
munities, without distinguishing between
these two models related to decentralized
energy exchange.

As pointed out in the scientific literature,
the main feature of collective self-consump-
tion schemes is that their functioning exists
independently of the specific organisational
and market aspects, and whenever two or
more customers come together to generate
and consume electricity themselves, a col-
lective self-consumption scheme is formed
regardless of the nature of the legal relation-
ship that distinguishes it from energy com-
munities based on in specific types of legal
relations [9]. At the level of the European
Union Directives, too, a distinction has been
made between collective self-consumption
and energy communities. First, as opposed
to collaborative active customers (collec-
tive self-consumption), Directive (EU)
2019/944 defines a citizen energy commu-
nity as a legal entity [3]. Second, it follows
from Directive (EU) 2018/2001 of the Euro-
pean Parliament and of the Council on the
promotion of the use of energy from renew-
able sources that shared renewable energy
must be produced through production units
owned by the renewable energy community
[20]. Consequently, the European Union
directives provide that the energy produced
by production units belonging to the energy
community is to be owned by the energy
community, whereas the fifth paragraph of
article 377 of the Electricity Market Law
provides that the electricity produced by a
member of an electricity energy community
is the property of the energy community
[10]. At the same time, however, it is not
clear how the regulation of the Electric-
ity Market Law ensures the fulfilment of
the conditions contained in Directive (EU)
2019/944 of the European Parliament and
of the Council that members or sharehold-
ers of a citizen energy community do not
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lose their rights and obligations as house-

hold customers or active customers.
Section 37 of the Electricity Market

Law Article 6 describes two cases of collec-

tive self-consumption [10]:

* in accordance with the requirements of
the law, two or more final customers in
the same building or in one other type
of immovable property may act jointly
and become active customers of elec-
tricity from renewable energy sources;

» jointly acting active customers of elec-
tricity from renewable energy sources
shall be a legally compliant group of at
least two final customers.

This means that currently, within the
framework of collective self-consumption,
it is possible to become active users of elec-
tricity, apartment owners, one of whom
generates electricity in another object that is
not located in a residential house, for exam-
ple, in a summer cottage, but the generated
electricity is consumed by the other apart-
ment owners. However, the most appropri-
ate model for a single apartment building
would be if the community of apartment
owners were recognised as an active user.
This, in the case described in the Electric-
ity Market Law, would allow the owners of
apartments in one house to consume, within
the framework of collective self-consump-
tion, electricity produced by equipment
that is located in the part of the residential
house under common ownership — on roofs,
facades and in the land plot, i.e., the condi-
tion is fulfilled that at least one final cus-
tomer (community of apartment owners)
has installed electricity production equip-
ment in which only renewable ones are
used for the production of electricity energy
resources and also used by other final cus-
tomers.

In accordance with the provisions of the
Electricity Market Law, members or share-



holders of the electricity energy community
are final customers and active customers
whose objects are connected to the system
of one system operator. Thus, in the case of
an energy community, the owner (tenant) of
an apartment needs the status of a final cus-

5. CONCLUSIONS AND PROPOSALS

tomer to become a member of the energy
community, and a sub-user cannot become a
member of the energy community. Similarly,
the community of apartment owners could
also become a member of the energy com-
munity if its status as a user is recognised.

A prerequisite for the status of an end-
user is a prerequisite for a resident of an
apartment building to become an active
customer, a participant in collective self-
consumption, or a member of an energy
community. Of the two electricity supply
models existing in Latvia, only the model,
when the electricity consumed by each
owner of the apartment of an apartment
building is accounted for with a meter for
commercial accounting of electricity reg-
istered by the system operator, ensures the
involvement of inhabitants in energy com-
munities. On the other hand, in a model
where all electricity supplied to a multi-
apartment residential house is accounted
for by a common meter for commercial
accounting of electricity, but the amount
of electricity consumed in an apartment is
determined by control meters, residents of
an apartment building as sub-users not only
cannot choose an electricity trader, but also
become active customers or members of
the energy community. Although sub-users,
exercising the rights of apartment owners,
can decide on the installation of electric-
ity production equipment in the residential
house they own and consume the gener-
ated electricity, thus essentially becoming a
participant in collective self-consumption.
However, such a collective self-consump-
tion scheme is not recognized in the Elec-
tricity Market Law and a person, usually the
manager, who has entered into a contract
for the supply of electricity to the relevant
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residential house will be considered as the
user of electricity and the owner of the elec-
tricity produced in the residential house.
A solution to such a situation could be the
installation of commercial metering devices
not on the boundary of ownership of the
distribution system operator, but beyond it.
Such a solution already exists in practice;
therefore, it would be necessary to regulate
in regulatory enactments only the prerequi-
sites for this type of accounting solution, if
it is requested by sub-users.

