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The paper demonstrates the possibility of forming specific nanostructures of the “par-
quet” type of nanowires on the InP surface. The resulting nanostructure is characterised by an
ordered transverse and longitudinal relative shift of separate nanowires. A dislocation model is

proposed that explains the mechanism of such structure formation. The numerical estimates of

the geometric parameters of the nanostructure obtained during theoretical modelling are quite

adequate for the experimental results.

Keywords: Dislocations, electrochemical etching, indium phosphide, periodic nanostruc-

tures, porous oxide.

1. INTRODUCTION

The interest in nanostructured semi-
conductors is due to the variety of mor-
phological forms obtained [1], [2] and the
broad prospects for applications [3]-[14].
Today, many different methods of surface
nanostructuring are known, including the
method of reactive magnetron sputtering
[15], matrix synthesis [16], electrochemical
deposition [17], [18], electrochemical etch-
ing [19], [20], lithography [21], etc. Elec-
trochemical etching is increasingly popular

due to the simplicity of technology and low
cost [22]. This method has shown the high-
est efficiency for the nanostructuring of Si
and A B, semiconductors, in particular, InP,
GaP, GaAs [23]-[25]. When these semi-
conductors are etched in selective etchants,
etching holes are often observed on the sur-
face and in most of the crystal [26], [27].
A high concentration of etching pits deter-
mines the porous structure of the semi-
conductor plate, which causes a change in



properties and has been widely used. In par-
ticular, as a result of the high surface rough-
ness, the range of light absorption expands,
making it possible to use such structures
as a material for PEP [28]. When the resis-
tivity of porous structures is increased, an
improvement in piezoelectric character-
istics is observed, which is promising for
the creation of sensors [29]. Porous semi-
conductors are known to be applied as a
template for nanorods and nanotubes [30].
Porous layers are a ‘soft’ substrate for grow-
ing thin films, in particular, InN, GaN, etc.
[31]. A promising direction is now directed
controlled electrochemical etching, which
leads to the formation of ordered periodic
nanostructures [32].

As a rule, the formation of pores during
electrochemical etching of a semiconductor
begins at the sites of localisation of crystal
lattice defects [33], [34]. This process can
be accompanied by alternative reactions,
for example, the formation of continuous
insoluble films, surface texturing, over-
growing with oxides, etc. [35]-[38]. This is
the reason for the low controllability of the
process and the lack of a single mechanism
for the pore formation process on the semi-
conductor surface.

In this study, the formation of periodic
porous structures on the surface of n-InP
(111) is reported, the mechanisms of their
formation and their chemical composition
are investigated.

2. EXPERIMENTAL DETAILS AND RESULTS

The structures were formed by
electrochemical etching in a hydroal-
coholic solution of hydrofluoric acid
HF:H,0:C,H,OH=1:1:2 at a constant cur-
rent density j=150 mA/cm’>. A simple
electrochemical cell with platinum on the
cathode was used for etching. The experi-
ment was carried out in the dark at room
temperature. Before the experiment, the
samples were cleaned with alcohol and
vinegar. After electrochemical etching, the
samples were kept in the same electrolyte
for 10 minutes. The technology is described
in detail in our work [19], [34]. The elec-
trolyte was stirred during etching in order
to remove bubbles from the semiconductor
plate.

The morphological characteristics of
the produced nanostructures were investi-
gated using scanning electron microscopy.
Chemical analysis of the surface layers
was performed using the EDAX and INCA
energy methods.

As a result of etching, structures were
obtained in the form of massive porous
nanowires packed according to the “par-
quet” type (Fig. 1a). The thickness of each
wire is about 10 microns, the height is up
to 10 microns, and the length is between
100 and 130 microns. The distance between
the parquet layers is 20 to 50 microns. The
wires have a porous, loose structure. They
peel off easily from the crystal surface.
Also, on closer inspection, one can notice
that the parquet areas are easily combined
with each other. In Fig. 1b, one can see a
nanowire that broke at a cleavage of the
crystalline material. This shows the fragility
and looseness of the structure. In addition,
an uneven crater structure of the surface of
the InP sample is observed.

According to the results of the chemi-
cal analysis of the surface layers, the wires
contain oxygen (Table 1), showing the for-
mation of the oxide phase.
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Fig. 1. SEM image of the InP: a) surface after electrochemical etching in an hydroalcoholic solution of
hydrofluoric acid; b) cleavage with a broken wire.

Table 1. Chemical Analysis of Surface Layers

. Element
Point of the surface Total
(0] P In
a 18.70 11.04 70.26 100.00
b 16.09 8.71 75.20 100.00
c 14.56 10.92 74.52 100.00
d 18.05 3.1 78.85 100.00
Average value 16.85 8.44 74.71 100.00
There are small concentrations of phos-  average 16.85 %), while indium is present in

phorus (on average 8.44 %) and oxygen (on high concentrations (on average 74.71 %).



3. DISCUSSION

3.1. Electrochemical Processes on the Surface
of Indium Phosphide in an Electrolyte Solution

In the interaction of A’B° compounds
with acid solutions, it is necessary to take
into account the nature and chemical prop-
erties of the individual elements that are
parts of the compound, as well as the physi-
cochemical properties of the surfaces of
the compounds. Since In and P elements
are representatives of different groups,
they are amenable to the action of oxidis-
ing agents. This is because of the nature of
their redox properties. The component with
the lower redox potential will oxidise first.
At the same time, to maintain electroneu-
trality, the second component will pass into
the solution simultaneously with it. Since
the standard electrode potential of group
IIT elements has a negative value and lower
values of the potential of group V elements,
In will be oxidised first. It should be noted
that indium is characterised by moderate
chemical activity and is resistant to water
and air. During the electrolytic treatment of
InP in a hydrofluoric acid solution, in the
first stages of etching, a dense oxide film
is formed, presumably of In, O, oxide with
InPO, inclusions. On the other hand, phos-
phorus reacts better with electrolyte anions,
so its sublattice is etched faster. With an
already formed In,O, film, an interaction
takes place between oxide and phosphorus
diffusing from the bulk of the crystal, which
can lead to the release of free indium, met-
allization of the growing layer on the crys-
tal surface, and removal of phosphorus into
the electrolyte solution. As a result, there is
an excessive content of indium in the oxide
layers.

It is obvious that the crystal lattices of
indium phosphide and oxide have a sig-

nificant mismatch. This leads to an appear-
ance of excess stress. In addition, the film is
loosely adhered to the substrate. As a result,
we observe delamination and “spread” of
the film upon further etching of the sample.

In,0, is quite resistant to dilute acids;
however, the current forms pores on its sur-
face, it becomes soft and fragile (which is
well demonstrated in Fig. 1b).

It is not the chaotic spreading of the
oxide film that seems interesting, but the
formation of even parallel steps equidistant
from each other. In addition, there is a lon-
gitudinal uniform displacement of adjacent
steps relative to each other. It is possible
that such a periodicity of the structures is
due to the concentration inhomogeneity
of the impurity distribution in the bulk of
indium phosphide. When a crystal uses the
Czochralski method, a peculiarity of the
distribution of the main (In, P) and minor
(S) components is observed. In the direction
from the centre to the periphery, the con-
centration of charge carriers increases, and
their mobility decreases (a consequence of
the temperature gradient). In addition, long-
range eclastic mechanical stresses prevent
the formation of concentration and geo-
metrically homogeneous single crystal. The
sources of these mechanical stresses are dis-
locations (and their multiplication), which
arise at internal growth defects. As a result,
the crystal has a banded internal structure,
in which areas with normal and high levels
of dopant impurity concentration alternate.

When such a crystal is etched, areas
with an increased concentration of impu-
rities will be etched out faster. As a result,
they will be very porous and have a low



phosphorus content. These areas are the
initial sources of the formation of the oxide
film. In these areas, the oxide layer has

the greatest adhesion to the surface. This
explains the sticking of oxide steps in the

bands of segregation inhomogeneity.

3.2. The Mechanism of Formation of the Periodic Structure

Let us consider in detail a possible
mechanism for the formation of a periodic
structure of defects near or on the sample
surface. As an initial hypothesis, we will
accept the assumption that the geometric
shape of such a structure is identical to the
shape of the surface “parquet” structure.

The sample surface coincides with the
crystal face (111). In this case, the faces
of conservative slip of edge dislocations
for the cubic crystal structure of sphalerite
(InP) are located towards the sample sur-
face, as shown schematically in Fig. 2.

- B
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Fig. 2. Slip faces of edge dislocations in a cubic crystal structure.

Let us assume that at a sufficient dis-
tance from the surface (comparable to the
sample thickness) there is a source of rect-
angular dislocation loops. The mechanism
of operation of this source of dislocation
loops is described in detail in [36]. The slid-
ing system of these loops is a lateral sur-
face of a prism composed of crystal planes
(101), (110) (Fig. 3a).

As a result of repulsive interaction, the
loops will spread along the sliding system
from the source to the opposite surface of
the sample. We will call the first loop (the
most distant from the source) the “head”
one, the next one — “upcoming”. The move-
ment of the loops will stop after one of the

sides of the head loop comes out onto the
surface of the sample (Fig. 3b). A step is
formed on the sample surface, and the other
three dislocations forming the loop will be
fixed. As a result, the following (upcoming)
dislocation loops will stop moving in the
slip system and form a cluster.

Before the emergence of the head dislo-
cation loop on the sample surface, the rela-
tive position of the head and the upcoming
loops is symmetric toward the [010] and
[001] directions (the OY and OZ axes). As a
result, the superposition of the components
of the Peach-Keller forces affecting the sec-
tions of the incident dislocation loop from
the side of the stress field of the head dis-



location loop will be zero for all directions,
except for [100] (the OX axis). This means
that until the head dislocation loop emerges
on the surface, the upcoming loop will not
shift along the OY and OZ axes (Fig. 3a).
After the head dislocation loop emerges

o

b)

on the surface, the symmetry of the mutual
arrangement of the upcoming and head dis-
location loops will be broken. As a result,
it will become possible to displace the
upcoming dislocation loop along the OY
axis (Fig. 3a).

Fig. 3. Rectangular dislocation loops (a) and fixation of the head
dislocation loop of a cluster on the sample surface (b).

Let us apply the expression for the com-
ponents of the Peach-Keller force affecting
per unit length of the dislocation line:

Ji = eiritkoimbm (1)
where ¢ is the Levi-Civita symbol (anti-
symmetric Kronecker symbol); Tk are the
components of the unit vector of the tangent
to the dislocation line; o7, — components
of the tensor of mechanical stresses external
toward the dislocation; bm— components of
the dislocation Burgers vector. This expres-
sion applies Einstein’s rule for summation
using paired (occurring twice) indices. Indi-
ces can take on the values {x,y, z}.

As aresult, the superposition of the com-
ponents of the Peach-Keller force affecting
the individual sections of the upcoming dis-
location loop along the OY axis gives the
expression:

h(3d2+h2)
BrebB
(@ +0*) )
_ H
B= 27(1-0) ’

where b is the modulus of the Burgers vec-
tor of the dislocation loop; g is the shear
modulus of the sample material; o is the
Poisson’s ratio of the sample material; 4 is



the size of the dislocation loop along the
QY axis; d is the distance between the head
and the upcoming dislocation loops; L is
the size of the dislocation loop along the
OZ axis.

Thus, it becomes possible for the

(h30)| 3>+ (h+30)° |

[dz +(h+yo)2J2

1-2) —_p2B

A

upcoming dislocation loop to shift in the
negative direction of the OY axis. After the
upcoming dislocation loop descends below
the ZOX face, the component of the Peach-
Keller force will affect section (1-2) of the
dislocation loop in the negative direction of
the OY axis.

3)

where y, is the modulus of the distance from section (3-4) of the upcoming dislocation loop

to the ZOX face.

The component of the Peach-Keller
force will affect section (3-4) of the dislo-

0 (3d2 +yg)

FO4 —p2p
’ (a2 +32)

If the condition is met
S o S

The upcoming dislocation loop will
stop at a distance y, below the ZOX face.
It will enter the slip system, without the
obstacle in the form of the head loop of the
cluster, and under the influence of the next
upcoming dislocation loop, it will be able
to continue sliding in it until it reaches the
sample surface.

In the initial slip system, the place of the
upcoming dislocation loop, which “dived”
under the head dislocation loop, will be
taken by the next dislocation loop of the
cluster. It will repeat the described “diving”
process twice and will also come to the sur-

cation loop in the positive direction of the
OY axis:

“4)

)

face of the sample.

A similar displacement will be per-
formed by the next upcoming dislocation
loop, and so on.

Under the condition of constant action
of the source of dislocation loops [36],
periodic areas of inhomogeneous defor-
mation are formed on the sample surface,
caused by the periodic elastic field of the
system of dislocation loops, which partially
emerged on the sample surface and fixed on
it (Fig. 4a). Another option may be the for-
mation of nanorelief in the form of periodic
parallel steps (Fig. 4b).
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Fig. 4. A system of dislocation loops fixed on the sample surface (a) and
Periodic nano-steps on the sample surface (b).

The length of the nanosteps is equal to
the length L of sections (1-2) and (3-4) of
dislocation loops parallel to the OZ axis.

Let us find the value y, to estimate the
distance between the nanosteps on the sam-
ple surface.

An attempt to directly solve Eq. (5) leads
to an algebraic equation of the sixth degree.
Its numerical coefficients depend on 4 and
d — the values of the geometric parameters
of the accumulation of dislocation loops.
This makes it impossible to obtain a general
analytical solution that demonstrates the
relationship of these parameters in a general
way. For each specific set of numerical val-
ues of the parameters, a numerical solution
is possible.

There is another way to make an overall
estimate of the value of y,. To perform this
estimate, we investigate the general expres-
sion for the Peach-Keller force acting on the
sections of the dislocation loop parallel to
the OZ axis:

10

y(3d2+y2)
—2L
(d2 +y2)

where y is the ordinate of a section of the
dislocation loop parallel to the OZ axis. The
plus or minus sign is selected depending on
the direction of the dislocation line.

F(y)=+b’B (6)

The function F(y) has two extreme
points:

yi = (2\5—3)51 ~0,681d ;

Y2 =— (2J§—3)d ~—0,681d .

Taking into account the signs of expres-
sions (3) and (4), we determine that at the
points with ordinates y, the component
FU2 hasa maximum, and the component
F (3-4) has a minimum. Thus, it can be esti-
mated that, for all units



yo=0,681d ——, (7)

the dislocation loop will be in a state of sta-
ble equilibrium relative to the displacement
along the OY axis (Fig. 5).

Fig. 5. Position of the upcoming dislocation loop after “diving” under the head loop,
before reaching the sample surface.

Since the slip planes and the sample
surface form an angle of 45°, the distance
between adjacent parallel nanosteps can be
estimated as:

1=~2y0=~2(0,681d —0,5h). (®)

If there are no other defects in the crystal
lattice of the sample, except for the accumu-
lation of dislocation loops in their common
slip system (Fig. 3a), then the superposi-
tion of the components of the Peach-Keller
force displacing the loop along the OZ axis
is zero.

In the presence of other defects in the
bulk of the sample, or on its surface, the
symmetry of the mutual arrangement of the
head and upcoming dislocation loops will
be violated. Such violation can lead to a
nonzero superposition of the components of
the Peach-Keller force displacing the loop
along the OZ axis. In the simplest case, the
initial relative displacement of the head and
upcoming loops along the OZ axis is suf-
ficient for this (Fig. 4a).

Thus, we can explain the longitudinal
displacement of the nanowires observed
on the sample surface after etching. The

11

displacement of the upcoming dislocation
loops in the ZOY face is carried out due to
the shift and stops after the loop partially
emerges onto the sample surface (Fig. 5).
Accordingly, it is reasonable to assume that
the value of the longitudinal displacement
(along the OZ axis) for the incident disloca-
tion loop 5§ will be close to the displace-
ment along the OY axis and along the OX
axis (Fig. 6):

I
£

¢ ¢

Fig. 6. Relative displacement of the head and
upcoming dislocation loops along the OZ axis.



S=2(h+y0)=2(0,51+0,681d). (9

Taking into account the fact that the cut-
off radius of the elastic fields of the head dis-
location loop, which partially emerged on
the surface of the sample, is approximately
equal to &, we take d =& for a numerical

CONCLUSIONS

estimate using Egs. (8) and (9).
In this case, we get:

1~0,256h; S ~2,362h. (10)

These estimates correspond closely to
the experimental results shown in Fig. 1.