The authors note that an additional prob-
lem is related to the conclusion of contracts
for the electricity supplied to an apartment
building for sharing purposes. In practice,
the situation where contracts for the pro-
vision of electricity for common purposes
are entered into by the manager is contrary
to the regulation contained in the Law on
Administration of Residential Houses and
the Law on Residential Properties. Con-
sequently, amendments to the Law on
Residential Properties are required, which
would allow electricity traders to conclude
contracts with the community of apart-
ment owners. Such a case would not only
streamline the legal relationship between
the parties involved in the management of
residential buildings but would also allow
apartment owners to become energetically
self-sufficient through the community of
apartment owners, reap economic benefits,
as well as contribute to the achievement of
climate neutrality objectives.
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This study carefully examined the influence of 0.005 M and 0.015 M HCl on the ZnO growth
mechanism, implementing the solution-dependent ESD technique across a temperature range of
300 °C, 400 °C, and 500 °C, respectively. The ESD technique uses zinc chloride (ZnCl,) as a pre-
cursor, which is dissolved in ethanol (CH,CH,OH) at a concentration of 0.1 M to generate a zinc
complex molecule. ESD was used for six distinct prepared solutions on a conductive In,O,:Sn
(ITiO) coated alkali-free glass substrate in order to explore the impact of varying the water (H,0)
ratio in the spray solution on the HCI. XRD depictions showed that the ZnO nanoparticles had a
pristine wurtzite crystal structure. The microstructure properties (MSP) of ZnO thin films were
analysed to understand the microlevel changes resulting from the ESD growth mechanism. Spe-
cifically, the lattice parameter ratio (c/a), positional parameter (i), and bond length (L (A)) were
assessed. The XRD pattern demonstrated the predominant alignment of the (002) crystal planes
in ZnO thin films. This work signifies an important phase in using cost-efficient ESD-deposited
semiconductor applications in commercial and industrial uses.

Keywords: Bond length, ESD, lattice parameter; positional parameter, ZnO growth mechanism.
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1. INTRODUCTION

ZnO is a significant material used in  positional parameter (n), and bond length
semiconductors and piezoelectric devices. (L (A)). Using the novel ESD technology, the
It has a broad energy gap of 3.37 eV and  studyexaminesbothlow concentration (0.005
a high exciton binding energy of 60 meV. M) and comparatively high HCI concentra-
Due to its distinctive material features and  tions (0.015 M) in the prepared spray solu-
versatile uses in transducers, varistors, tion at three different temperatures: 300 °C,
transparent conductors, transparent UV~ 400 °C, and 500 °C, by varying the H,O
protection films, chemical sensors, solar ratio in the precursor solutions. First, ESD
cells, and more, it has garnered signifi- approach offers not only user-friendly func-
cant attention [1], [2]. Several techniques tionality but also significant industrial advan-
have been devised for the fabrication of  tages, including its capacity to effectively
ZnO nanostructures, including nanowires cover extensive regions due to its uncom-
[3], nanotubes [4], nanocages between [5], plicated and easily accessible nature. Sec-
nanoparticles [6], and nanoflowers [7]. ZnO ond, this method enables deposition without
thin films can be developed using many  requiring a vacuum, and it offers relatively
processes. Dry methods, such as sputter- easy control of the composition ratio and
ing [8] and pulsed laser deposition [9], are doping. Third, to distribute the solution from
commonly utilised. Wet methods, namely  the metal nozzle edge in ESD, a DC high

chemical bath deposition [10], mist chemi- voltage is positioned between the nozzle and
cal vapor deposition [11], and spray pyroly- the conductive substrate. When the flow rate
sis [12], are also employed. and electric field are adjusted to match the

Additionally, this study aims to inves- viscosity and resistivity of the solution, the

tigate the ZnO growth mechanism, and the spray shape known as the “cone-jet mode”
MSP, namely, lattice parameter ratio (c/a), [13] is illustrated in Fig. 1 (a).

Droplet
© Formation
w by charging
: Acceleration
npiye of charged
= / droplets to
+ 4 44 ITiO substrate

Hot Plate Substrate

(a). Schematic diagram (b). Experimental setup
Fig. 1. Schematic diagram of ESD.

As the cone-jet mode is used, the drop- splitting apart. Fifth, from a physics point
lets that are created are of the same size [ 14]. of view, Coulomb forces cause the charged
Fourth, as a result of the evaporation of the =~ droplets to repel each other, preventing
solvent in the droplets, the charge density =~ them from colliding. These features allow
on the surface of the droplets increases, for creating dense and homogeneous thin
which results in the droplets automatically  films using ESD.
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Moreover, few studies have examined
the growth mechanism of oxide-based
semiconductors deploying the ESD tech-
nique [15] and focused on the solution that
was selected [16]. This study represents the

2. EXPERIMENTAL METHODS

first step in developing cost-effective and
easy-to-use technologies that allow visible
light to pass through without obstruction
using the novel ESD method for oxide-
based semiconductor research studies.

The zinc sources used in this study were
ZnCl, (98 % Assay, ZnCl,=136.32), Lot.
LEH7398, Mfg. Date. 2021.09, FUJIFILM
Wako Pure Chemical Corporation). The
solutes were ethanol (CH,CH,OH (99.5),
Cat. No. 14033-70, FW: 46.07, KANTO
CHEMICAL CO, INC) and deionized
water (H,0). ZnO films were deposited
using ESD on a conductive In,O,:Sn (ITiO)
coated alkali-free glass substrate. Figure 1
displays the ESD schematic experimental
diagram. For the ESD spray method, 20 ml
of six different spray solutions were made
by changing the amounts of H,O and HCI.
In order to investigate the growth mecha-
nism of ZnO, eighteen (18) ITiO substrates
were used with sizes 7.5 mm x 7.5 mm. The
previous work included detailed experi-
mental procedures [16].

X-ray diffraction was used to gain
insight into the crystallographic directions
of the ZnO films (XRD; Rigaku Ultima 1V,
Rigaku SmartLab). The analysis of the ZnO
thin films of MSP included assessing the
ratio of lattice constant parameters, namely

3. RESULTS AND DISCUSSION

the c/a, ratio. Here, ‘a’ (A) represents the
lattice parameter along the x-axis, while
‘¢’ (A) represents the lattice parameter
along the z-axis. Furthermore, the novel
ESD method correlates the lattice posi-
tional parameter, 1, which is dimensionless
parameter, and lattice bond length, L (A)
with the basic crystal growth mechanism
[17], [18]. Below are the mathematical
procedures relevant to this estimatio, (1-3)
[19]-[21].

A
(c/a)= [SMPo02/ , |1 ()
(12
p=17 +0.25; ()
a? 2 2 172,
L=(;z+05-p) *c) ~ 3)

where A, 6, are lambda as the wavelength
(1.54 A), theta as angle (diffraction angle,
Bragg’s law), beta as angle (in radian),
respectively.

Equation (1) allows us to obtain the lat-
tice constant ratio, c¢/a, of the unit cell for
the hexagonal wurtzite structure of ZnO.
The reported values for the c/a ratio for bulk
ZnO are 1.602 [22]. In the previous study,
all the samples showed varying values
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when the HCI concentration was changed
with a variation in the H,O ratio in the ESD
spray samples [16]. These samples were
tested at temperatures ranging from 300 °C
to 500 °C.



= 1.60F -
3 0.005 M HCI effect (@) ® = @ 0015 M HCl effect (d)
= 0% H,0 605k s 0% H,0
2 g
= =
£ g
S -
W
s | _ < 1.600F
E 159 £ O
S O 3 _'
@ L
g _;1.591 ‘o
E o 5
1.580__, . - , . .
300 400 500 300 400 500
Temperature (°C) Temperature (°C)
= b = (e)
= 0.005 M HCl effect  (b) = 0.015 M HCI effect ®
) 20% H,0 o S L6 500, 1,0
Stset g -
= =
1 1
5 5
E D159
= 1.590F g @
3 3
=9 =3
2 o 2
E @ e £ |
= 1.588] Sy @ ) .
300 400 500 300 400 500
Temperature (°C) Temperature (°C)
= ® (©) = 0.015 M HCl effect ®
~ ~
OV | Ry e 50% H,0 @
g S1.592
g 8 e
> o s | @
2 1608 21.580
£ H
; B
2 . S
g o 31.583
‘E 1.5 0-005 M HCl effect 2%
5 =] g
k] [ 50% H,0 . . K ®
300 400 500
Temperature (°C) 300 500

Tempe#g‘%ure (°0)

Fig. 2. Lattice parameter ratio, (c/a) of ZnO film according to (a—c) 0.005SM HCI, and (d—f) 0.015M HCI weight
ratio of H,O/solvent in the solution deposited by ESD at 300 °C, 400 °C and 500 °C, respectively.

Figure 2 (a—c) and Fig. 2 (d-f) show
the c/a results for the ZnO thin film study
for the 0.005 M and 0.015 M HCI mixed
samples, respectively. Figure 2 (a—b) dem-
onstrates a progressive increase in the c/a
ratio between temperatures of 300 °C and
500 °C. On the other hand, Fig. 2(c) shows
a decrease in the value of c¢/a from 300 °C
to 400 °C, followed by an increase from
400 °C to 500 °C. Figure 2 (d—f) depicts
the results of the 0.015 M HCI mixed ESD
spray sample. Figure 2 (d) and Fig. 2 (f)
displayed remarkably random behaviours.
Besides, 20 % H,0 mixed samples explain
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the increasing tendency of the c/a value. In
comparison, the low-concentration HCI
mixed samples showed an expansion in
the behaviour of the c/a analysis results.
On the other hand, the high concentration
ESD samples demonstrate the compression
nature of the c/a values. Perhaps, this is a
link between the stiffness at the atomic level
due to the high concentration (0.015 M) of
the HCI component [16], [22].

The study of the positional parameter
(p) in the wurtzite structure measures the
amount by which each atom gets displaced
with respect to the next, and the value of



m can be calculated using Eq. (2). Figure 3
(a—c) and Fig. 3 (d-f) plot the results of p,
representing the mixed samples of 0.005 M
and 0.015 M HCI, respectively. These sam-
ples have varying ratios of H,O, specifi-
cally 0 %, 20 %, and 50 %, in the ESD.
Fig. 3 (a) consistently shows a decreas-
ing trend for p across the entire tempera-
ture range from 300 °C to 500 °C. Besides,
Fig. 3 (b, ¢) represents the result of u for
the 20 % and 50 % H,O ratios in the ESD
spray technique. In both figures, in the tem-
perature range from 300 °C to 400 °C, p
starts to increase, then from 400 °C to 500 °C,
it decreases. Despite mixing a small amount
of HC], the behaviour of this sample remains

highly dynamic. This rapidly evolving tech-
nique might enable the development of ZnO
thin film technology using a novel electro-
static discharge (ESD) approach.