1. The paper demonstrates the possibility
of forming specific nanostructures of
the “parquet” type of nanowires on the
InP surface. Their morphological and
chemical parameters have been studied.
According to the results of scanning
electron microscopy, it has been found
that the thickness of each wire is about
10 microns, the height is up to 10
microns, and the length is between 100
and 130 microns. The distance between
the parquet layers is 20 to 50 microns.
3. EDAX shows an excess of indium in
the periodic oxide layers. The shift in
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stoichiometry toward excess indium is
explained by the faster etching of the
phosphorus sublattice.
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to explain the mechanism of formation of
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Direct-write digital holographic (DWDH) printing is a highly flexible technique for the
generation of photoresist masters, which are required to produce the metallic shims used for
the mass production of holograms in the security and packaging industries. Here we describe
a new type of holographic feature, which can be combined with any other feature printable
using DWDH: full-parallax, full-colour transmission masters containing limited animation.
We will also describe a technique to print the fringe pattern of each hogel without using a
reference beam. By programming the required fringe calculation algorithm on a graphics card
using CUDA, we obtain acceptable calculation times. The advantage of using such direct
fringe writing is that once again DWDH allows extra features to be written onto a master
and combined with other features to produce a stronger security solution. Finally, we present
results concerning the use of hogel image dithering to improve the grey-scale performance of
DWDH printers.

Keywords: Digital hologram, direct-write holography, DWDH, image-matrix lithography,
holographic printer, photoresist, security holography.
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1. INTRODUCTION

The technique of writing digital reflec-
tion holograms as a matrix of small adja-
cent elemental holograms (now known as
‘hogels’) was first demonstrated by Yama-
guchi et al. [1] (JP) in 1990. These early
experiments, although monochromatic,
slow, and employing contact apertures,
led the way to the development of what is
today known as DWDH or Direct-Write
Digital Holography [2], [3]. In the late
1990s, Klug et al. (USA) working at Zebra
Imaging Inc and Brotherton-Ratcliffe et al.
[4] (LT) working at Geola UAB improved
Yamagushi’s technique to allow the produc-
tion of large-format high-quality full-colour
reflection holograms having relatively large
hogels (0.8 mm—-1.6 mm). DWDH was
subsequently developed at Geola Digital
UAB (LT) by Stanislovas Zacharovas et
al. [5]-[9] to produce high-resolution digi-

2. EXPERIMENTAL

tal master holograms for security applica-
tions. Here the hogel size was reduced to
100 microns, and photoresist was used as
the recording medium. This work has led
directly to the recent availability of com-
mercial security mastering machines known
as DIWO (Direct Write Originator), which
complement the well-known techniques
of E-beam [10], Dot-Matrix [11]-[13] and
Image-Matrix or Kinemax [14] technol-
ogy, currently in use by much of the holo-
graphic security industry. The combination
of DIWO technology with Image-Matrix
Lithography and a fast blue pulsed laser
allows the rapid writing of all security fea-
tures from Level 1 to Level 4 in a security
master including achromatic and deep 3D
HPO colour images with covert optical
security features.

Current DWDH security origination is
commercially available through Geola’s
DIWO-6 originator (Fig. 1). This machine
typically uses a DPSS SLM 440 nm blue
pulsed laser operating at 30—120 Hz for fast
origination of security masters, employs a
sequential inscription of holograms, each
comprising an ensemble of elemental parts
called hogels or holopixels (Fig. 2).

As in all DWDH systems, the hogel
constitutes a fundamental holographic opti-
cal unit akin to a pixel in a digital image
but differs by offering varying visual rep-
resentations from different viewing angles,
paralleling the behaviour of conventional
analogue holographic elements. Given the
limitations of the human eye in discern-
ing small detail, the selected size of the
holographic unit (hogel) for master-orig-
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inal printing in DIWO-6 is chosen to be
100 x 100 microns. This dimension allows
for the projection of extremely high quality
distinct visual perspectives depending on
the viewing angle. The underlying mecha-
nism of the recording scheme is depicted in
Fig. 3.

The high numerical aperture Fourier-
Transform objective lens used by DIWO-6
projects a focal point beyond its physical
extent. Around this focal spot, light beams
emitted from each pixel on a Spatial Light
Modulator (SLM) maintain a near identi-
cal size and directional consistency. Intro-
ducing a reference beam to this focal point
allows for the inscription of a hogel as a
holographic optical element that, when illu-
minated, directs light beams along the paths
established during recording.



DM

LA
Lens

Apt —

DM

Fig. 1. DIWO-6 DWDH Originator (above) and simplified optical scheme (below). DM = dielectric mirrors,
TFP = thin film polarizer, A/2 = half wave plate, SLM = spatial light modulator, Obj = Fourier transform
objective, Lens = lenses, Apt = aperture, LA = lens array, HP = holographic plate.

For the generation of the SLM image
required for the inscription of each spe-
cific hogel, Geola employs a collection of
parallax-related 2D images of the 3D scene,
captured from various viewing angles along
a horizontal line (either using a moving
digital camera for real world scenes or a
virtual camera in CAD software). Corre-
sponding pixels are extracted from each 2D
parallax-related image and merged into a
new “pixel-swapped” image displayed on
the SLM. When illuminated, each hogel
then replays these 2D pixel images at their
corresponding angles. The viewer’s binocu-
lar vision interprets these parallax-related
2D images as a 3D scene (HPO — horizontal
parallax only).

18

An HPO hologram of a 3D object pro-
duced using this method usually contains
200 to 800 parallax-related views, thus
eliminating any unwanted image transition
effects, unless intentionally introduced. This
streamlined holographic recording process
can swiftly yield effects unachievable with
other origination techniques. These include
high-resolution 3D images that are:

* bright and highly diffractive;

» capable of motion replay;

* deep;

* colour-rich;

» grayscale;

* mixed grayscale and colour;

» front and back illuminated grayscale
and colour (for transparent films).



Fig. 2. Microphotographs of an embossed 3D image hologram originated with Geola’s DIWO-6 — Direct Write
Originator. Note that the hologram is made up of a raster of 100 micron x 100 micron hogels.
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Fig. 3. Writing a hogel for a DWDH hologram. L — the laser beam, OB the object beam, RB(t) and RB(r)
— reference beams for transmission and reflection holograms, respectively; h — a hogel, H — the white-light
reflection or transmission hologram.

3. RESULTS AND DISCUSSION

3.1. Full-Parallax Optically-Variable Achromatic 3D Images now Available
in DWDH Originators

Traditional dogma dictates that reflec-  parallax in order to avoid image blurring
tion holograms are able to support the dis- (as dispersion is much higher in the verti-
play of full-parallax images, but transmis-  cal dimension). Whilst this dogma is cer-

sion holograms must sacrifice the vertical  tainly true in principle, dispersion of a full
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parallax DWDH hologram of vanishingly
small depth is zero. In fact, the dispersion
in the vertical dimension of a hologram
with a moderate reference angle (e.g., wall-
mounted) only blurs the holographic image
unacceptably after a small but finite image
depth. In the context of small security and
packaging holograms, it turns out that the
critical depth available is enough to support
optically-variable full-parallax achromatic
images with acceptable blurring. Practi-
cally this technique can be implemented
on existing DIWO-6 machines with only a
software upgrade. The technique consists
of using a standard full-parallax animated
dataset for the required achromatic scene
(as used in standard DWDH full-colour

full-parallax printers) and using the calcu-
lated SLM images as data for the DIWO-
6’s unique SLM. Figures 4 and 5 show an
animated watch hologram produced with
the new software created for the DIWO-6.
By moving the hologram around in your
hands, the image appears clearly full-paral-
lax and in addition the watch hands rotate
around the clock face. This feature is a dis-
tinct improvement over the HPO images
available previously as moving the holo-
gram simulates a real watch. Previous HPO
holograms available on photoresist masters
showed no motion or parallax change with a
vertical tilting of the hologram and as such
did not correctly simulate objects such as a
watch with moving watch hands.

Fig. 4. Full-Parallax Perspective View Renders of the hologram of Fig. 5. Note that the position of the watch
hands are arranged so that as the viewer tilts the hologram up and down and left to right, the hands rotate
around the watch face.
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Fig. 5. Full-Parallax Optically-Variable Hologram Labels (Left) and Master (Right). Digital DWDH Master
made using DIWO-6 originator on photoresist.

3.2. Improving the Greyscale

One of the issues up to now of writ-
ing DWDH holograms onto photo-resist
at the extremely small hogel sizes used in
the DIWO-6 has been a less than optimal
greyscale. Geola has now released a new
software version for the DIWO-6, which
significantly improves image greyscale.
This has been done using a post-processing
of the SLM images using Burke’s algorithm

for dithering. Since the DIWO-6 employs
100 micron hogels, its high-resolution SLM
cannot be resolved on replaying the holo-
gram due to digital diffractive blurring [2].
As such dithering the SLM images at the full
resolution of the panel produces no angu-
lar degradation of the images. However,
as with standard 2D dithering, significant
improvements to greyscale are observed.

Fig. 6. Hologram recorded without Dithering (Left). With Dithering on Perspective View Images (Right). With
Dithering on SLM Images (Centre).

Typical results are shown in Fig. 6
where on the left a hologram recorded
without dithering can be seen. The poor
greyscale is clearly visible as patches on
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the girl’s face and chest. The centre photo-
graph shows the result of dithering the SLM
images using Burke’s algorithm. Not only
is the greyscale substantially improved, but



importantly there is absolutely no spatial
image deterioration. As a comparison, the
effect of dithering the raw perspective view

3.3. Image-Matrix versus DWDH

Geola offers two types of security
origination systems: the DIWO-6, which
has been described above, and the IMP-6,
which is an image matrix machine. The two
machines are designed to be complimentary,
and master holograms can be written and
over-written on both machines. Together
these machines allow all security features
covering level 1 to 4 to be produced on the
same master (see Figs. 7 and 8). The IMP-6

images is shown on the right-hand image.
Here we can see a clear improvement of the
greyscale but at a cost to the spatial resolution.

has two modes of operation — holographic
and lithographic. These modes are switch-
able in real time, and so different parts of
the shim can use different methods of oper-
ation. The highest resolution obtainable
is 210,000 dpi. Complex optical security
features with holographic images of shal-
low depth can be printed with the IMP-6
at moderate speed. The DIWO-6 adds deep
holographic imagery at faster speeds.

Visibility Verified by Diffractive effects and elements Level
. True colour, 2D/3D, Bass-relief, E-beam
Public . "
Customer motion, Guilloches, Lenses, Compass, Level 1
(Overt)
SImF.’I.E AI.dEd o Microtext, Smart glint, Letter lens, Laser
verification Specialists . Level 2
- readable image, ets
(Obvious)
Not obviously
visible Inspectors Nanotext, ets. Level 3
(Covert)
Invisible without ) Foren5|c.featfures (holoframe size, shape,
. Forensic spacing, internal structures of the
very special . . Level 4
. labs holoframe, grating period and angle,
equipment nolse

Fig. 7. The various levels of security features used in modern security holograms.
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3.4. Writing DWDH Holograms Using the Image Matrix IMP-6

Currently, in order to print deep holo-
graphic images on a security master, includ-
ing the optically variable full-parallax holo-
grams described above, a DWDH printer
such as the DIWO-6 is required. We report
here of our first attempts to print DWDH
holograms on the image matrix machine
IMP-6 using software data processing to
calculate the interferometric fringe pattern
of individual hogels. These fringe patterns
are then imaged directly onto the photore-
sist using a 405nm laser. In the DIWO-6,
the fringe pattern of the hogel is produced
by the interaction of a reference and object
beam.

The fringe pattern calculation is based
on the fact that each DWDH hogel on
replay essentially projects a 2D image of
the recording SLM mask. The distance of
the focal plane of this projection from the
hogel is usually arranged to be in the range
of the optimum viewing distance to infinity.

A Fourier or Fresnel transform (as the case
may be) of the SLM hogel data, therefore,
defines the fringe pattern of the hogel.

Early attempts to calculate the hogel
fringe pattern using Matlab and Fortran
required a prohibitively long time. Due to
the complexity and size of the fringe cal-
culation, we, therefore, coded the calcula-
tion using CUDA, which then brought the
calculation time down to a reasonable range
on a small PC. As an example, Fig. 9 shows
full-parallax perspective view data, which
has then been converted to hogel fringe data
as illustrated in Figs. 10 and 11.

The final hologram is shown in Fig. 12.
It must be emphasised that this is the first
test only and as such the quality of the holo-
gram is not optimal. We are, however, opti-
mistic that the quality can be significantly
improved; as such DWDH holography fea-
tures may plausibly be integrated into the
IMP-6 in future generations.

Fig. 9. Full Parallax Perspective View Data used to calculate DWDH hogel fringe patterns for subsequent
lithographic inscription using the image matrix machine, IMP-6.
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Fig. 10. 300 x 300 hogel fringe images calculated by a CUDA algorithm using the data of Fig. 9. This fringe
data is then used by the IMP-6 to produce a 3cm x 3cm full-parallax achromatic transmission hologram master
composed of 300 x 300 hogels, each of 100 micron diameter.

40 Lim

Fig. 11. The structure of a hologram consisting of DOE pixels at different magnifications. Images obtained
using a metallurgical microscope under narrow band of green illumination.
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Fig. 12. (Left) A simplified scheme and photo of optical lithographic system used in recording the DWDH
fringe patterns above by the IMP-6. (Right) Two views of final recorded hologram.

Fig. 13. For comparison this is a hologram of the data of Fig. 9, produced on a DIWO-6 machine.
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4. CONCLUSIONS

We have presented two new features
that are now available as standard in Geo-
la’s DWDH commercial security originator
DIWO-6. These are:

* the inclusion of full-parallax achro-
matic optically-variable stereograms on

a security photoresist master and
* the improvement of greyscale on all

holograms created by the DIWO-6

machine using dithering of the SLM
images by Burke’s algorithm.
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In the past years, new photovoltage (solar panel) systems have been installed rapidly, for
instance, in regular households. Investment decisions have often been made without knowing
all technical facts and information, which are affecting total energy production of photovolt-
age systems. In this work, we have made a simple model, which shows solar panels energy

production with the different orientation angles of solar panel. Our results show that if panels
are installed more than 30 degrees from the optimal orientation, the energy production drops
drastically. This result applies to both azimuth and tilt angles. The developed model is very
adaptive, and it can use any locations and all orientation angles. We confirm our calculation

result by making a measurement with a small (30 W) test solar panel. The model and measure-
ment results have a good relationship (correlation coefficient, R’ = 0.7). The obtained result is
satisfactory by taking into account the fact that measurements were made during the variable
weather conditions and over long period of time (six months).

Keywords: Energy production, photovoltage system, renewable energy, solar panel.

1. INTRODUCTION

Renewable energy sources such as solar
power have become very popular in the
past years without reason. The usage of fos-
sil fuels plays a major role in the climate
change. Thus, it is important that renewable
energy sources are put into use in a larger
scale. Solar power is one alternative energy
source for fossil fuels. Besides, the prices
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and installation costs of small-scale solar
power systems have dropped drastically in
the past few years. Solar panel (or photo-
voltage, PV) alignment is a major factor
when studying carefully their energy pro-
duction. Both tilt and azimuth angles have
their own effect on the energy production.
Regular households have been actively



installing small-scale photovoltage systems
when the electricity price has been increas-
ing at the same time. The development is
positive. However, investment plans in
regular households are made partly without
knowing true facts. The PV system vendor
might give too positive information about
PV system payback times and PV energy
production, for instance. Especially, the
azimuth alignment is critical for the total,
annual energy production. For instance, if
the photovoltage system is installed on the
top of the roof of a small residential build-
ing, which has an east-west alignment, the
energy production is far from the optimal
situation.

The tilt angle is the angle of the photo-
voltaic modules from the horizontal plane
for a fixed mounting. In some contexts, the
term “elevation angle” is also used, as each
latitude has an own optimal tilt angle. Some
general rules have been given when choos-
ing the optimal tilt angle. The basic rule has
been that the tilt angle should be equal to
the latitude angle of the site. Usually, PV
panels are directed to the south, which gives
the optimal energy production. Optimal
energy production could be achieved when
panels are tracking the Sun over the whole
day. However, this is not usually very eco-
nomical. Besides, such a PV system is more
complicated, and they need more regular
maintenance.