Figure 3 (d—f) illustrates the reaction
of ESD spray solution samples to varying
H,O concentrations in 0.015 M HCI. Figure
3 (d—f) reveals a range of very random fea-
tures that might be considered unstable in
nature for high-concentration ESD samples.
In Fig. 3 (d), p starts to increase from 300 °C
t0 400 °C, and then it decreases from 400 °C
to 500 °C. Fig. 3(e) consistently shows a
decreasing trend for p across the entire tem-
perature range from 300 °C to 500 °C.
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Fig. 3. Lattice positional parameter, (i) of ZnO film according to (a—) 0.005M HCI, and (d—f) 0.015M HCI
weight ratio of H,O/solvent in the solution deposited by ESD at 300 °C.
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In addition, in Fig. 3(f), u decreases
from 300 °C to 400 °C and then increases
from 400 °C to 500 °C. Furthermore, the
microlevel atomic positional analysis
reveals a subtle consistency in the low con-
centration of ESD spray samples.

In the wurtzite structure, the bond length,
L (A),is determined by measuring the closest
distance between atoms in relation to the
neighbouring atom. The value of L (A) can
be determined using Eq. (3). Figure 4 (a—)
and Fig. 4 (d—f) indicate the findings about
the lattice bond length, L (A), of ZnO thin
film using ESD technology. In Fig. 4(a, b),
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L (A) was found increasing in nature for
the studied temperature ranges. However,
in Fig. 4 (c), the results decreased. Figure
4 (d-f) showed an increasing value for the
0.015 M HCI results. When comparing the
bond length results of HCI solutions with
concentrations of 0.005 M and 0.015 M, it
was found that the bond lengths were the
same for the low concentration HCIl mixed
sample [17], [18], [22]. This suggests that
the low concentration HCI sample stimu-
lates the ZnO thin film growth mechanism
through the innovative ESD technology.
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Fig. 4. Lattice bond-length, (L) of ZnO film according to (a—c) 0.005M HCI, and (d—f) 0.015M HCI weight
ratio of H,O/solvent in the solution deposited by ESD at 300 °C, 400 °C and 500 °C.



This study investigated the growth
mechanism of ZnO semiconductor thin
films by varying the H,O ratio spray solu-
tion in the presence of HCI acid. We car-
ried out the analysis using the ESD method
on a conductive In,0,:Sn (ITiO)-coated
alkali-free glass substrate at temperatures
of 300 °C, 400 °C, and 500 °C. The crys-
tal quality of ZnO thin films made with
the new ESD technology is not as good as
films made with evaporate [9], [10] or moist
[22], which are earlier methods. However,
XRD reveals that adding a small amount of
HCI (0.005 M) significantly improves the
growth process of these films with chang-
ing the H,O ratio. When low concentra-
tions of HCI (0.005 M) were mixed with
ZnO thin films made using the novel ESD
method, the structural parameters, p, and L
(A) showed satisfactory stability and con-

4. CONCLUSIONS

sistency. From a physical standpoint, this
stability is very important for the growth
of thin film development with high-quality
crystal [22]. In contrast, the high concentra-
tions (0.015 M) of the HCI mixed sample
showed complex behaviour compared with
low concentration HCI samples by ESD
technology. Furthermore, it became clear
that this conjugate pair of low-concentra-
tion HCl and H20O combinations could
enhance the ZnO thin film. However, the
results that emerged from the current study
on the growth mechanism of ZnO thin films
were physically satisfactory, indicating that
they might be considered cost-effective.
Further investigation on other properties is
also needed for clear visualisation on ZnO
growth mechanism by the novel ESD tech-
nique.

ESD differs from traditional methods
in that it uses charged droplets to precisely
regulate film homogeneity and density. This
results in high-quality films with excep-
tional surface flatness and uniformity, as
well as fewer flaws and reduced material
wastage.

The correlation between the growing
technique of ZnO semiconductor thin films
and the microstructural properties (MSP)
is easily discernible. Furthermore, future
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The Solar Chimney Power Plant (SCPP) utilises a two-step procedure to transform solar
energy into electricity. First, it uses a solar collector to turn sunlight into thermal energy. Then,
this thermal energy is transformed into kinetic energy as it raises a chimney and finally into
electrical energy via a wind turbine and generator. A numerical simulation of a prototype in
Manzanares, Spain, was conducted using a 2D axi-symmetric model and computational fluid
dynamics with an RNG k-turbulence model. The simulation also involved solving the radia-
tive transfer equation with a two-band discrete ordinate radiation model. This study aims to
evaluate the effect of vegetation beneath the collector roof on a solar chimney power plant’s
performance. Our research compared various designs of these power plants, both with and
without vegetation. Three configurations were examined in this study: a standard power plant,
a power plant with a secondary collector roof, and a power plant with both secondary and
tertiary collector roofs. According to our findings, the system with secondary and tertiary col-
lector roofs demonstrated the highest electricity generation capacity, yielding an annual output
ranging from 34 to 80 kW. The findings indicate that adding vegetation into a solar chimney
power plant is feasible but will most likely reduce the plant’s energy generation.

Keywords: Electrical generator, numerical simulation, solar chimney, solar energy, veg-
etation.
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1. INTRODUCTION

The growing need for energy and
dependence on non-renewable fossil
fuels has caused environmental con-
cerns. Solar chimney power plants offer
a promising solution as a clean energy
source. The described system is a renew-
able energy technology that harnesses
solar radiation to increase the internal
energy of air, afterwards converting it
into electrical energy through the utili-
sation of wind turbines. The concept
of utilising air energy as a means of
power generation was initially intro-
duced by Spanish Colonel Cabanyes
during the early 1900s [1]. In the 1980s,
researchers put Cabanyes’ idea to the
test by building a prototype of a Solar
Upwind Power Plant, also known as a
Solar Chimney Energy System or Solar
Tower [2]. Solar Upwind Power Plants
are a clean and eco-friendly method
of capturing solar energy to gener-
ate electricity [3]. The Solar Chimney
Power Plant system represents a form
of renewable energy generation that
effectively converts solar energy into
thermal energy, followed by the con-
version of thermal energy into kinetic
energy, and ultimately into electrical
energy [4]. The Solar Chimney Power
Plant was initially introduced by Profes-
sor Jorg Schlaich during the latter part
of the 1970s. Subsequently, a prototype
of this design was subjected to testing
in Manzanares, Spain, during the early
1980s [5].

In recent times, several studies have
undertaken an analysis of Solar Col-
lector Performance Parameters (SCPP)
utilising widely employed commercial
Computational Fluid Dynamics (CFD)
software packages, including FLUENT
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and TRNSYS [6]{12]. A study by Ming
et al. [13] analysed the impact of cross-
wind velocity on SCPP performance.
Cao et al. [10] evaluated SCPP perfor-
mance through a design and simulation
analysis using TRNSYS. In their 2007
simulation, Huang et al. [14] employed
a Spanish prototype plant and utilised
the Boussinesq model and DO to simu-
late natural convection and radiation,
respectively. It was discovered that
augmented solar radiation resulted in
elevated temperature disparities and dif-
ferential pressure at the intake and out-
flow of the collector, as well as at the
transition section between the collection
and the chimney.

In their study, Gholamalizadeh and
Kim (2016) employed a three-dimen-
sional computational fluid dynamics
(CFD) analysis together with a two-
band radiation model to replicate the
greenhouse effect and heat transport
within the system [9]. Their research
underscores the importance of green-
house effect simulations in assessing the
performance of solar combined power
and cooling (SCPP) systems. The study
conducted by Guo et al. [15] involved
the integration of radiation, solar load,
and an actual turbine in a simulation to
investigate various power-regulating
strategies for solar chimney turbines.
The researchers compared the outcomes
obtained from a fan model with those
obtained from an actual turbine.

The study conducted by Nasirivatan
et al. (2015) examined the influence of
Corona wind on the performance of solar
chimneys [16]. In 2016, Ghalamchi et
al. conducted an optimisation study on a
pilot solar chimney configuration, con-



sisting of a 3-meter height and a 3-meter
collector [17]. Liu and Li (2020, 2021)
conducted an assessment on the thermal
efficiency of a solar chimney system
incorporates a phase change material
(PCM) [18], [19].

The study conducted by Attig et
al. (2015) involved the comparison
of a three-dimensional computational
fluid dynamics (CFD) model of a solar
chimney power plant (SCPP) with the
Manzanares plant prototype [20]. The

2. PHYSICAL MODEL

objective of the study was to investi-
gate the operational aspects of SCPP in
Tunisia. In their study, Akhtar and Rao
conducted an analysis on the economic
efficiency of a 200 MW supercritical
coal-fired power plant (SCPP) located
in Rajasthan, India [21].

The objective of this study is to
investigate the feasibility of the incor-
poration of vegetation under the collec-
tor roof of a solar chimney.

A physical model of SCPP is estab-
lished to examine the influence of buoy-
ancy on flow and heat transfer. The design
is based on the Manzanares power plant
with a 194.6-meter-tall chimney (Hch) and
10.16-meter-wide diameter (rch). The col-
lector has a radius (Rcol) of 122 meters and
an average height (Hcol) of 1.85 meters,

Dch

—
(\ f—) Air outlet

chimney

i

Turbine

Collector roof

\-\l

v

Air inlet

and the turbine is positioned 9 meters above
the ground. The collector height increases
to a maximum of 6 meters near the chim-
ney base, which results in the airflow being
directed upwards before reaching the tur-
bine. The ground, serving as the energy stor-
age medium, is assumed to be five meters
thick. This design is illustrated in Fig. 1.

Solar radiation Hy

"
r

Ground Generator

Fig. 1. A diagram of the solar chimney power plant system.
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3. ELECTRICITY PRODUCTION

3.1. The Collector

The formula for the heat gained by air
in the collector is as follows:

0=1,4,06, )

col.” “col.
where 4,,,G and 17, are the solar collector
area (4= mR_ ), the solar radiation and
the solar collector efficiency, respectively.
O represents also the generated heat due to
the effect of the greenhouse in the collector
and can be expressed as follows:

Q=C,mAT , 2)

3.2. The Chimney

As stated in [24], the chimney’s effi-
ciency is defined as follows:

gHcn
Nen =
c CpTa >

)

where H , represents the height of the chim-
ney, 7 stands for the ambient air tempera-
ture, and the flow power P | is expressed as
follows:

3.3. The Turbine

Turbines are installed at the bottom of
chimneys to transform the kinetic energy
of air flow into mechanical energy through
rotation. According to [22], the maximum
amount of mechanical power that can be
generated by the turbine is as follows:

2
Pm = EncolnchAcoIG- (8)
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where m=p V. A, . 3)
Then, the efficiency of the solar collec-
tor is described as follows:

p,V,A,CAT

h’ch P
U

AcnIG (4)

In this context, m represents the mass
flow, 4 , denotes the surface area, and V,
signifies the velocity at the entrance to the
chimney.