In this work, we have created a simple
mathematical model to estimate the annual
solar panel system production. Besides, we
have tested our model in practice. A single

2. SOLAR POSITION

30 W solar panel has worked as a test envi-
ronment, and we have compared its output
with the created model output. Thus, we have
managed to validate our model. The test setup
is in northern Europe (Finland). The model
itself is generic, and it can be used in other
location as well. Some estimations about
optimal tilt angles in different locations have
been done earlier, e.g., [1]-[5]. For instance,
the research [4] uses National Solar Radia-
tion Database. Therefore, this model is less
mathematical, and it uses real solar radia-
tion data. Purely mathematic models have
also some disadvantages. Prevailing weather
conditions, including the cloud coverage, are
not included in the analysis. The information
about the altitude above sea level could be
useful information when defining accurate
PV energy production. This also has a minor
effect on energy production.

We are not taking a stand how much
energy a regular house could produce, for
instance, it depends on the size of the instal-
lation. However, our model gives relative
information about energy production with
different orientation angles. Our results
could be used in all kind of installations
from small-scale production to the large
solar power plant.

Section 2 presents formulas and the theo-
retical background for the solar position esti-
mation. In addition, the photovoltage energy
production estimation principle is explained.
The results and observations are presented in
Section 3. Finally, the conclusions are made
in Section 4, including further investigation
topics and improvement ideas.

The first step when starting to estimate
the energy production of the photovoltage
system, it is important to define the solar
position in the location under investigation.
The hour angle (HA) is the first parameter
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when calculating solar elevation and azi-
muth angles. Twelve noon in a local solar
time (LST) is a time when the Sun is the
highest in the sky. Local time (L7) usu-
ally varies from LST because of the eccen-



tricity of the Earth’s orbit, and because of = HRA = 15° X (LST — 12). 3)
human adjustments such as time zones and
daylight saving. In this calculation, we did
not include an effect of the eccentricity of
the Earth’s orbit. The total effect is small.
A local solar time can be calculated as fol-
lows:

Before the solar position (azimuth and
elevation) can be defined, the declination
angle must be defined. The declination
angle varies seasonally due to the tilt of the
Earth on its axis of rotation and the rotation
of the Earth around the Sun. There are a few
LST = LT + :_g, 1) formulas which can be used for the calcula-

tion of declination angle (8). In this study,
where LT is local time in hours and 7C is we used the following formula:

a time correction factor. A time correction . (360

factor can be calculated as follows: 0 = 2345 Xsin (365 x(d - 81))’ @)

TC = 4 x (lon — 15° X ATyre), ) Where d is a day nu@ber of the year. The
difference between different formulas is rel-

where /on is a longitude coordinate of spe- atively small (< 0.3°). To have more accu-

cific location and ATyr is the difference of rate estimation, we took into account the
the Local Time (LT) from Universal Coor- fact that d is changing over the day. Finally,
dinated Time (UTC) in hours. After the elevation (@) and azimuth (g) angles of the
local solar time has been defined, the hour Sun can be calculated. The elevation and

angle can be calculated as follows: azimuth angles are defined as follows:
sina = sin § sin ¢ + cos § cos ¢ cos(HRA); 5)
COSﬁ _ sin8cos(p—cos&sin(pcos(HRA)' (6)

cosa

2.1. Solar Radiation

After Sun’s position has been defined, arbitrary orientated and tilted surface can
we can calculate the solar radiation at every be calculated as follows:
point in time. The solar radiation (¥) on

F = cos a sin @i c0S(Borien — B) + sin a cos e, @)

where a,;;; is the photovoltage panel tilt angle and S,,;., is the azimuth angle where the
panel is pointed to.

We have estimated annual energy pro- azimuth and elevation angles have been
duction so that we have calculated solar  calculated separately. Finally, a daily aver-
radiation in every 15 minutes in panel azi- age energy production with various angles

muth angles from 90° to 270° (with 2- or  (both azimuth and tilt) has been calculated
5-degree steps) and panel tilt angles from for each azimuth and tilt angles on the basis
0° to 90° (with 2-degree steps). In each of a 15-minute step. With this method, we
15-minute step, hour, declination, and solar ~ have found optimal orientation angles from

30



the energy production point of view. We
have used this value (factor, F), presented
here, in comparison with real solar panel
energy production. The factor F varies
between 0 and 1. The value 1 (one) means
that the solar panel energy production is
optimal (maximum) in the location under

3. RESULT

investigation. It is important to remember
that simulation takes only into account
direct solar radiation, which is facing to
the panel. The isotropic radiation cannot be
included in the simulation; thus, it depends
on local conditions, such as shading and
atmospheric stability.

We have created a coloured contour
map, which shows the photovoltage system
energy production (colour scale) with dif-
ferent panel’s tilt (y-axis) and azimuth ori-
entation (x-axis) angles. In the current loca-
tion (southern Finland), panel should be
directed to the south (+ 10°). In our study,
the most energy effective angle is 186° + 1°.
The south is in the direction of 180. This
can also be noticed in Fig. 1. The best tilt
angle (elevation) should be 44° + 1° (opti-
mal position). Previous studies gave some-
what smaller optimal tilt angle: 39° [1, 4].
The value 1 (one) for a factor /" achieved
in angles 186° £+ 1° (azimuth) and 44° + 1°
(tilt). With these orientation angles, solar
panel annual energy production is the most
effective. However, the energy production
does not drop drastically (less than 10 %)
if the tilt angle is changing only + 20°.
The energy production drops around 38 %

if panels are oriented to the west. This
is a major difference and reduction to the
energy production. We can conclude that
panels should be oriented to the south with
an accuracy + 40°, if it is required that the
energy production is still 90 % of the maxi-
mum. The result shows that energy produc-
tion is still rather good even if orientation
angles (azimuth and tilt) are some tens of
degrees away from the optimal position. In
the tilt angle, the allowed change is smaller.
With a bigger change, the energy production
drops drastically. In Fig. 2, the photovoltage
system energy production close to the opti-
mal orientation is shown. Figure 2 shows
that the energy production is very effective
when angle differences are £ 30° from the
optimal angles. The result emphasises the
matter that solar panels do not have to be
orientated exactly to the south. Some differ-
ence is allowed, but not too large (> 60°).

0
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Fig. 1. Photovoltage (PV) system energy production with different tilt (0—90) and azimuth orientation angles
(90-270). The south is in the direction of 180. Red colour (values close to 1) indicates that the energy
production is optimal or close to optimal. A blue colour indicates efficiencies below 60 %.
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Fig. 2. Photovoltage (PV) system energy production with different tilt (30—60) and azimuth orientation angles
(150-210). The south is in the direction of 180. Red colour (values close to 1) indicates that the energy
production is optimal or close to optimal. The plot is made closer to optimal position. A blue colour indicates
efficiencies below 94 %.

Wehavetested ourmodel withareal solar
panel. The panel nominal power is 30 W,
so it is rather small. In Fig. 3, a test solar
panel installation is shown. The solar panel
is oriented close to the south 183° (+1°) with
a tilt angle of 90° (£2°). We have measured
the solar panel’s open-circuit voltages dur-
ing the fall, winter and spring seasons (from
October 2023 to March 2024). Measured
values have been recorded on days, when
cloudiness level is moderate. This selec-
tion has been made using visual inspec-

tion. Besides, the ambient temperature has
varied between -20 °C and +10 °C over the
period of measurements. Since the temper-
atures have been rather moderate, we can
assume that the efficiency of the panel is
stable. The solar panel has the temperature
correlation; high panel temperature means
lower efficiency [6]. Totally 262 individual
measurements have been collected. It has
been shown that the open-circuit voltage
increases with increasing irradiation with a
linear dependency [7].

Fig. 3. The solar panel (30 W) under test, which has been used to confirm our calculation model. The panel
is oriented close to the south 183° (£ 1°) with a tilt angle of 90° (£ 2°). On the right side of the panel there is
a voltage meter (marked with a red circle), which shows the solar panel open-circuit voltage in real time. The
picture has been taken on a cloudy winter day, and on that time energy production has been negligibly small

and the voltage output has been zero.



Figure 4 shows the relationship between
calculated panel efficiency and measure-
ment. We have made a linear fit (a first-
degree polynomial function) to obtain the
measurement results. The correlation coef-
ficient (R?) between measurements and a fit
model is 0.7. We have added an extra term
to solar radiation (F) factor to present indi-
rect radiation. It has been shown that the
indirect radiation has a strong dependency
with a solar elevation [8]. We chose a sim-
ple term for the indirect radiation: a X sin a.
Thus, the corrected solar radiation factor
(F.or) can be defined as follows:

F.orr =F +aXsina,

®)

where « is an individual factor (a = 1.02),

30 |

Lingar y = 2127 - 118

]

which only matches to this specific location
and measurements.

This value is rather good by taking into
account variable weather conditions over
the long measurement period. The weather
conditions are very critical for the energy
production. This can be seen especially
clear on times of low solar elevations, from
the fall to the spring season. In addition, the
solar panel under investigation is located in
urban environment with some obstacles in
front of it. This means that in some solar
angles, there might be some losses or reflec-
tions, which affect debilitating to the open-
circuit voltage. However, we can conclude
that the measurement result also confirms
that our calculation model is usable.
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Fig. 4. The relationship between solar panel’s open-circuit voltage and solar radiation factor (F_ ). The
blue dots indicate individual measurements. The yellow line is a fit line (linear fit, a first-degree polynomial
function), which is done on the basis of measurements. The correlation coefficient (R?) between measurements
and a fit model is 0.7.

4. CONCLUSIONS

We can conclude that the generated
model works rather reliably and accurately.
However, we could not test our model com-
prehensively since we could only use a sin-
gle solar panel for verifying our results. The
measurement should also be verified using
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other solar panels, which are installed with
different orientation angles, and in other
locations. In addition, the measurement
should be repeated using different size solar
panels, and also different manufacturer pan-
els. The devolved model is simple and it can



be used in any geographical locations. We
did our measurement in the season from
fall to spring; thus, the ambient temperature
was moderate, and we could assume that
the efficiency of the solar panel was stable.
If the measurements are repeated in the
summer season during hot summer days,
the effect of the ambient temperature must
be included in the analysis. In addition, we
can conclude that local conditions (e.g.,
shading, panel temperature and atmosphere
stability) have a major effect on the final
energy production. The estimation of indi-
rect radiation is challenging and the local
conditions also contribute to this.

Results showed that energy production
of solar panel decreased significantly if the
tilt angle was more than 20 degrees from
the optimal orientation, and in the azimuth
direction, the angle could not be more than
40 degrees from the optimal orientation.
This means that if the panels are installed in
the east-west alignment, the energy produc-
tion is far from the optimal. In this case, the
energy production drops by 38 %, which is
a major decrease for the production. If the
solar panel, for instance, is installed on the
east-west alignment, the investment deci-
sion should be made using careful consid-
eration.

Our calculation and measurement also
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The study focuses on waste management and sampling practices carried out in two large
Baltic cities: Riga (Latvia) and Tartu (Estonia). Even though waste collection schemes are not
at the same centralisation level in the two municipalities, certain similarities can be observed
in waste collection, management and sampling processes. Governed by provisions of Council
Directive 1999/31/EC of 26 April 1999 on the landfill of waste, general national waste treat-
ment legislation, and the national waste management plans, waste management practices in
Latvia and Estonia are moving towards minimalisation of waste landfilling and maximalisa-
tion of waste inclusion into various recycling practices (use in waste biodegradation cells,
bioreactors, different waste recycling facilities, in developing modern waste management
supporting infrastructure, etc.). Therefore, waste management in two countries can be partly
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characterised as a vital element of emerging circular economy activities aimed at minimising
landfill deposition of waste, hence, a more effective and permanent approach to sustainable
waste management problems, on the one hand, and maximising the diversified use of waste in
different branches of economy, hence, larger economic and social benefits.

Keywords: Getlini, Tartu, waste management, waste processing, waste sampling.

1. INTRODUCTION

The management of waste is a growing
concern globally, regionally and nationally.
In 2020, the total waste generated in the EU
amounted to 2 135 million tons or 4 815 kg
per capita. Only 39.2 % of waste was recy-
cled and 32.2 % landfilled [1].

However, the traditional method of dis-
posing of waste in landfills is no longer
deemed sustainable due to the impact it has
on the environment. Waste management facil-
ities need to move towards a more sustainable
and circular approach to reduce the amount
of waste that is landfilled and to minimise
the environmental impact of waste manage-
ment [2], [3]. There is a need for innovative
solutions that utilise new technologies and
business models to create a more sustainable

waste management system [4], [5].

This goes in line with the target set by
Council Directive 1999/31/EC of 26 April
1999 on the landfill of waste (Directive
1999/31/EC) to take the necessary mea-
sures to ensure that by 2035 the amount of
municipal waste landfilled is reduced to 10
% or less of the total amount of municipal
waste generated (by weight) [6].

In line with provisions of Directive
1999/31/EC, Latvia adopted the National
Waste Management Plan for 2021-2028
[7], so the effectiveness of waste prevention
measures can be evaluated based on the fol-
lowing quantitative indicators, which by
substance are comparable to aims for 2028
(see Table 1).

Table 1. Quantitative Indicators for Evaluation of Effectiveness of Waste Prevention Program in Latvia

No. Quantitative indicators Measurement 2018 2028

| Total volume c:)fy h}?(l,lj::}?(ljd\:asw produced ke per capita 409 <400
2 Total volume of household waste t/year 785074 <600 000
3 Total volume of produced hazardous waste t/year 118 142 <50 000
4 Total volume of recycled household waste | % of total volume 43 55

5 Total volume of recycled hazardous waste | % of total volume 31 75

6 Total volume of recycled production waste | % of total volume 83.3 85

7 Total volume Ofallll(zjlilisﬁggld waste that is % of total volume 589 <40

3 Total volume ofl :Jggﬁzgon waste that is % of total volume 5 <259,
9 Total volume ofa}rllz;z{;rlcézus waste that is % of total volume 45 <259,
Source: [7]

37




The plan focuses on the increase of
recycling level of each waste type, espe-
cially household and hazardous waste.
However, at the European Union level, the
Latvians still sort too little. For example, in
2021, Latvia had to pay EUR 15 million in
sanctions for its small amount of recycled
plastic. This would account for a similar
amount in 2022. Every resident of Latvia
will pay approximately EUR 8 per year for
this. State audit warns that Latvia could also

be faced with an additional EUR 11 million
penalty for the insufficient collection of bio-
degradable waste (BDW) [8].

Also, in Estonia goals are determined
in line with Directive 1999/31/EC, but the
Estonian National Waste Plan for 2023—
2028 emphasises increasing safe material
recycling and promotion of waste preven-
tion and reuse (see Table 2). By 2028, Esto-
nia aims to increase household waste recy-
cling rate by 29 %.

Table 2. Quantitative Indicators for Evaluation of Effectiveness of Waste Prevention Program in Estonia

No. Quantitative indicators Measurement 2020 2028
1 Waste generation per person kg per capita 4151 4000
Rate of circulating material % of total volume 17 25
3 Share of reusarl))llaecgzcil;aii:ﬁ( Zrtom packaging % of total volume 0 10
4 Household waste recycling % of total volume 29 58
5 Packaging waste recycling % of total volume 66 70
6 Recycling of construction and demolition waste | % of total volume 32 40
7 Recycling of hazardous waste % of total volume 48 55
8 Electrical and electronic waste collection rate | % of total volume 62 65
9 Battery and battery waste collection rate % of total volume 39 63
Source: [9]

Estonia has an obligation to recycle at
least 55 % of household waste (recycling
means waste is used as material, incinera-
tion does not qualify for recycling). The
goal must be achieved by 2025. Currently,
approximately 30 % of household waste is
recycled [10].

Current research reviews the types of

waste processed in waste treatment facil-
ity serving Riga and its vicinity, Latvia,
and several waste treating facilities serving
Tartu, Estonia, and establishes a methodol-
ogy for waste sampling and testing that can
help identify types and amounts of waste
that can be recycled or processed in addition
to already established recycling processes.

2. AN OVERVIEW OF WASTE MANAGEMENT PROCESSES

2.1. Getlini, Latvia

Getlini is a company formed jointly
by the municipalities of Riga and Ropazi
municipality, which manages the largest
solid household waste landfill in the Baltic
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States. The main objective of the company
1s to ensure modern, safe and efficient man-
agement and disposal of solid household
waste as well as production of electricity.



The goal is to ensure continuous improve-
ment of the quality of the services provided
and reduction of the environmental impact
[11].

The landfill is one of the most modern
in Europe, currently developed as a secure
waste recycling centre. With the total area
of 89.8369 ha, Getlini is formed by the old,
reclaimed waste dump site, waste disposal
cells, bioreactor, waste recycling infrastruc-
ture, as well as infrastructure supporting
waste management — facilities, administra-
tion buildings, etc. It accepts waste from
natural and legal persons, and currently has
1360 contracts in force with legal entities
for the acceptance and disposal of house-
hold, industrial and construction waste.
Waste from natural person is accepted with-
out contract with immediate settlement after

O

delivering the waste to the landfill.

According to information shared by
Getlini, total amount of waste received in
2021-2023 is gradually decreasing, i.e., by
24 % comparing 2023 to 2021. The main
change is acknowledged in construction
waste (-56 % comparing 2023 to 2021).
Getlini reviewed tariff for reception of
construction waste in 2022 that led to an
increase of fees. As a result, the amount of
received construction waste dropped due to
availability of lower tariffs in the market.

The average composition of total waste
is illustrated in Fig. 1. A major part of waste
received by Getlini is formed by unsorted
household waste (on average 5 9% of total
waste amount). The second position takes
construction waste (17 %) and waste from
the waste management industry (15 %).

= Unsorted household
waste

= Waste from the waste
management industry

m Construction waste

m |[ndustrial waste

= Biowaste

m Other household waste

Fig. 1. Average composition of waste received by Getlini in 2021-2023.

Source: [12]

According to information on total pro-
duced waste in Latvia in 2021 (see Table

3), Getlini managed 22 % of total produced

waste in Latvia. However, Getlini received

more than half (55 %) of unsorted house-
hold waste and 73 % of biowaste generated
in Latvia in 2021.



Table 3. Waste Received by Getlini of Total Produced in Latvia in 2021, t

Waste category Received by Getlini Total prf)duced in Received by G.etlini of
[17] Latvia [21] total produced in Latvia
Unsorted household waste 268 844 493 046 55 %
g:fl;eggfgl :}fu\iﬁf;; 59 542 443 040 13 %
Construction waste 112 224 394 573 28 %
Industrial waste 21416 517473 4%
Biowaste 27 740 37803 73 %
Other household waste 23 994 483 313 5%
Total 513 761 2369 248 22 %

Source: [13]

Getlini manages four main waste
streams: household waste, BDW, indus-
trial waste and construction and demoli-
tion waste, although it does not have its
own waste sorting station. Waste sorting
is ensured by the sorting station located in

the landfill site, which was built in 2015
and is managed by “Vides resursu centrs”
Ltd. that was selected within a public pro-
curement procedure as a service provider.
Getlini does not accept any kind of hazard-
ous waste.

2.1.1. Unsorted Household Waste Sorting Plant

and BDW Recycling Complex

In the landfill of Getlini, an unsorted
household waste sorting plant was opened
in 2015. It is currently managed by Vides
resursu centrs Ltd. In the plant, BDW, PET
bottles, tin cans, waste containing ferrous
and non-ferrous metals, light plastic, tex-
tiles, and paper (to produce fuel derived
from waste) are mechanically separated and
directed to recycling (secondary raw mate-
rials). The capacity of the unsorted house-
hold waste sorting plant is 300,000 t/year.

The nominal hourly capacity of the
sorting plant is 80 tons, which means that
a maximum of 960 tons of waste can be
sorted per day, on average around 822 tons
of waste. The road transport with loads of
waste is registered and weighed in Getlini
pass house. The quantity of waste accepted
is determined by weight — on arrival the
total weight of the waste is weighed with
the load and on departure the weight of the
empty transport is weighed.
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Vides resursu centrs Ltd. in its selected
technological equipment can separate the
following types of waste (by volume):

1. BDW or separated biomass (biomix):
230,000 t/year. This waste is delivered
to the landfill site (105,000 t/year for
disposal and 125,000 t/year at the BDW
recycling facility);

2. mnon-recyclable or inert waste (residu-
als) — 40,000 t/year. The waste is trans-
ferred to Getlini for landfilling;

3. secondary raw materials suitable for

further recycling (~10 % of incoming
waste flow) [14].

In BDW recycling complex treats the
following waste streams: BDW from gar-
dens and parks, BDW from households,
restaurants, catering establishments, retail
premises and other similar food cooking
merchants where BDW is generated, BDW
from mechanical waste processing suitable



for composting or anaerobic digestion and
plant tissue waste from Getlini greenhouses.

The BDW treatment process is divided
into two phases: anaerobic and aerobic fer-
mentation, with the aim to process the bio-
degradable part of the waste in controlled
conditions and generate biogas, which is
collected and used for energy production.

Approximately 450 t of BDW are
placed in the tunnels and are sealed from
the surrounding environment with hermetic
doors, ensuring an anaerobic environment.
In this stage, BDW is sprayed with an infil-
trate solution (percolate), which contains a
large amount of organic and inorganic sub-
stances that catalyse waste decomposition
in the hydrolysis process. The percolate is
circulated between the tunnels and metha-
nogenic reactors. A percolate collection/
aeration system is installed in the tunnel
floors from which all the liquid is diverted
to the pump station to be pumped into buf-
fer tanks. After the buffer tank, the perco-
late is filtered and fed into one of the two
4,200 m* methane reactors, where bacteria
convert lighter hydrocarbons into methane.
Hydrolysis lasts for four weeks; the time
is constant and entered in the automation
system. Generated biogas is used as fuel to
produce heat and electricity at the Getlini
power plant. The produced heat and elec-
tricity are used in Getlini technological
processes, thus promoting the rational and
circular use of resources [15].

After hydrolysis, fresh air supply begins
for the whole material in one tunnel for a
4-week aeration process, which ensures
complete biological processing to stabilise
it. Fresh air is delivered through the perco-
late collection/aeration system installed in
the tunnel floor and is pumped from the tun-
nel through a ventilation pipe installed in
the top part of the tunnel. This is achieved
with air pumps that create low vacuum in
the tunnel. The air pumped from the tun-
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nels is passed through biofilters to reduce
emissions and odours that leak into the
surrounding environment. During the aera-
tion process, the temperature in the tunnels,
according to a natural biological process, is
in the range of 45-65 °C. Consequently, the
biomass is made stable in this way. At the
end of the composting process, the moisture
in the biomass is reduced by 50 %, and the
volume decreases by 20 %—-30 %.

During the entire processing process,
system operators monitor and control tech-
nical parameters — tunnel temperature,
methane quantity and concentration, perco-
late flows, etc., using a monitoring, control
and data acquisition management system
[16].

After the composting process, the
stabilised material in the closed tunnel
is unloaded with mobile equipment and
loaded into a sorting (screening) line hop-
per. The first separation stage is a drum sieve
(drum sieve No 1) with two fractions 0-75
mm and 75-200 mm. The finer fraction is
screened by a drum sieve No 2, resulting in
0-30 mm (technical compost) and 30-75
mm fractions. The initial 75-200 mm frac-
tion 1s sent to a wind sieve, where the finer
fraction falls out as potential RDF, while the
heavier fraction, along with the 30-75 frac-
tion obtained from drum sieve No 2, is fur-
ther screened with a star sieve, from which
0-60 (mulch) and 60-200 (landfilled) mm
fractions are obtained.

Mulch is used daily as a covering mate-
rial in the quantity specified in the category
A pollution permit while the rest is land-
filled. The production capacity is 40,000
t/'year. The potential refuse-derived fuel
(RDF) material is collected in the screening
area and, without storage, is landfilled in
the disposal cell. The production capacity is
12,500 t/year. The fraction to be landfilled
is collected in the screening area and is bur-
ied in the disposal cell without storage [14].



2.1.2. Bioreactor

In the first quarter of 2016, the opera-
tion of a bioreactor started in the territory of
landfill where BDW is placed with the aim of
obtaining biogas. When waste is placed in a
bioreactor, leachate recirculation and gas col-
lection systems are also installed in layers,
and biogas is obtained. After filling the bio-
reactor with BDW, it is covered with a tem-
porary reclamation layer. The operation time
of the bioreactor is 15 years. At the end of the
operation period, the material is sieved, and
the following fractions are obtained: technical
compost, part to be landfilled (inert materi-
als, potentially they would be admixtures of
biological waste that the factory could not
separate — of glass or rock origin, small metal,
textile, etc.) and energy resource.

Within a year, according to category A

pollution permit, it was allowed to place:
230,000 tons of BDW obtained from Vides
resursu centrs Ltd., up to 50,000 tons of
BDW received from waste management
companies, residents, and other merchants,
up to 45,000 tons of BDW from construc-
tion and demolition and bulky waste sort-
ing line and up to 1000 tons of green mass
(leaves and stems) generated in greenhouses
at the landfill site [14].

Figure 2 shows the amount of biogas
produced by Getlini in 2022 and its meth-
ane content. On average, Getlini produces
190,000 m® of biogas per month with meth-
ane content exceeding 50 %. The volume
of produced biogas is gradually decreasing
(-26 % comparing December 2023 to Janu-
ary 2023).
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Fig. 2. Biogas produced by Getlini in 2023 and its methane content.

Source: [12]

Landfill gas, mainly consisting of meth-
ane (50-55% by volume) and carbon diox-
ide (45-50% by volume), is formed dur-
ing the waste decomposition process [17].
Releasing methane into the atmosphere is
environmentally unfavourable because it
creates a greenhouse effect, contributing
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to global climate change. To reduce the
release of greenhouse gases (GHG), Getlini
collects and burns the gas from the waste in
the cogeneration plant, producing thermal
energy and electricity. Electricity is sold
on the free market while thermal energy
is used in the greenhouses of Getlini [14].



However, in future the possibility of bio-
methane production and injection into the

2.1.3. Landfill Cell

Waste landfilling cells are located adja-
cent to the old, remediated waste dump site,
and they are equipped with an appropriate
base — peat was excavated throughout the
area, the base was filled with gravel or sand,
covered with a geotextile and a layer of clay
as well as a water-impermeable film lining
protected by a geomembrane. Above this
isolating layer a drainage system for infil-
trate collection was installed.

In the landfill, a 50-ton compactor oper-
ates, which compacts the delivered waste.
When placing waste and after its compac-
tion, a regular covering is applied using a
hardening substance. The regular covering
is performed by the service provider who
delivers the material intended for the cov-
ering to the site. This covering also uses
mulch from BDW processing.

When placing waste in disposal cells,
gas collection pipes (perforated, flexible
pipes) are installed in it every approxi-
mately 6 meters upon reaching the thick-
ness of the waste layer.

The following waste types are placed in
the cell:

gas distribution network can be reviewed
[18]-[22].

1. waste separated in the unsorted house-
hold waste sorting plant and not suitable
for further recycling (sorting residuals);

2. mechanically sorted biowaste that can-
not be recycled at BDW recycling com-
plex due to its capacity;

3. unsorted household waste in emergency

situations as well as during periods

when maintenance work is carried out
in the unsorted household waste sorting
plant;

waste brought to the landfill site and not

suitable for further treatment/recycling

(industrial and household waste that

meets the permitted types of waste for

disposal at the household waste landfill
according to the Cabinet Regulations

No 1032 “Regulations Regarding Land-

fill Sites” [23]);

5. waste generated during waste recycling
processes at Getlini, for example, waste
separated at the construction and demo-
lition sorting line, waste generated dur-
ing sieving process at BDW recycling
complex and not suitable for further
recycling [14].

2.1.4. Sorting and Recycling of Construction
Waste without Significant Impurities

Separate waste streams are accepted
for crushing (recycling) construction waste
which already have a low level of impuri-
ties in their composition. These are mainly
demolition materials (concrete, asphalt and
bricks). This material is crushed to form
multiple fractions, while separated metal is

2.2. Tartu Municipality, Estonia

According to the Environmental Reg-
ister, there are a total of 45 working waste
treatment facilities in the city of Tartu. The
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stacked separately for later sale. Waste with
a low mixture of plastics, rubber, and other
types of waste ends up on the crushing line.

Wood-origin waste is collected and
stacked in a separate pile which is shred-
ded twice a year and currently sold to other
waste management companies [14].

most important waste treatment sites are the
Aardlapalu transfer station, the biogas plant
of the Tartu wastewater treatment plant, the



Ilmatsalu biogas and cogeneration plant,
the South Estonian Hazardous Waste Man-
agement Centre, and the health care waste

management site of Tartu University Clinic
[10].

2.2.1. Collection and Transportation of Waste

One of the most important tasks of the
municipality is to organise the collection
and transport of household waste. The city
is holding a public tender to find a waste
hauler. Only the waste handler who has won
the competition organised by the city may
transport household waste in the area. Resi-
dents sign a contract with this company and
pay the company directly. The municipal-
ity does not have garbage trucks, all work is
done by the private sector based on public
procurement.

The organised waste transport includes
the following types of waste:

1. mixed household waste, which is taken

to the Aardlapalu transfer station;

wastepaper, which is handed over to a

company with a corresponding environ-

mental permit;

3. biowaste, which is taken to Aardalpalu
transfer station and composted there.

Residents and companies must hand
over mixed household waste, biowaste and
wastepaper to the company that won the
organised waste transport tender. Four areas
of Tartu municipality currently have one
waste carrier — Eesti Keskonnateenused AS,
who won tenders in all consequent areas.

In addition to organised waste transpor-
tation, the city of Tartu also organises waste
collection by their type. At least the follow-
ing types of waste must be collected sepa-
rately in Tartu: paper and cardboard, pack-
ages, hazardous waste, biowaste, hazardous
waste (refrigerators, TVs, computers, tires,
etc.), bulky waste (furniture), metals, and
textiles.

There are four ways to collect waste by

type:
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1. in a separate container next to the house
for the collection of the correspond-
ing type of waste (wastepaper and bio-
waste are collected this way). A sepa-
rate container for wastepaper must be
in apartment buildings with at least 5
apartments. The city also has public
containers for private homes. There
must be a separate container for bio-
waste in all properties;

in collection points on the territory of the
city for the collection of different types
of waste (packages, textiles, hazardous
waste and wastepaper are collected in
this way). The city has a public collec-
tion network for collecting packaging
and textiles. About 100 containers have
been installed in the city for packaging,
15 containers for textiles;

3. waste collected separately can be taken
to a waste station;

waste is accepted by waste handlers
(e.g., metal, construction waste).

Packaging manufacturers organise
packaging collection. Producers are obliged
to place collection points in the city in such a
way that there is one collection point within
a radius of approximately 500 meters from
each household.

Collection points have been set up in the
city for the collection of hazardous waste,
expired/unused medicine can be handed
over at pharmacies. Basically, hazardous
waste is taken to waste plants.

Residents can hand over all types of
waste at waste stations. There are two waste
stations in Tartu that accept:

1. hazardous waste (batteries, paint and
medicine waste, daylight lamps, etc.);



2. bulky waste (including old furniture);

3. electronic waste (refrigerators, TVs,
etc.);

4. recyclable waste (wastepaper and metal,

plastic and glass containers);
5. packaging waste;
wood, construction waste and similar.

Recycling centres operate in Tartu,
where residents can discard furniture,
dishes, books, clothes, toys etc. Items are
organised in centres and sold for a small
amount of money. Recycling centres are

2.2.2. Aardlapalu Transfer Station

The mixed household waste collected
from the city of Tartu is taken to the Aard-
lapalu transfer station. From there mixed
household waste is directed to the follow-
ing treatment sites: Iru mass incineration
plant, Tallinn Waste Recycling Centre, the
mechanical-biological processing plant
located on Suur-Sojamégi in Tallinn, the
Uikala landfill (to produce waste fuel) and
the Paikre, Torma and Viitsa landfills. To
which waste treatment facility, the waste is
currently sent depends on the operator of
the Aardlapalu transfer station. However,
based on the agreement between the city
of Tartu and the operator, the principles of
the waste hierarchy must be observed when

2.2.3. Sorting Station

There is a sorting station operated by
Ragn Sells AS in the city of Tartu where
waste is accepted only from business cus-
tomers according to the price list. Ragn
Sells AS accepts construction and demoli-
tion waste, household waste, bulky waste,

2.2.4. Biogas Plant

The biogas generated at the plant (up to
3,000 m® per day, methane content 65 %)
is used as fuel in the on-site combined heat
and power plant with an installed capacity
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managed by non-profit organisations, and
the city supports the activities financially.