HC
Piot =Nen Q= %pcoIVchATAch, (6)

The pressure difference, AP,,;, cre-
ated between the base of the chimney
and its surroundings, is determined by:

AT
APtot = pcoIchh T_a (7)

The amount of electrical energy gener-
ated by the central solar chimney is deter-
mined by:

_9
CpTa

HchAcoE G. (9)

p = 2
e Encointu?’b



4. INCORPORATION OF VEGETATION UNDER
THE COLLECTOR ROOF OF SOLAR CHIMNEY POWER PLANTS

With vegetation added to the collector, the collector’s circumference (360°),
the existing physical model (shown in Fig. 1) extending inward from the collector’s
must be modified. As shown in Fig. 2, the  perimeter to a determined radius (Rveg).
collector is divided into two parts: one for This allows vegetation to be situated under
vegetation and one for the ground. The veg- the collector roof without suffering from the
etation is assumed to be planted all around high temperatures near the chimney:.

A : Vegetation section Chimney

B : Ground section i

i Collector
Vegetat%)n

:\A:B! """"""

| Ground

Fig. 2. The addition of vegetation under the collector roof creates two sections in the collector:
the vegetation section and the ground section.

5. APPROACH FOR THE POROUS MEDIUM

Since the 1980s, the greenhouse cli- A porous material is composed of a solid
mate uniformity assumption has been  matrix containing interconnected pores
widely adopted for modelling heat and  through which fluid can flow. The presence
mass transfer. This assumption presumes  of the solid matrix significantly affects the
that the greenhouse environment is per- transfer of properties such as momentum
fectly uniform, with a single temperature  balance, as the friction on the matrix affects
and air speed assumed to be consistent near  it. Darcy’s law [26] is a simple model that
the walls and at ground level, or within the explains the relationship between the pres-
vegetation, which is typically modelled as a sure gradient and the velocity vector in a

large, uniform-temperature “big leaf” [23]. defined space.
Modelling the flow of heat, vapour, and U
momentum in a greenhouse is essential for gradP = —Eu . (10)

understanding and predicting the crop’s
response to external physical factors. The
complexity of defining and designing a 3D
domain makes it challenging, but using
vegetation as a porous medium is proposed
as a solution [24], [25].

The intrinsic permeability of the porous
medium, which only depends on its geom-
etry, is represented by the coefficient K.
This law does not include the inertia term
and represents the momentum equation.
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The validity of Darcy’s law is defined by
the modified Reynolds number [26].

rRe, =LK,
v

(11)

where U — wind speed and v — the air’s
kinematic viscosity.

Many experiments have verified Dar-
cy’s law, but it only applies when the fluid
flow is slow and the Reynolds number (Re,)
is below one based on typical pore size.
This means that friction resistance is more
significant than resistance due to changes
in flow direction. Furthermore, there is a
transition domain (1<Re, <10). When this
occurs Re, =10, the pressure gradient is
influenced by both the flow speed and its
square. This is true even if the flow within
the pores does not turn turbulent, as the
resistance to flow caused by friction is simi-
lar to the resistance due to the shape of the
pores (which causes changes in flow direc-
tion). The Darcy equation (10) must then
be revised by incorporating a factor that
depends on the velocity squared; this results

in the Darcy-Forchheimer equation [26].

u
radP =—"—u
& K

_Cfr

Niq (12)

pul,

where p is the fluid’s density and Cp is
a dimensionless factor that depends on
the characteristics of the porous medium,
referred to as the inertial factor or nonlin-
ear pressure drop coefficient. Initially con-
sidered ¢, was a universal constant of the
order of 0.55; however, it was later found
to vary between 0.1 and 0.61, depending on
the porous medium’s composition [26].

In greenhouse conditions where the
crop’s permeability is substantial (the order
of magnitude of dynamic viscosity 4 is
10 for air), the pressure gradient is only
influenced by the quadratic term as the vis-
cous term is negligible [26].

gradP = —CT;{/)MU ,

(13)

where u —the velocity vector; U — the wind
speed.

6. FLOW INTERACTION WITH VEGETATION COVER

The interaction between a plant canopy
and air flow causes a decrease in momentum
and increased absorption of solar energy
by the leaves. This includes heat, water
vapour release through transpiration, and
exchanges in photosynthesis. These fac-
tors must be taken into account when using
computational fluid dynamics (CFDs). The
loss of momentum is due to the impact of
the pressure gradient (gradP), as repre-
sented by a commonly used formula in [26].

(14)

gradP =L,C,puU ,
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where L, is the leaf area, u is the air veloc-
ity, and C, is the friction coefficient.

Studies [26], [27] combined this tech-
nology with a porous media approach.
The inertial factor and permeability of the
porous media are determined based on the
plant’s characteristics using the relation-
ship.