According to Tartu waste management
regulations, the following must be col-
lected separately on the construction site:
hazardous waste by type (it is not allowed
to pour liquid hazardous waste such as
paints, varnishes, solvents, glues, etc. into
the hazardous construction waste collec-
tion container), wood, packaging, metals,
permanent waste (stones, plaster, concrete,
plaster, etc.), plastics and other mixed waste
[24].

choosing the final disposal site, and the
largest possible share of mixed household
waste must be directed to recycling (waste
incineration, waste fuel production). Trans-
ferring waste to a landfill is permitted only
as an exception. As part of the waste trans-
port procurement, the city of Tartu has so
far considered mechanical-biological pro-
cessing as equivalent to mass incineration
of mixed household waste.

At the end of 2013, a composting sta-
tion was built in Aardlapalu where it is pos-
sible to compost food waste in an environ-
mentally safe way, a waste sorting building
and a reloading station with a garbage com-
pactor [10].

wood, excavated surface, glass, old tires,
wastepaper, concrete, brick, tile or ceramic
mixture. The sorting station also has the
function of a transhipment centre for mixed
household waste [10].

of 300 kW. In a biogas plant, sewage sludge
can be handled anaerobically together with
other organic waste, which can be up to 10
% of the total volume as dry matter [10].



2.2.5. South Estonian Hazardous Waste Management Centre

In the administrative territory of the
city of Tartu, the Southern Estonia hazard-
ous waste management centre operates,
which is managed by the hazardous waste
management company Epler&Lorenz that
operates on the same property. The man-
agement of the hazardous waste collection

system is the responsibility of the state (i.e.,
the city of Tartu has no obligations in man-
aging the centre). In addition to the collec-
tion of hazardous waste, waste is burned in
a waste incineration plant, and polluted soil
is cleaned using bag composting technol-

ogy [26].

2.2.6. Statistic Data on Waste and Biogas Amount

Statistical information on waste col-
lected in Tartu in 2019 and 2021 is shown

Table 4. Waste Collected in Tartu in 2019 and 2021, t

in Table 4 below.

Waste category 2019 2021
Construction and demolition debris, including soil removed from contaminated 214 515 215 594
land areas
Waste from waste management companies, non-company wastewater treatment
o . . 83 595 130 805
plants, and drinking and industrial water management
Waste generated in agriculture, horticulture, aquaculture, forestry, hunting and fish-
. . . 64 625 58 734
ing and food preparation and processing
Municipal waste (household waste and similar commercial, industrial and official
. . 42 946 41459
waste), including separately collected waste
Packaging Waste, absorbents not listed elsewhere, cleaning rags, filter materials 17 865 16 666
and protective clothing
List of waste not specified elsewhere 8371 7956
Waste from mechanical shaping of metals and plastics and physical and mechanical 4175 3887
surface treatment
Waste generated in organic chemical processes 1 249 1550
Oil and liquid fuel waste (except edible oils) 594 768
Waste generated during human or animal health care or related research (except 513 601
kitchen and canteen waste that is not directly related to health care)
Waste generated in thermal processes 159 550
Waste from the manufacture, mixing, distribution and use of surface coatings
. . . . o 517 539
(paints, varnishes and vitreous enamels), adhesives, sealants and printing inks
Photographic waste 23 24
Waste generated during the surface treatment and coating of metals and other mate- p 20
rials and hydrometallurgical processes of non-ferrous metals
Wastes of organic solvents, refrigerants and propellants 14 17
Waste from wood processing, tiles and furniture and pulp, paper and cardboard 47 12
production
Total 439216 479 182

Source: [25]

Total value of collected waste increased
by 9 % in 2022 compared to 2019. The
main part of waste collected by Tartu city is

formed by construction waste (47 % of total
average waste amount collected in 2019
and 2022). The second position takes waste



from waste management companies, non-
company wastewater treatment plants, and

drinking and industrial water management
(23 %; see Fig. 3 below).

m Construction and demolition
debris, including soil removed
from contaminated land areas

= Waste from waste management
companies, hon-company
wastewater treatment plants,
and drinking and industrial water

management i .
m \Waste'generated in agriculture,

horticulture, aquaculture,
forestry, hunting and fishing and
food preparation and processing

= Municipal waste (household
waste and similar commercial,
industrial and official waste),
including separately collected
waste

Fig. 3. Average composition of waste collected by Tarty city in 2019 and 2021.

Source: [25]

According to Table 5, at least 61 % of
waste generated and imported to Tartu city
is recycled. There is a high recycling level

Table 5. Waste Recycled in Tartu in 2019, t

of construction and agricultural waste —
75 % and 100 %.

Waste category Collected | Imported Total Recycled Recycling
managed rate

Construction and dem(.)htlon debris, including soil 214515 20616 235131 176 524 759,

removed from contaminated land areas

Waste from waste management companies, non-

company wastewater treatment plants, and drinking | 83 595 1 566 85161 8810 10 %

and industrial water management

Waste generated in agriculture, horticulture,

aquaculture, forestry, hunting and fishing and food 64 625 31284 95909 95 560 100 %

preparation and processing

Municipal waste (household waste and similar

commercial, industrial and official waste), including | 42 946 2227 45173 5698 13 %

separately collected waste

Other waste 33535 5 646 39 181 20530 52 %

Total 439216 61339 500555 | 307122 61 %

Source: [25]
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Figure 4 illustrates the amount of waste ume of incineration will gradually increase
incinerated in Tartu in 2020-2023. The vol- since 2020 by reaching 24 757 tons in 2023.
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Fig. 4. Mixed household waste incinerated in Tartu in 2020-2023, t.

Source: [25]

Figure 5 illustrates the volume of bio- methane content (through the gas collection
gas produced in Tartu in 2021-2023 and its system of the closed landfill in Aardlapalu).
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Fig. 5. Statics on biogas produced in Tartu in 2021-2023 and its methane content.

Source: [25]

Volume of produced biogas reduced by  ary 2021. The average content of methane
62 % comparing December 2023 to Janu-  equals 32 %.

3. SIMILARITIES AND DIFFERENCES

The common and different features of  cesses are reflected in Table 6.
Getlini and Tartu waste management pro-
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Table 6. The Common and Different Features of Getlini and Tartu Waste Management Processes

Similarities

tons.

Getlini and Tartu city have similar waste processing opportunities — sorting station, biogas plant and landfill.
In 2021, Getlini and Tartu managed comparable volume of waste. Getlini — 513,761 tons; Tartu — 479,182

Differences

Getlini, Latvia

Tartu Municipality, Estonia

Getlini is a company formed jointly by the munici-
palities of Riga and Ropazi. Getlini does not operate
as a recycling station, the main function of Getlini is
management of waste, which is directed to landfill
cell — the last stage of waste management process.
Total amount of waste received in 2021-2023 by
Getlini is gradually decreasing, i.e., by 24 % compar-
ing 2023 to 2021. The main change is acknowledged
in construction waste (-56 % comparing 2023 to
2021) due to an increase in tariffs.

59 % of waste received by Getlini is formed by
unsorted household waste.

Getlini managed 22 % of total produced waste in
Latvia in 2021. However, Getlini received more than
half (55 %) of unsorted household waste and 73 % of
biowaste generated in Latvia in 2021.

The value of landfilled waste significantly increased
in 2022 due to reaching of maximum capacity of
bioreactor in May 2022 where notable amount of
household waste suitable for composting or anaerobic
digestion was placed.

Industrial waste received by Getlini has the high-

est landfilled proportion that reached 100 % of total
received industrial waste in 2023,

In 2023, Getlini landfilled 53 % of the received waste.

Tartu is a municipality, which organises the collec-
tion and transport of household waste; it does not take
the function directly. Waste management processes
are taken by merchants through public tender. Tartu
municipality takes the role of control.

Total value of collected waste in Tartu increased

by 9 % in 2022 compared to 2019. Waste mainly is
formed by construction waste (47 %).

Tartu uses an opportunity to incinerate mixed house-
hold waste.

Tartu has a high recycling level of construction and
agricultural waste — 75 % and 100 %.

Volume of waste, its composition and
management processes do not correlate
between Getlini and Tartu. It triggers a

requirement for development of aligned
waste sampling and testing procedures.

4. WASTE SAMPLING AND ANALYSIS

4.1. Getlini, Latvia

According to Cabinet Regulation No
1032 and Category A Polluting Activ-
ity Permit, Getlini is testing the following
types of waste: residuals from sorting of
unsorted household waste (household waste
after sorting that is landfilled) and mechani-
cally separated BDW, which is transferred

to BDW recycling complex (from unsorted
household waste).

Getlini conducts composition measure-
ments of sorting residuals once a quarter
by inviting an accredited laboratory, which
determines the specific weight of each frac-
tion in the residuals. Determining the com-
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position of household waste for disposal,

the waste is sorted into the following frac-

tions:

1. paper and waste containing paper (e.g.,
packaging, paperboard, tetra packages,
mixed wastepaper and paperboard);
plastic and plastic-containing waste (for
example, packaging, film, mixed plastic
waste);
glass and glass-containing waste;
wastes containing metals;

BDW and biowaste;

construction and demolition waste;
waste electrical and electronic equip-
ment;

waste batteries and accumulators;
textile waste;

. large waste (at least one external dimen-

sion exceeding 50 cm);

fine fraction (dimensions of household

waste less than 10 mm);

other household waste that does not

fit into the fractions mentioned in this

point.

NonkWw

o o

11.

12.

Sample preparation is carried out by
laboratory specialists in accordance with
the methodology established by Cabinet
Regulation No 1032, namely, samples of
household waste are taken from all waste
loads within a specified period of time (the
incoming loads are directed to the unsorted
household waste sorting plant, the sample is
taken from a waste pile that contains post-
sorting waste and is prepared for transporta-
tion to the disposal site).

Household waste from which a sam-
ple will be taken shall be discharged into
a conical stack and divided vertically into
four equal parts in two imaginary lines.
Two opposite quarters of the conical pile
are mixed into one sample in a conical pile,
which is then again divided vertically into
four equal parts in two imaginary lines, but
the remaining two quarters are not included
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in further operations. These actions are
repeated until the household waste sample
size is reached.

Laboratory specialists manually sort the
household waste sample according to the
household waste fractions. After sorting,
the waste from each household waste frac-
tion is weighed and their weight is recorded.
The sample size varies on average from 100
to 250 kg.

Getlini, in addition to the mandatory
testing conducted once a quarter, also anal-
yses the composition of unsorted household
waste (received household waste before
sorting) using the same approach and deter-
mining the same fractions as for the residual
of sorted household waste [14].

The sampling and testing procedure is
prescribed by Cabinet Regulation No 1032.

To verify the efficiency of unsorted
household waste sorting process and deter-
mine whether the BDW contains a sufficient
proportion of biological waste for further
processing (the content of impurities may
not exceed 30 %), Getlini shall, by inviting
an accredited laboratory, perform testing of
BDW sorted from household waste once
a week, determining the following param-
eters:

1. percentage by mass of moisture (stan-

dard LVS CEN/TS 15414-1:2020);

non-biomass percentage (standard LVS

EN ISO21644:2021);

3. percentage by mass of inert waste (stan-

dard LVS EN ISO21644:2021);

mass percentage of biomass content in

a dry sample (standard LVS EN ISO

21644:2021);

5. percentage by mass of the number of
impurities in the wet sample — calcula-
tion.

Moreover, in addition to waste compo-
sition, Getlini started testing of chemical
parameters of:



1. residuals of sorted household waste,
which is currently being landfilled;
mixed construction waste, which is cur-
rently being landfilled;

3. waste resulting from sieving of the
fermented mass from BDW recycling
complex, which is currently being land-
filled;

wood-containing waste accepted at
the construction and demolition waste

and bulky waste sorting line, primarily
consisting of wood from construction
waste, furniture, packaging, garden, and
park waste, etc., and which, after accu-
mulating a certain volume, is handed
over to other waste management opera-
tors (woodchips).

Table 7 reflects parameters that are
determined within chemical analysis.

Table 7. Chemical Parameters that are Determined in Waste by Testing Laboratory Invited by Getlini

Parameter Measure
Moisture content %
Ash content %

. MJ/kg, keal/k
Gross calorific value at constant volume I\/%Wh it &
Net calorific value at constant pressure MJ/l;/%{Kl;;Zl/kg
Sulphur %
Nitrogen %
Total carbon content %
Hydrogen %
Fines <10mm %
Biomass content (selective dissolution method) %
Biomass content (selective dissolution method) express as percentage carbon of total carbon %
Shrinkage starting temperature °C
Deformation temperature °C
Hemisphere temperature °C
Flow temperature °C
Chemical elements: Na, Mg, Al, Si, P, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Hg, Pb, mg/kg
Chemical elements: S, Cl %

Source: [26]

4.2. Tartu Municipality, Estonia

In the city of Tartu, there is no regular
testing in place, and there is no regulated
procedure for such testing. The Ministry of
Environment orders sorting studies at the
interval of 2-3 years. These studies gather
data from 3—4 municipalities, and the data is
generalised for the whole country. Usually,
studying does not cover Tartu municipality.
Therefore, the data does not represent the
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situation in Tartu. Tartu has conducted its
own surveys described below.

Sorting studies have been carried out in
2011 when the study of biogas raw mate-
rials of Tartu city and Tartu County was
carried out by the Institute of Sustainable
Estonia. In October 2019, Tartu carried out
waste sorting survey MAVES Tallinn, and in
December 2023 the municipal waste sorting



study was carried out by Tartu City Govern-
ment. Within this framework, the average
composition of Tartu’s mixed municipal
waste was assessed. These were carried out
by Tartu city to assess how much recyclable
material went to waste as mixed household
waste.

Sampling of the analysed waste was
carried out based on the international and
methodological framework used in the pre-
vious household waste studies conducted in
Estonia (including Tartu):

1. Standard EVS-EN14899:2006 — Char-
acterization of waste. Sampling of waste
materials. A framework for preparing
and implementing a sampling plan;

2. Methodological guidance material NT

ENVIR 001: Solid Waste, Municipal:
Sampling and Characterization pre-
pared by Nordtest;

American standard ASTM D5231-
92(2016): Standard Test Method for
Determination of the Composition of
Unprocessed Municipal Solid Waste
[10].

The waste samples were taken from the
waste loads previously agreed with the waste
handlers, which were collected from the
respective study areas. A total of five sam-
ples were taken from each load. Data on the
analysed waste loads, the number of contain-
ers making up the waste load for 2023 and
sample weights are given in Table 8.

Table 8. Data on the Analysed Waste Load, the Number of Containers Making Up the Waste Load and the
Average Weight of the Samples Taken for Analysis, 2023

Data of the . Former Té.ih.t- . City
study period Annelinn | vere m.umcl- Variku Centre Mean
pality
Study period I Number of containers 51 91 322 114 145
Load weight, t 6,8 5,0 8,6 32 59
Average sample weight, kg 93.2 93.0 93.5 100.7 95.08
Study period II Number of containers 51 90 171 172 121
Load weight, t 7,2 24 4,3 7.4 53
Average sample weight, kg 99.6 95.8 95.8 96.2 96.84
Study period IIT Number of containers 51 90 171 172 121
Load weight, t 7,2 2.3 43 7.4 5,3
Average sample weight, kg 97.5 109.9 91.5 98.1 99.25
Study period IV Number of containers 61 220 192 124 149
Load weight, t 6,1 6,2 5,0 5,9 5,8
Average sample weight, kg 94.9 95.7 96.8 98.2 96.4

Source: [25]

The waste from Variku, Annelinna,
Kesklinna districts and former Téhtvere
municipality was analysed at the Aardla-
palu transfer station (Kambja parish, Uhti
village, Aardlapalu). The waste load was
mixed and spread out in an even layer.
The scattered waste was divided into four
groups, and after grouping the waste and
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reducing the amount of material, a waste
sample weighing about 100 kg was taken
into a 600770 litre container.

The waste sample was manually sorted
on a sorting table (including screening out
particles smaller than 20 mm) according to
the agreed waste types, and then the sepa-
rated waste types were weighed.



Based on the aggregated results of the
sorting study, it can be stated that the larg-
est proportion of the analysed mixed house-
hold waste is biowaste (29.9 %) and other
combustible material (diapers and sanitary
napkins, rubber, cotton wool, contents of
vacuum cleaner bags, roll material for floor
covering), followed by paper and cardboard
(16.45 %) and plastic (15.45 %).

In addition to the mixed household
waste sorting survey, Tartu city also carried
out observations of mixed household waste
at the client’s premises — the so-called gar-
bage bingo project.

At the customer’s place, the mixed

household waste container was emptied
into the garbage truck, and it was assessed
by external observation whether there was
inappropriate waste in the container. On the
spot, the data was entered into the informa-
tion system and the contents of the container
poured into the car were photographed. In
case of non-compliant waste, the customer
was contacted. In 2023, it was organised
three times, and approximately 1000 con-
tainers were analysed [10].

A comparison of the aggregate results of
this sorting study with the results of similar
studies previously conducted in Tartu (2011
and 2019 studies) is provided in Table 9.

Table 9. A Comparison of the Aggregate Results of Sorting Studies Conducted in Tartu in 2011, 2019 and 2023

Waste type (material based) 2011 average 2019 average 2023 average
Glass 3.2 4.4 6
Plastic 15.2 16.6 15.4
Paper and cardboard 17.1 20.2 16.5
Metal 22 2.3 1.5
Wood 0.5 0.9 0.6
Bio waste including: 38.4 31.8 29.1
garden waste 9.4 7.5 4.7
kitchen waste 27.6 243 234
other biowaste 1.4 0.1 1
Textiles and clothes 0.9 59 3.6
Hazardous waste 0.3 0.6 0.1
Electronic waste 0.4 0.6 0.9
gii:;g{m combustible (inert) 6.1 54 36
Other combustible material 15.7 11.3 22.7
Total 100 100 100

Source: [10]

When comparing the results of this
study with previous studies, the biggest
change in the direction of increase has
occurred in the content of other combustible
materials. At the same time, it must be taken
into account that the share of this type of
waste is relatively large, and as the share of
other types of waste (especially biowaste)
changes, it increases. Therefore, it is more
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important to pay attention to the decrease
in the proportion of biowaste compared to
the previous sorting survey. The decrease in
the proportion of biowaste compared to the
2011 sorting survey is particularly notice-
able. The promotion of separate collection
of biowaste in recent years in Tartu has con-
tributed to the decrease in the proportion of
biowaste.



5. CONCLUSIONS

The regulatory framework for waste
management in Latvia and Estonia
is comprehensive, featuring multiple
regulatory enactments that are supple-
mented by the National Waste Plan.
Latvia and Estonia have similar respon-
sibilities, permitting system and report-
ing. Supervision of waste management
in Latvia and Estonia are similarly
entrusted, with main supervisory insti-
tutions — state bodies.

In Latvia, waste management report-
ing is a collaborative effort between
the public and private sectors, encom-
passing various stakeholders such as
specialised waste managers and local
governments. Meanwhile, in Estonia,
reporting is apparently only the duty
of certain representatives of the private
sector. In Latvia, the need to submit
financial security in order to receive a
waste management permit is determined
for more permits for certain activities
compared to Estonia. Persons wishing
to obtain a waste management permit
for certain activities must pay a state
duty. Meanwhile, the Estonian regula-
tion does not provide information about
the obligation to pay the state duty.
Getlini and Tartu city have similar waste
processing opportunities — sorting sta-
tion, biogas plant and landfill. In 2021,
both have processed comparable amount
of waste: Getlini — 513,761 tons; Tartu —
479,182 tons. The main difference
between Getlini and Tartu is that Getlini
is a company formed jointly by the
municipalities of Riga and Ropazi, the
main function of which is management of
waste that is directed to landfill cell, and
Tartu is municipality that organises col-
lection and transport of household waste.
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The waste profile of Tartu is predomi-
nantly characterised by construction
waste (47 %). 59 % of waste received
by Getlini is formed by unsorted house-
hold waste. Tartu uses mixed house-
hold waste for incineration and has a
very high recycling level of construc-
tion and agricultural waste, 75 % and
100 %, respectively. In 2023, Getlini
landfilled 53 % of the received waste.
The value of landfilled waste signifi-
cantly increased in 2022 due to reach-
ing maximum capacity of bioreactor
in May 2022 where notable amount of
household waste suitable for compost-
ing or anaerobic digestion was placed.
Production waste received by Getlini
has the highest landfilled proportion
that reached 100 % of total received
production waste in 2023.

Volume of waste, its composition and
management processes do not corre-
late between Getlini and Tartu. It trig-
gers a requirement for development
of aligned waste sampling and testing
procedures.

Based on requirements of legisla-
tive acts, Getlini is testing residuals
of sorted household waste (household
waste after sorting that is landfilled)
and mechanically separated BDW,
which is transferred to BDW recycling
complex (sorted household waste). The
test includes analysis of morphology
of waste aimed at determining whether
the waste meets the requirements for
landfill or recyclable waste. In the city
of Tartu, there is no regular testing in
place, and there is no regulated proce-
dure for such testing.

The procedures for waste sampling and
analysis of residuals of household waste



after sorting at Getlini are governed by

stringent legislative acts, ensuring con-

sistency in the sampling process, the
quantity and fractions of samples col-
lected.

*  Within the scope of this study, Getlini
made the following tests of waste:

- chemical test of residuals of sorted
household waste, which is currently
being landfilled. According to man-
datory morphological test, 68 % of
residuals are formed by paper and
plastic. Chemical parameters have
similar measures at all testing dates,
except for results of some chemical
elements that have significant fluc-
tuations;

- morphological and chemical test of
mixed construction waste, which is
currently being landfilled. The main
part of mixed construction waste is
formed by fines in fractions below
10 mm. Chemical parameters of
tested mixed construction waste
have significant fluctuations at test-
ing dates;

- chemical test of waste resulting
from sieving of the fermented mass
of the BDW from BDW recycling
complex, which is currently being
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This article presents the main stages and results of the project “Mobile Space Environment
Testing Equipment Development of “Metamorphosis” Prototype for Transportation Intermo-
dal Traffic”. For successful implementation of the project, the project has been divided into
four stages: 1) Design calculations and design documentation for the design elements of the
prototype; 2) Prototype software development; 3) Manufacturing of construction details and
prototype assembly; 4) Industrial research and prototype testing. The goal of the project is,
based on industrial research, to develop a prototype of the Mobile Space Environment Test
Facility (MSTF) “Metamorphosis” transported in an intermodal environment, and to achieve
the level of scientific and technical readiness of MSTF from TRL2 to TRL4 (by the scale of
the European Space Agency (ESA)) for further development of the project. This project is
unique and has no comparable analogues, as all existing test facilities are stationary. The proj-
ect is implemented by Riga Technical University in cooperation with Cryogenic and Vacuum
Systems Ltd.

Keywords: Calculation, CubeSats, satellite technology, test requirements, test systems,
vacuum pumping system, vacuum system.

58



1. INTRODUCTION

A while ago, outer space was an excep-
tional territory where only governments of
major powers and large corporations could
implement their projects. The situation has
changed radically over the past 20 years.
New companies — start-ups — have begun to
offer inexpensive access to space and, as a
result, space has become more cost-effec-
tive. Technological trends, such as
» reducing the size of microprocessors,

* reducing launch costs,

* shorter development cycles,

* rapid technological improvement,
* new operational models,

are associated with miniaturisation of satel-
lite technologies and have led to an expo-
nential increase in the use of small satellites,
creating new advantages for space projects.

All of these benefits will continue to
drive the adoption of small satellites over the
next decade and create new opportunities in
education, commerce, government and sci-
ence. The Union of Concerned Scientists
estimated that there were 4,550 active satel-
lites on the Earth’s orbit in early 2023 [1].
The most common of these satellites were
CubeSats, which made up to 70 % of all
active satellites and were not state meteo-
rological satellites or large communications
satellites.

An increase in the number of small sat-
ellites can be explained not only by many
unique advantages that they offer to science,
business and society, but also by an increase
in their lifespan, which is a huge benefit for
the customer. The development of design
technologies and the improvement of test-
ing systems contribute to this benefit. While
satellite is in operation, it is impossible to
timely repair any of its elements; therefore,
the testers are required to foresee all pos-
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sible variants of the situations in which the
spacecraft will be involved. That is why
sets of tests are carried out and during these
tests different extreme conditions, thermal
behaviour of the satellite and its function-
ality are studied and analysed. As a result
of the tests, the system’s stability is evalu-
ated. Thermal vacuum chambers are used to
simulate space environment conditions as
accurately as possible.

Such testing is carried out by special
testing centres, which are stationary. The
services of these centres are expensive and
not always available to small companies,
societies, educational institutions, etc. This
problem can be solved by creating a mobile
ground simulator of space conditions, with
the help of which it would be possible to
provide testing services at the request of the
customers in a place and time acceptable to
them [2]. Such type of project called Meta-
morphosis was developed at the Institute of
Aeronautics of Riga Technical University
[“Prototype Development of Transportable
in Intermodal Traffic Mobile Space Testing
Facility (MSTF) “Metamorphosis™” (Meta-
morphosis, project No. 1.1.1.1/18/A/133)]
[3] in cooperation with Cryogenic and
Vacuum Systems Ltd. This company spe-
cialises in the development and production
of vacuum and cryogenic equipment. It has
extensive experience in creating technolo-
gies used in space research and the devel-
opment and operation of space environment
simulators [4]. This cooperation project is
unique and does not have any comparable
analogues — all existing testing facilities are
stationary. The main difference of the Pro-
totype MSTF “Metamorphosis” from exist-
ing test facilities is the ability to maintain
operational characteristics in conditions of
intermodal transport, i.e., in conditions of



vibration, shock, linear accelerations and
angular displacements.

During the implementation of the proj-

ect, the following 15 tasks have been con-
sistently solved.

1.

The analysis of existing technical solu-
tions suitable for the development of
prototype MSTF “Metamorphosis” has
been carried out. In total, about 500 test
facilities have been examined. The geo-
metric and mechanical characteristics,
composition and characteristics of the
vacuum and cryogenic systems, along-
side with operational characteristics
of those facilities have been analysed.
An analysis has also involved checking
whether the requirements of [SO, ECSS
and NASA standards have been met.
Based on the analysis, a generalised
composition of the main systems, tech-
nical requirements for the Prototype, and
the concept of its structure have been
developed. The geometry characteris-
tics of the test object (CubeSat sample)
have been determined, and the geometric
characteristics of the vacuum chamber of
the Prototype have been calculated.
Based on the test object characteristics,
the mean free path has been calculated
for various test modes in molecular,
viscous and transient modes, taking
into account the Sutherland model and
amendments for the Lennard-Jones
potential. Based on the results obtained,
the Knudsen number for different oper-
ation modes has been determined. The
geometric characteristics of the vacuum
chamber have been refined, taking
into account the presence of cryogenic
shrouds and minimising the parasitic
heat inflow to the shrouds and the test
object. Thus, by varying parameters
and finding their mutually acceptable
ranges, the geometric characteristics
of the prototype vacuum chamber have
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been determined.

Various types of tests and modes of the
Prototype operation have been analysed
and their characteristics of the atmo-
sphere (gas load, composition, etc.)
have been determined. Based on the
results obtained and in accordance with
the requirements of the ISO, ECSS and
NASA standards, the general require-
ments for allowable pressure have been
determined for various types of the Pro-
totype operating modes.

A pneumatic diagram and a preliminary
layout of the vacuum system have been
developed.

A mathematical model has been created,
which includes a module for simulating
of vacuum system gas load in various
modes, a module for calculating the
conductivity of elements of a vacuum
system and a vacuum chamber, and a
module for calculating the characteris-
tics of vacuum pumps.

Based on the simulation results, tech-
nical requirements for vacuum pumps,
valves, pipelines and gauges have been
determined.

During the design and calculations, a
systematic analysis of technical risks
has been carried out, and the most vul-
nerable elements have been identified.
It has been found that the greatest risks
are exposed to: high-vacuum pumping
system — vacuum valves, turbomolecu-
lar pumps, Stirling and Gifford-McMa-
hon cryocoolers in cryogenic pumps;
vacuum seals; thin-walled pipelines of
cryogenic and vacuum systems with
linear expansion joints, membrane
bushings, cryogenic shrouds panels,
vacuum chamber body; standard bel-
lows, unloading and compensating
spring elements of the cryogenic screen,
fastening systems for the test object;
a simulator of solar radiation, optical



feedthroughs; Van Allen belts simulator.
All analysed components exposed to
risks have been divided into two groups:

» components for which it is possible to
purchase options in vibration-shock-
proof performance;

* elements requiring special design and
technological measures to prevent dam-
age and/or destruction.

9. Since the vacuum system has been iden-
tified as the system subject to the great-
est technical risks, it has been decided
to apply continuous postoperative veri-
fication control. The most objective
control method that allows for a com-
prehensive assessment of the presence
or absence of the main risks to the sys-
tem’s operation is tightness control.

10. An analysis of existing methods of leak-
age control has been carried out and, as
a control method for the Prototype tests
during test drives, a leak control method
using a helium leak detector has been
determined by comparing the leakage
of the test object with the readings of a
control leak.

11. A thermodynamic model of the Proto-
type has been developed. As a result
of the simulation, the geometry of the
cryogenic shrouds, cryogenic pipelines
and other parameters of the Prototype
cryogenic system have been obtained,
common vacuum-cryogenic diagram
and layout have been designed.

12. Based on the analysis of the require-
ments of the ISO, ESA ECSS

and NASA standards and the
results of the analysis of the prototype
operation during various types of tests
and modes, the prototype operation
algorithms have been developed.

13. Based on the developed technical
requirements, technical specifications
have been drawn up, an analysis of the
materials and components market and
their procurement for the manufacture
of a vacuum system, a vacuum cham-
ber, cryogenic shrouds, and elements of
a control system have been carried out.
As components are received, incoming
control is carried out. Manufacturing,
assembly, installation of structural ele-
ments of the Prototype systems and their
testing have been carried out. In par-
ticular, the assembly and testing of the
elements of the fore-vacuum and high-
vacuum systems have been carried out.

14. On the basis of the simulation results,
sketches of the system’s design have
been developed.

15. Based on the analysis of the measure-
ment processes during the Prototype’s
test, vacuum and cryogenic diagram
analyses, a list of the Prototype control
system sensors with technical require-
ments and the sensor interfaces list have
been determined.

This article describes the main stages
of the development of the mobile thermal
vacuum chamber to be used for testing
CubeSats.

2. DESIGN CALCULATIONS AND DESIGN DOCUMENTATION FOR THE
DESIGN ELEMENTS OF THE PROTOTYPE

The main task of the project is to create
such a Prototype, the qualities of which are
to be verified both from the point of view
of compliance with the main characteristics
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of space environmental simulators [5]-[7]
and from the point of view of maintaining
performance after repeated transportation
in intermodal transportation. The design



of the vacuum pumping system and the
Prototype leakage system must meet the
above technical requirements. The purpose
of vacuum calculation is to determine the
design and technical requirement for the
vacuum chamber, vacuum pumping system
and associated facilities of the Prototype, as
well as to create a specification and vacuum
diagram of the Prototype.

We can single out the minimum require-
ments for the composition of the equipment
of the test complex, which have allowed
for the development and testing of space
technology under conditions of imitation of

outer space:

» the presence of a high-vacuum pumping
system,;

» availability of a system for simulating
heat flows to simulate heat flows of the
Sun and planetary surfaces;

» availability of a system of nitrogen
cryogenic shrouds, simulating “black”
space;

« availability of a control system for tem-
perature and other parameters of the
spacecraft;

» availability of a pressure control system
in the vacuum chamber.