(15)



7. BOUNDARY CONDITIONS

Table 1 illustrates the physical model’s
boundary conditions. The roof of the col-
lector is treated with a convection boundary
condition, where the heat transfer coeffi-
cient from the collector roof to the environ-
ment is computed by Pretorius and Kroger
[28]. The solar insolation that enters the
computational domain through the semi-
transparent collector cover is acquired from

Table 1. Boundary Conditions

data sources [6], [29].

In a Solar Chimney Power Plant, a wind
turbine that operates in stages of pressure is
positioned at the base of the chimney. This
design keeps the air velocity unchanged
both before and after the turbine. To deter-
mine the pressure differential across the
turbine during simulations, an iterative pro-
cess was employed [9].

Cover of the collector

Place Type Value

E::ifsst(:)fretlzz layer Wall Adiabate

Bottom Wall T=330K
Mixed,

Wall (semi-transparent)

h=9.5W.m?.K", T = Tambiante
solar irradiation

Surface of the chimney and junction Wall Adiabatic
Axe Axis Symmetry
Collector inlet Pressure inlet Pg@g =0Pa
Chimney outlet Pressure outlet P =0Pa

gage

Pressure drop across the turbine

Reverse fan

Calculated by the iterative approach

8. BOUNDARY CONDITIONS AND

PHYSICAL PROPERTIES OF THE SYSTEM

The main settings of the CFD simulation
are outlined in Table 2a, and the construc-
tion materials and their physical properties
are presented in Table 2b. Furthermore, a

Table 2a. Boundary Conditions

portion of the ground surface area is cov-
ered with vegetation under the collector
roof (as seen in Fig. 2) with dimensions
specified in Table 3.

Classification | Setting Classification | Setting
-Pressqre-based .cou.pled a!gorlthm. Viscous “RNG k —& model.
Solver -2D axisymmetric simulation. model _ Full buovancy effects
-Steady state (second-order upwind discretization). yancy ’
- DO (discrete ordinates).
_ - Theta divisions: 3.
fns;gizn Activated. i‘(’;‘i‘;‘l“on _ Phi divisions: 5.
d - Theta pixels: 3.
- Phi pixels: 5.
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Table 2b. Physical Properties of Materials [28]

Physical property
(unit)

Glass

(collector roof)

Ground
(soil)

Chimney
(concrete)

Wavelength band

Visible
0.1 =3) um

Infrared
(3 -100) um

Absorption coefficient

0.04

0.95

0.90

Transmission coefficient

0.92

0.05

Absorption coefficient (m™')

30

104

Emissivity

0.9

Refractive index

1.526

Extinction coefficient (m™)

Density (kg/m?)

2700

2160

Specific heat (J/Kg.K)

840

710

Thermal Conductivity (W/m.K)

0.78

1.83

Thickness (m)

0.004

Surface roughness ()

0.05

Table 3. Physical Properties of Vegetation [30]-[34]

Physical properties of vegetation

Density (kg/m?®)

800

Specific heat capacity (J//Kg.K)

32247

Thermal conductivity (W/m.K)

0.213

Emissivity

0.98

Absorptivity

0.77

Surface roughness (m)

0.1

The height of vegetation hveg (m)

0.3

Radial distance from perimeter (1)

106.5

9. PARAMETERS EMPLOYED IN THE POROUS MEDIA MODEL

The vegetation cover is modelled as a
porous medium using the Fluent 17.1 pro-
gram for solving fluid dynamics equations,
which combines the traditional porous
medium approach with the discretization of
Darcy and Forchheimer equations. The veg-
etation cover in this study consists of a row

10. SIMULATION AND RESULTS

of young cowpea plants surrounding the col-
lector in a 360° orientation, extending to a
specified radius, Rveg, with a height of 0.3
m. The intrinsic permeability of the porous
medium is defined as K = 0.884 and the non-
linear pressure drop coefficient as = 1 [26].

Four numerical simulations are con-
ducted: (1) solar chimney power plant
without radiation and vegetation, (2) solar
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chimney power plant with radiation and no
vegetation, (3) solar chimney power plant
without radiation but with vegetation, and



(4) solar chimney power plant with radia-
tion and vegetation. These simulations are
based on the previously described plant
specifications, the properties of the vegeta-
tion, and an assumed maximum tempera-
ture of 39 °C at which the vegetation can
operate without disrupting photosynthesis
(lower than the values determined in [34]).
The study examines the inclusion of veg-
etation under the collector roof, extend-
ing from the collector perimeter to radii of
Rveg = 106.5m.

The temperature and velocity profiles
of the fluid in the collector with and with-
out vegetation are shown in Figs. 3 and 4,
respectively, for a specific solar radiation

level (Q= 1000 W/m?). The temperature and
velocity of the fluid increase as the radius
decreases and approaches the base of the
chimney. Figure 3 displays the air velocity
profiles through the collector, and it can be
seen that in the vegetation zone, the speed
decreases slightly before gradually increas-
ing closer to the base of the chimney. The
highest temperature and velocity of the fluid
are recorded in the solar chimney power
plant without vegetation and with radiation,
as seen in Figs. 3 and 4. This indicates that
both the presence of vegetation and radia-
tion play a role in the performance of the
solar chimney power plant.