2.1. Determination of the Structural Appearance

of the Prototype Vacuum Chamber

The vacuum chamber of a facility
intended for testing space technology,
while simulating the conditions of an oper-
ating environment, is a unique product of
individual development and manufacture.
The correct definition of the design of the
vacuum chamber not only determines the

ease of use of the test bench, but also has a
significant impact on its operational capa-
bilities and characteristics. On the basis of
the analysis, it has been decided to adopt a
cylindrical vacuum chamber for a horizon-
tal structural type (Fig. 1) for equipping the
Prototype [8].

e
and
o |

Fig. 1. Drawing of vacuum chamber.
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2.2. Determination and Calculation of Geometric
Characteristics of the Prototype Vacuum Chamber

The most probable test objects for
the Metamorphosis mobile space testing
facility are micro- (10-100 kg) and nano-
(1-10kg) spacecraft, as well as parts and
assemblies of such and larger spacecraft.
The most common, and, therefore, probable
type of such spacecraft is CubeSat. Based
on the analysis of potential spacecraft to
be tested, it has been decided to tentatively
accept for the Prototype conditionally:

Determination of the Diameter and

*  minimum dimensions of the test object
(LxWxH) 227x100x100 mm and mass
2.5 kg;

» nominal dimensions of the test object
(LxWxH) 345x105x105 mm and mass
5 kg;

*  maximum dimensions of the test object
(LxWxH) 400x250x250 mm and mass
15 kg.

Length of the Cylindrical Part of the Vacuum Chamber

The diameter of the vacuum chamber
[7] can be determined as the sum of the
characteristic diameters (Fig. 2):
D =Ds+ 2Ly + 2h + 2R, (1
where
D — the diameter of the vacuum chamber, mm;
D, the characteristic diameter of
the test object, mm. D . =141.4 mm;
D ..=148mm;D_ =354 mm;
L . — the distance from the test object to the
cryogenic shrouds, mm;
h_— the thickness of cryogenic shrouds, mm:;
h_—the distance from the cryogenic shrouds
to the body of the vacuum chamber, mm.

The length of the cylindrical part of the
vacuum chamber can be determined as the
sum of the characteristic length:

L =Lg + 2Los + 2hys + 2hpm, )

where

L — the length of the vacuum chamber, mm;
L, — the characteristic length of the test
object, mm. L . =248 mm; L =360 mm;
L =472 mm.

S max
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Fig. 2. Determination of vacuum
chamber diameter size.

The main requirement of the standards
[9], [10] for space environmental simula-
tors is sufficient reliability of simulating
real operating conditions, i.e., factors of
outer space: 1) high vacuum; 2) zero reflec-
tion coefficient of electromagnetic radia-
tion; 3) absence of convection and heat
transfer through the thermal conductivity
of the environment. High vacuum is under-
stood as a state of gas in which collisions of
gas molecules with the walls of the vessel
prevail over the collision of gas molecules
with each other. High vacuum is under-
stood as a state of gas in which collisions of
gas molecules with the walls of the vessel



prevail over the collision of gas molecules
with each other.

As prescribed in standards [9], [10], the
pressure in the vacuum chamber should not
exceed 107 Torr and in any case ensure the
achievement of the molecular regime of a
gas flow in the vacuum chamber, character-
istic of the space environment.

The criterion for determining the nature
of the movement and interaction of gas
molecules is the Knudsen criterion:
K=L./D, 3)
where
L_ — the mean free path of gas molecules;
D, — the characteristic size of the vacuum
vessel.

1
m T pdzny2’ @)
where
d — the effective diameter of gas molecule, m;
n — the number of molecules (concentra-
tion) per unit volume.

L, = (1.38-1072%-293)/(3.14 - (3.5- 10719)2 -

The estimate of the free path for an ideal
gas can be taken as the maximum. Turning
to a real gas, it is necessary to introduce
correction for the non-ideal nature of the
gas. First, with increasing temperature, the
vibrational motions of molecules increase,
which is practically demonstrated as an
increase in the free path and is expressed
as Sutherland correction for mean free path:

kT

®)

where
C is the Sutherland constant. The Suther-
land constant value for air is 120.
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We can use the Botzmann equation:

pV=nk-T, (5)

where

P — the gas pressure, Pa. According to the
standards, the minimum pressure in the vac-
uum chamber is 10°Torr and for air pres-
sure it will be 1.33 102 Pa;

k — the Boltzmann constant, 1.38 102 J/K;
T — the gas temperature, K. The temperature

of the atmosphere in the test bench chamber
is 20 °C or 293 °K.

The expression for determination the
mean free path of an ideal gas molecule (4)
can be rewritten:

kT
nd?2P+/2"

Ly, =

(6)

Since the initial atmosphere in the vacuum
chamber of the test complex is air — the larg-
est effective molecular diameter of a diatomic
structure (N, and O,) is about 3.5 10"°m.

At a result, the length of the average
free path of an air molecule as an ideal gas
(6) will be:

1.33-1073- 1.414) = 5.6 m. (7)

Then, taking into account the correc-
tion, the free path for air at a temperature
of 293 K and a pressure of 107 Torr will be
4.74 m.

In a real gas, gas molecules do not
behave like rigid spheres, but rather attract
each other at large distances and repel each
other at smaller distances, which can be
described using the Lennard-Jones poten-
tial where the radius of the molecule is
rm=21/66~1.122 & . Then the value of the
free path of an air molecule at a pressure of
107 Torr and a temperature of 293 K will be
0.93 m.

This estimate of the mean free path can
be taken as the most probable in assessing



the molecular regime of gas flow.

There is also a way to estimate the
bridged path length from the assumption
that the real gas is pseido-viscous. In this
case, the mean free path of a molecule for a
real gas is determined as follows:

TTIRT

S iy
Lm - P oM’ (9)
where
u — the viscosity, Pa s (u=18.5 pPas);
P — the pressure, Pa (1.33 107 Pa);
R - the  universal gas constant,

8.31446261815324m*PaK' mol;
T — the temperature, K (T=293K);
M — the molecular mass g/mol.

Then, when substituted in (9) we obtain
L _=0.27 m. This estimate can be discarded
provided that a known molecular gas flow
regime is ensured. Thus, it has been decided
to accept for the vacuum calculation as the
main estimate of the free path of a gas mol-
ecule in the vacuum chamber of the space
environmental simulator at 0.93 m. From
Eq. (8), taking into account the correction for
the Lennard-Jones potential, we obtain a value
0f 0.186 m. Based on the obtained value of the
mean free path and Eq. (3), let us determine
the limitations of the overall dimensions of
the vacuum chamber according to the Knud-
sen criterion to ensure the molecular regime
of gas flow in the chamber for the main mode
at maximum pressure (1 103 Torr):
D=L /K =0.93/10=0.093. (10)

Thus, the characteristic size, i.e., the
length of the shortest distance from the
wall of the vacuum vessel to the test object
should not exceed 0.093 m.

According to experimental data, dur-
ing thermal cycling with imitation of the
shadow side of a spacecraft in a space envi-
ronmental simulation facility with liquid
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nitrogen cryogenic shrouds with a temper-
ature of 90-95 °K, the temperature in the
region close to the surface of the space of
the spacecraft is close to 150 °K.

A verification calculation should be
made to account for the effect of viscosity
at low temperatures. For example, when the
temperature of the atmosphere in the local
volume of the vacuum chamber decreases
from 293 °K to 150 °K, taking into account
the value of the Sutherland coefficient (for
air 120) and initial viscosity p =18.5 pPas,
the viscosity of air at a temperature of
150 °K will be 14.1 uPa s, and, the free path
of'a molecule in accordance with (9) will be
0.08715 m.

Since the effect of a decrease in tem-
perature on the mean free path of a mole-
cule in viscosity is very significant, we will
take this limitation into account. Then the
characteristic size of the vacuum chamber
should not exceed 0.0872- m.

Substituting into (1) the obtained val-
ues of the characteristic diameter of the test
object and the double distance from the test
object to the cryogenic shroud (7-9), tak-
ing the thickness of the cryogenic shields as
10 mm and the distance from the cryogenic
shroud to the body of the vacuum chamber
as 40 mm, we obtain the calculated diam-
eters of the vacuum chamber:

Dpin = 1414 +2-87.2+2-10+2-40 = 4158,
Dpom =148 +2-872+ 210+ 2-40 = 422.4;
Dimax =354 +2-872+2-10+2-40 = 628.4.

Taking into account the technologi-
cal tolerances, we initially take the cal-
culated inner diameter of the prototype
vacuum chamber: D,,;, = 400*1° mm;
Dyom = 500" mm; D,,,,, = 80071 mm.

Substituting into (2) the obtained val-
ues of the characteristic length, we obtain
the total length of the cylindrical part of the
vacuum chamber:



» for a diameter of 400 mm, the length of

the cylindrical part is taken as 650 mm;

» for a diameter of 500 mm, the length of

the cylindrical part is taken as 780 mm;
« for a diameter of 800 mm, the length of
the cylindrical part is taken as 1300 mm.

Tests that can be done with the Prototype and its Operation Mode:

1. Thermal vacuum tests are the final cer-
tification, qualification or acceptance
tests both in relation to individual parts,
assemblies, assemblies and systems,
and in relation to spacecraft as a whole.
There are the following types of heat
and vacuum tests:

* thermostating;

» thermal cycling;

» thermobalance tests;

* no-load vacuum tests — checking
the performance of the thermal con-
trol system;

* vacuum tests with partial load — with
the inclusion of the thermal control
system and partial activation of
the on-board equipment for testing
individual systems, assemblies and
assemblies of the spacecraft;

* vacuum tests with full load — with
the inclusion of all systems of the
spacecraft in the normal mode and
full imitation of the payload opera-
tion program.

When carrying out thermal vacuum
tests, it is necessary to ensure that the
pressure in the vacuum chamber does not
exceed 1x107 Torr (1.33 x10- Pa).

2. Pneumatic tests are acceptance tests for
pneumatic and hydraulic systems of
spacecraft and are preliminary tests in
the test program for assemblies, assem-
bly systems and spacecraft, in general.
The following types of pneumatic tests
are distinguished:

» control of the tightness of the product

by the mass spectrometric method,

» analysis of the residual gases of the

atmosphere of the vacuum chamber.
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To carry out pneumatic tests, the
accepted maximum pressure of 5x107° Torr
(7x107 Pa) is sufficient.

3. Electrical tests are acceptance tests for
electrical systems of spacecraft and are
preliminary tests in the testing program
for assemblies, assembly systems and
spacecraft, in general. There are the fol-
lowing types of electrical tests:

» clectrical tests with partial activa-
tion of on-board equipment for test-
ing individual systems, assemblies
and assemblies of the spacecraft;

» clectrical tests with the inclusion of
all systems of the spacecraft in the
normal mode and full simulation of
the payload operation program.

Since voltages up to 400 V are usually
used in on-board spacecraft equipment, the
product of the distance between the con-
ductors and the pressure should be less than
0.2. Spacecraft are characterised by a high
packing density, and the distance between
conductors can be up to 0.5 mm. In this
case, to prevent ignition of the charge, the
pressure in the vacuum chamber, the pres-
sure should be less than 1x102 Torr (1.33
Pa). This condition is also satisfied by the
maximum pressure in the vacuum chamber
5x107 Torr (7x107 Pa).

4. Broad spectrum solar radiation tests.
To carry out such a test, it is required to
equip the simulator with a solar radia-
tion simulator.

Test for the effects of ultraviolet radia-
tion and radiation, which are part of the
solar radiation spectrum. Test requires
equipping the simulator with UV and
X-ray solar radiation simulators.



6. Radiation tests under conditions of imi-
tation of the impact of Van Allen radia-
tion belts. To carry out such tests, it is
required retrofitting of the test complex
with sources of electrons, protons and
helium nuclei (alpha particles) of the
corresponding energy.

7. Degassing mode. In the degassing mode,

parasitic gases and volatiles are removed
from the surface and from the unpressur-
ized volumes of the spacecraft.

8. Process thermostating mode. The pres-
sure requirements for this type of test
are similar to the requirements for ther-
mal vacuum testing.

Estimated Gas Load and Vacuum Chamber Atmosphere Composition in

Various Operating Modes

To analyse the gas load in different
operating modes, it is necessary to assess
the influence of various components on the

overall picture of the gas load. The compu-
tational layout diagram of the test facility
vacuum chamber is shown in Fig. 3.

Fig. 3. Computational layout diagram of the Prototype vacuum chamber: (1) high-vacuum outlet; (2) vibration
decoupling; (3) vacuum seal; (4) high-vacuum pump; (5) fitting for connecting the shutter of the fore line
pump; (6) body of vacuum chamber; (7) cryogenic shroud; (8) optical feedthrough for inputting radiation from
the Solar simulator; (9) lodgements and connections for camera mounting; (10) removable front cover.

During this step, operational pressure
(10 mbar) and maximal gas load have been
calculated. Then, the required pumping
speed of fore vacuum pump (>20 m3/h) and
turbomolecular pump (=900 1/s) have been

2.3. Thermophysical Calculation

One of the tasks to solve in the creation
of facilities for simulating the conditions
of outer space is a reliable imitation of the
properties of outer space in terms of energy
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calculated. The required through diameter
of the entire high-vacuum path of the vac-
uum pumping system has also been calcu-
lated (>200 mm).

dissipation. A high vacuum also belongs
to the properties of outer space; therefore,
such heat transfer mechanisms as convec-
tion and heat transfer cannot be used. The



imitation of the process taking place in
outer space will be reliable if only the radi-
ation mechanisms of energy transfer are
used. The problem of ensuring the reliabil-
ity of simulating the dissipative capacity of
outer space becomes especially important
when testing modern leaky satellites with a
passive thermal control system, which also
include CubeSat.

This problem can be solved if the test
object, placed inside the vacuum chamber
of the space simulator, at a sufficient dis-
tance, is surrounded by surfaces absorbing
thermal energy, having a temperature sig-
nificantly closer to absolute zero than the
temperature of the test object.

3. VIBRATION LOAD ANALYSES

The basis of the project of the cryogenic
system of the space simulator is its calcula-
tion. This calculation consists of a thermo-
physical part and a hydraulic part. The pur-
pose of the thermophysical calculation is to
prepare technical requirements for the ele-
ments of the Prototype cryogenic system.

Thermophysical calculation has been
carried out using many results of vacuum
calculation: information about the types of
tests and operating modes of the Prototype,
the nature of the gas load and pressure in
the vacuum chamber, geometric character-
istics of the vacuum chamber and the test
object, dimensional characteristics of cryo-
genic screens, etc.

According to posed requirements, the
vacuum chamber system should be rigid
enough to stand multiple transportation
type loads. During transportation, mechani-
cal systems are subjected to vibration loads
caused and coming from different sources
like engine, gearboxes, axels and other more
unpredictable from road bumps and uneven
parts of them. Most common transportation
system to use for the vacuum chamber trans-
portation has been taken to be road by truck
or by railway.

In the beginning, the research on the men-
tioned subject has been conducted to obtain
information about vibration levels, which
appear during transportation on truck and train

platforms. The designed system is intended to
be transportable in intermodal environment.
In intermodal environment, the transportation
system can be subjected to vibration loads
from transportation systems, which, in turn,
come from rotating equipment, engines and
uneven road bumps. According to research
truck and railroad transportation, frequencies
compose the range from 1 to about 120 Hz.

In this research, a system natural fre-
quency range has been determined and ana-
lysed in comparison with frequencies caused
by transportation, its impact on the system
has been determined and solutions have been
searched to reduce negative influence on the
system for safe transportation.

Fig. 4. Redesigned Vacuum Chamber construction.
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From previous design steps and vibra-
tion load analyses, the construction has
already been redesigned (integral base sup-
port part, chamber outtake part), providing
positive results. Figure 4 illustrates the rede-
signed construction that will be subjected to
vibration load analyses in the current design
step. To determine construction load from
the system inertial response forces and pre-
load conditions for modal analyses, the
Static Structural Analyses have been com-
pleted applying Standard Earth Gravity to
the system. The system natural frequencies
have been determined by modal analyses.

The vibration load influence from trans-
portation is determined by Random Vibra-
tion Analyses. The system CAD model has
been tested in ANSYS software environ-
ment. To check system on vibrational loads,
it is necessary to complete simulation on
loads in the following ANSYS modules [11]:
o Static Structural Analyses — during

which it is prepared for a pre-stressed

3.1. The Static Structural Analyses

The system inertial response forces have
been identified in Static Structural Analy-
ses applying Standard Earth Gravity to the
system. The results of Static Structural
Analyses show the biggest directional defor-
mation from structure inertial load at tank
upper part, but values are not critical. Also

modal analysis [12]-[14];
*  Modal Analyses — during which system
natural frequencies are determined [15];
*  Random Vibration Analyses — during
which the structure response is deter-
mined under random loading [16]-[18].