Velocity [ ms~-11]

_————

\
A\

S

—

/’

B B e e e B e N B m s e |
0 20 40 60

— T T T T T T T T T T
80 100 120 140

X[m]

— y=0.2" solar chimney with radiation and without vegetation

—— y=0.2 Solar chimney with radiation and vegetation

—— y=0.2 Solar chimney without radiation and vegetation

= y=0.2 Solar chimney without radiaton and with vegetation

Fig. 3. Velocity profile of the different SCPP systems in the collector at (Rveg =106.5 m),

Y=02and T

sol-air
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Fig. 4. Temperature profile of the different SCPP systems in the collector at (Rveg =106.5 m),

Y=02and T

sol-air

The simulations of the reference plant,
secondary collector roof, and secondary and
tertiary collector roof systems have been
carried out as outlined in [11]. The results,
shown in Table 4, demonstrate that the sec-
ondary and tertiary collector roof systems
generate the most electricity compared to

= 324K and solar insolation of 1000 W / m?.

the other systems. However, incorporat-
ing vegetation into a solar chimney power
plant reduces the electricity production as
compared to solar chimney systems with-
out vegetation. Adding vegetation may be
a possibility, but it leads to a significant
decrease in the power output of the plant.

Table 4. The Comparison of Power Output at a Solar Irradiation

of 1000 W/m2 and a Ground Temperature of 324 K

Power output (Kw)
Systems With vegetation Without vegetation
Reference plant 31.2 50.01
Plant with secondary collector roof 39.6 59.7
Plant with secondary and tertiary collector roof 60.04 80.2
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11. A CASE STUDY

The functioning of solar systems is
strongly tied to the amount of solar radia-
tion received. Our initial focus was on this
key factor. The German Special Agency
states that Algeria has a higher solar poten-
tial compared to other countries in the Med-
iterranean region [35].

This study focuses on Tamanrasset,
a city in southern Algeria with an ideal
location for utilising solar energy and its
associated technologies. The city’s geo-
graphical coordinates are listed in Table
5. We obtained the average monthly daily
solar radiation data, measured in MJ/m2/
day, from various national and interna-

tional databases, including the Solar Atlas
of Algeria [29], [6], the Photovoltaic Geo-
graphical Information System, and Metro-
nome, which is a commercial data source.

The Tamanrasset region is in the south-
ern part of Algeria and boasts a dry Saharan
climate with abundant sunshine and flat,
unused areas, making it an ideal location for
solar energy utilisation and the adoption of
SCPP technology. This will provide electric
power to remote villages in southern Alge-
ria. Additionally, harnessing thermal energy
in the collector zone through greenhouse
farming practices will significantly reduce
the cost of energy production.

Table 5. Geographical Coordinates of Tamanrasset Region

Sites Lat. °N

Long. °E

Alt. (m) Climate

Tamanrasset 22.8

5.5 1381

Arid

Figure 5 displays the monthly variations
in solar radiation in the Tamanrasset region.
It can be seen that Tamanrasset experiences
high levels of solar radiation (28.8 MJ/m2/
day), and the highest levels occur in June.

30 ¢

25 +

20 +

10

Solarradiation(M.J/m2/day)

Figure 6 illustrates the variations in the
average ambient temperature of the Taman-
rasset region throughout the year. The aver-
age ambient temperature in Tamanrasset
can reach 29 °C.

J F

M A M

J 1] O S O N D

Months of the yvear

Fig. 5. Monthly solar radiation in the Tamanrasset region.
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Fig. 6. Monthly ambient temperature in the Tamanrasset region.

Three numerical simulations were
conducted based on the plant specifica-
tions, vegetation properties, and maximum
temperature for vegetation survival, as
described in [11]. The simulations involved
the reference plant, a secondary collector
roof, and systems with secondary and ter-
tiary collector roofs. This section covers the
integration of vegetation under the collector
roof, from the collector’s edge to the Rveg
rays of the collector.

Tamanrasset, the reference plant, secondary
collector roof, and secondary and tertiary
collector roof systems (detailed in [11]), we
found that the secondary and tertiary collector
roof systems generated the most electricity, as
shown in Figs. 7-9. They display the monthly
electricity generated by SCPP located in the
Tamanrasset region. The figures indicate that
the reference solar chimney with vegetation
(without a secondary collector roof) produces
less electricity than the reference solar chim-

By comparing the three systems at ney without vegetation.

70

60
Z 50
%
b
E 40 =g The reference plant
g witout vegetation
° 30
z
E 20 —m— The reference plant with
it vegetation Rveg = 1065 m

10

0

JEMAMI J OS ONTD
Months of year

Fig. 7. Monthly average productivity of the power of the solar chimney at Tamanrasset.
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Monthly average productivity of the power of the solar chimney at Tamanrasset.
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Fig. 9. Monthly average productivity of the power of the solar chimney at Tamanrasset.

12. CONCLUSIONS

This paper presents a numerical study of
solar chimney power plants with and with-
out the presence of vegetation. The main
aim is to evaluate the impact of vegetation
on the plant’s power output when placed
under the collector roof. We analysed the
performance of different solar chimney
power plant configurations with and with-
out vegetation under the collectors.

We included the reference plant, a sec-

&9

ondary collector roof, and systems with
secondary and tertiary collector roofs.
According to the findings, the secondary
and tertiary collector roof system had the
greatest electricity production, generating
an annual output of 34 to 80 kW. The results
indicate that incorporating vegetation into a
solar chimney power plant may be possible,
but it will result in significant reductions in
the plant’s power output.
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