The Vacuum Chamber weight is 349.35 kg,
material is stainless steel, Young’s Modulus
of Elasticity — 1.93e+11 Pa, Poisson’s Ratio —
0.31, density — 7750 kg/m?, Tensile Yield
Strength — 2.07e+08 Pa, Tensile Ultimate
Strength — 5.86e+08 Pa.

The vibration loads are cyclic and
repetitive, as well as vessels for use under
pressure (in this case negative pressure), SO
for the current design the Vacuum Chamber
structure is considered to be subjected to
metal fatigue. Also, considering the afore-
mentioned factor of safety for pressure
vessels, the factor of safety value of 3.5 is
taken for the current design.

strain energy concentrates in tube part with
right angle; values are also not critical. Total
deformation shows its concentration in part
of structure where vacuum pump and shatter
are mounted. Though the values are not criti-
cal, they can point to problems on those parts
caused by vibration loads (Fig. 5).

Fig. 5. The Vacuum Chamber analysed in Static Structural module.
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Table 1. Summary of Static Structural Analysis Results
No. Results Minimum Maximum Units
1. Normal Stress -5.89E+06 2.05E+07 Pa
2. Directional Deformation -4.04E-05 1.05E-04 m
3. Total Deformation 0 1.48E-03 m
4. Equivalent Stress 0 2.67E+07 Pa
5. Safety Factor 7.7428 7.7428 -

In the construction model for the Static
Structural Analyses, the probe input has
been made that shows the following reac-
tion forces of -2.2042e-004 N, 3414.6 N,
3.0342e-004 N and 3414.6 N for X, Y and
Z axis and total, respectively.

3.2. The Modal Analysis

Modal Analyses on twenty modes of
natural frequencies have been determined,
ranging from 6.6923 Hz to 286.41 Hz
(Table 2). The most dangerous frequencies
for the system that can lead to its disintegra-
tion are 126.22 Hz, 142.15 Hz, 200.52 Hz,

Table 2. Summary of Modal Analysis Results

In Table 1, we can see the simulation
results where the maximum stress is 20.5
MPa and maximum deformation is 0.105
mm in Z-axis direction and total deforma-
tion of 1.48 mm. In Table 2, we can see that
the reaction force is 3414.6 N.

and 247.48 Hz. Those dangerous frequency
modes show strong shutter response that
also affects the structure part with connec-
tion to chamber. Example of analysis results
are depicted in Figs. 6 and 7.

Mode Frequency, Hz Mode Frequency, Hz
1. 6.6923 11. 142.15
2. 13.418 12. 169.59
3. 16.602 13. 185.24
4. 33.225 14. 186.6
5. 38.435 15. 200.52
6. 61.888 16. 210.37
7 66.526 17. 217.88
8. 112.69 18. 233.17
9. 120.6 19. 247.48
10. 126.22 20. 286.41

If the applied force frequency is close to
the construction system natural frequency,
it dramatically affects the amplitude of
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oscillation which becomes very large and
can lead to destruction of the construction
system.



Fig. 6. Example of the Modal Analysis results.

The current study has determined twenty
natural frequencies (Table 2) correspond-
ing to the twenty normal frequencies. From
the theoretical point of view, to determine
system durability, it is necessary to take a
wider range of frequencies that system will
be subjected in real life with 1.5 probability
that is to about 180 Hz. Thus, from Table 2,
we can assume that the construction will
show large amplitude oscillations when the
exciting frequency is close to either of four-
teen natural frequencies.

Results show that there is strong response

in the X and Z axis directions. If it were on
the support under chamber structure, it could
be considered acceptable due to the mate-
rial strength, but in this case the load direc-
tion could influence proper functioning of the
vacuum pump and the gate valve. The system
itselfis strong enough to withstand those loads
but as it refers to technically sophisticated
assemblies that can influence their proper
functioning, careful considerations should be
taken, and it is very desirable to redesign that
part of the system.

Fig. 7. Example of the Modal Analysis results.

From Table 3 we can see that modes
that influence the Vacuum Chamber struc-
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ture in the most severe way are 126.22 and
142.15 Hz, respectively.



Table 3. Summary of Modal Analysis Results

Results Minimum Maximum Units iipe(r)lr;}e’d(;rze)_
Maximum Shear Elastic Strain 0 0.18285 m/m 6.6923
Normal Elastic Strain -5.63E-02 7.56E-02 m/m 6.6923
Shear Elastic Strain -5.80E-02 8.54E-02 m/m 6.6923
Maximum Shear Stress 0 1.35E+10 Pa 6.6923
Normal Stress -1.85E+10 1.31E+10 Pa 6.6923
Shear Stress 2 -4.28E+09 6.29E+09 Pa 6.6923
Directional Deformation Model -5.30E-02 6.40E-03 m 6.6923
Directional Deformation Mode3 -0.31106 4.59E-02 m 16.602
Directional Deformation Model0 -0.10989 7.74E-02 m 126.22
Directional Deformation Model1 -0.14774 9.94E-02 m 142.15
Directional Deformation_Mode14 -2.38E-02 2.60E-02 m 186.6
Directional Deformation_Model7 -1.00E-02 1.07E-02 m 217.88

3.3. The Random Vibration Analysis

In Random Vibration Analyses, the sys-
tem has been checked on possible damage
types caused from vibration loads during
transportation in the fourteen frequency
modes that have been determined during
Modal Analyses and correspond to a range
of frequencies that can generate during
transportation.

The construction has been tested on
Sigma I stress level. The Sigma stress lev-
els mean that these stress levels will occur
68.27 %, 95.45% and 99.73% of the time,
respectively. 1-sigma, 2-sigma and 3-sigma
levels are usually used, but these can be

more, if necessary. For fatigue evaluation,
3-sigma stress level is essential. The stress
levels from the Random Vibration are real,
vary with time and have meaning. Simi-
larly, the Von Mises stress is an indication
of stress level severity at a point and its
closeness to failure levels.

Analysis results also show strong struc-
ture response in Z axis and YZ component
directions when vibration frequency is close
to structure natural frequency. Result val-
ues do not exceed material (Stainless Steel)
Yield Strength. The Factor of Safety should
be considered (Figs. 8 and 9).

e

el

Fig. 8 Example of the Modal Analysis results.
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Fig. 9. Example of the Modal Analysis results.

Table 4. Summary of Random Vibration Analysis Results

Results Minimum Maximum Units
Directional Deformation 0 6.85E-03 m
Normal Elastic Strain 0 1.30E-03 m/m
Shear Elastic Strain 0 8.89E-04 m/m
Normal Stress 0 3.44E+08 Pa
Shear Stress 0 6.55E+07 Pa
Equivalent Stress 0 2.026E+08 Pa
Directional Velocity 6.19E-02 0.94465 m/s
Directional Acceleration 39.392 711.16 m/s?

In Table 4, we can see the simulation
results where the maximum stress is 344
MPa and maximum deformation is 6.85
mm in Z-axis direction.

By completing the Vacuum Chamber
analyses in ANSYS, it has been possible
to identify deficiencies in the construc-
tion. The Static Structural Analyses have
revealed that the safety factor is too high, it
is equal to 7.74, which is more than twice of
the necessary value defined in the beginning
—3.5. That can also be identified by Equiva-
lent von-Mises Stress value (see Table 1) of
2.67¢+07 Pa, which is only about 13 % of
the allowable load. The system is too bulky.
The changes can be made in support con-
struction that will save same material and
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make construction lighter.

From the Modal Analyses and the Ran-
dom Vibration Analyses, it can be seen that
there is rather big vibration influence on the
gate valve. As it is a sophisticated device
and it can influence its proper functioning,
consideration should be taken to change
it for the other type of valve that is more
appropriate to design situation (e.g., an
electro-pneumatic angle valve).

Also, from the Random Vibration
results, we can conclude that the Vacuum
Chamber system is safe for transportation;
however, originally the system has been
designed as a transportable unit. If this is
taken into account, then the safety factor
of 3.5 should be also addressed to analy-



sis results from the Random Vibration that
show Equivalent von-Mises Stress value of
2.026e+08 Pa (Table 4), which is about 98 %
of the allowable load. If it is a safety factor,
but as a design safety factor is determined
to be 3.5, this points to the weakness of
the construction. This indicates a too week
design safety factor in case the system is
subjected to transportation vibration. Thus,
we need to assess the opportunity to rede-
sign the Vacuum Chamber base construc-
tion, including some damping mechanisms.
Since the Vacuum Chamber transportation

state is not in its working state, but just only
transfers to the point where actual work is
to be completed, and that it will take very
small part of its lifetime use, the damping
system or mechanism should not be very
complicated and raise overall price of the
construction. It is suggested to use mate-
rial at mounting place between the Vacuum
Chamber and the transportation vehicle
floor, with good damping properties.

Redesigned construction is depicted in
Fig. 10.

Fig. 10. Redesigned Vacuum Chamber (two-sided view).
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According to the requirements, the
Vacuum Chamber should be mounted on a
vehicle and used as a mobile lab, it is also
depicted in the mounted state that can be
seen in Fig. 11. The Vacuum Chamber has

been redesigned according to the obtained
results. The initial design can be viewed
in Fig. 4 (and also other from vibration
simulation), the redesigned construction is
depicted in Fig. 10.

Fig. 11. Redesigned Vacuum Chamber mounted on a vehicle.

Completing the Modal Analyses and
the Random Vibration Analyses, it has been
observed that there is a rather big vibration
influence on the gate valve (Figs. 6-8). As it
is a sophisticated device and it can influence

4. CONCLUSIONS

its proper functioning, consideration should
be taken to change it for another type of
valve more appropriate to the design situa-
tion. The gate valve has been changed to the
electro-pneumatic angle valve.

The main stages of development of
mobile thermal vacuum chamber to be used
for testing CubeSats have been described in
this article. The project for creating mobile
testing facility for simulating the outer
space environment has been implemented
by Riga Technical University in coopera-
tion with Cryogenic and Vacuum Systems
Ltd.

Based on the developed technical
requirements and the results of the Vacuum,
Thermophysical calculation and Vibration
Load Analyses and design documentation,
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technical specifications have been drawn
up; the analysis of the market for materi-
als and components has been performed;
procurements of materials and components
for vacuum and control systems manu-
facture have been provided, the supplied
components incoming quality control has
been performed; the prototype structural
elements have been produced and/or pur-
chased. During the further project imple-
mentation, all these elements have been
sent to the assembly of the prototype, which
has been then tested.
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The paper presents a novel control algorithm for a standalone Photovoltaic Reverse-
Osmosis (PV-RO) system without a battery. It highlights the importance of tracking the maxi-
mum power tracking points in the photovoltaic panels. The development of new methods has
become more urgent than before. The PV-RO system combines solar energy and reverse osmo-
sis technology to provide reliable and sustainable access to clean drinking water in remote
areas. Traditional PV-RO systems often require energy storage solutions such as batteries to
maintain a constant water supply during periods of low solar irradiation. However, the inte-
gration of batteries adds complexity, cost, and environmental impact to the system. The paper
presents the development of different MPPT techniques, which are better than traditional tech-
niques (more accurate and faster). The paper also provides a comparison with the studied
methods (P&O and Incremental Conductance) and the proposed one.

Keywords: Batteryless system, control algorithm, desalination, MPPT, photovoltaics.
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1. INTRODUCTION

Access to clean drinking water is a fun-
damental necessity for human well-being and
development. However, many regions around
the world, particularly in remote and off-grid
areas, still face significant challenges in secur-
ing a reliable and sustainable water supply.
Traditional methods of water desalination
and purification often rely on fossil fuels or
grid-connected power sources, which may be
unavailable, expensive, or environmentally
detrimental in these regions [1]. To meet the
energy needs of water treatment processes,
the implementation of renewable energy
sources, such as solar photovoltaic (PV) sys-
tems, appears as an appealing option.

In recent years, there has been a notable
surge of interest in integrating PV systems
with reverse osmosis (RO) technology. Pho-
tovoltaic-Reverse Osmosis (PV-RO) systems
utilise solar energy to power the desalination
or purification process, providing a clean and
renewable energy source for water treatment.
The intermittent nature of solar energy, how-
ever, makes it difficult to maintain a steady
supply of water, particularly during times of
low solar irradiation, like at night or in peri-
ods of cloudy conditions. To overcome this
challenge, traditional PV-RO systems often
integrate energy storage solutions, typi-
cally in the form of batteries, to store excess
energy during sunny periods and use it dur-
ing periods of low solar irradiation.

Although battery integration enables
continuous water production, it introduces
additional complexities, costs, and environ-
mental concerns. Batteries require mainte-
nance, have a limited lifespan, and contribute
to the overall system’s weight and footprint.
Moreover, the production, use, and disposal
of batteries involve environmental and sus-
tainability challenges. Therefore, there is a
need for alternative approaches that elimi-
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nate the reliance on batteries while maintain-
ing reliable water production in standalone
PV-RO systems.

This paper presents a modified control
approach for a standalone PV-RO system
without a battery. A feed water tank is used
as an energy storage, aimed at addressing
the challenges. The control algorithm intel-
ligently manages the photovoltaic output
power and optimises the operation of the
RO unit based on real-time energy avail-
ability and water demand. By dynamically
adjusting the water production rate and sys-
tem operating parameters, the approach effi-
ciently mitigates the characteristics of solar
energy, and the water consumption demands,
thereby obviating the necessity for energy
storage solutions.

The goal of the paper is to assess how
well the PV-RO system performs with the
new control algorithm and compare it to
traditional PV-RO systems with batter-
ies. A comprehensive simulation model is
developed to analyse the system’s energy
efficiency, water production reliability, and
overall cost-effectiveness. The results of
this study make a valuable contribution to
the progress of standalone PV-RO systems,
offering a practical and sustainable solution
for water desalination and purification in
remote and off-grid locations.

The paper is structured as follows: An
overview of related research in PV-RO sys-
tems and control algorithms is provided
in Section 2. The technique and simula-
tion model utilised in this investigation
are described in Section 3. The results and
analysis of the suggested control algorithm
are presented in Section 4. The work is
concluded in Section 5 by summarising the
major contributions and proposing potential
directions for further study in this area.



2. LITERATURE REVIEW

The performance and energy efficiency
of Photovoltaic-Reverse Osmosis systems
are greatly improved by control algorithms.
Researchers have focused on developing
innovative control strategies to ensure reli-
able and sustainable water production with-
out the need for energy storage solutions
such as batteries [2]. The following pro-
vides an overview of key research areas and
notable contributions in control algorithms
for PV-RO systems.

By tracking the maximum power point
(MPP) under fluctuating solar irradiation
and temperature conditions, maximum
power point tracking (MPPT) algorithms
seek to maximise the power output from the
photovoltaic array. PV-RO systems have
used several MPPT approaches, including
Perturb and Observe (P&O), Incremental
Conductance, and Fuzzy Logic Control.
The performance of the system is enhanced
by these algorithms, enabling effective
usage of solar energy [3].

Energy Management and Water Demand
Control: Based on current energy availabil-
ity and water demand, researchers have cre-
ated control algorithms that dynamically
regulate the energy distribution between
the PV array and the RO unit. These algo-
rithms optimise the water production rate,
regulate system operating parameters, and
prioritise water supply during periods of
high demand or limited energy resources.
Advanced control strategies, including
model predictive control (MPC) and adap-
tive control, increase system reliability and
efficiency [4].

Power Smoothing and Load Balancing:
The solar energy nature can cause fluctua-
tions in power supply to the RO unit [1].
Control algorithms have been developed to
smooth out these fluctuations and maintain
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a stable water production rate. Techniques
such as energy buffering, load shedding,
and power scheduling algorithms have been
employed to balance the energy supply and
demand, ensuring continuous water supply
while avoiding system instabilities [5].

Fault Detection and Diagnosis: Control
algorithms are used to detect and diagnose
faults or malfunctions in PV-RO systems.
These algorithms analyse system param-
eters, sensor data, and performance indica-
tors to identify deviations from normal oper-
ation. Fault detection algorithms, such as
neural networks, fuzzy logic, and machine
learning techniques, enable prompt identifi-
cation of system failures, component degra-
dation, or suboptimal operation, facilitating
timely maintenance and improving system
reliability [6].

Real-Time Optimisation and Decision-
Making: Real-time optimisation algorithms
are utilised to continuously adjust system
parameters and optimise the operation of
PV-RO systems [7]. These algorithms con-
sider factors such as solar irradiance, water
demand, energy efficiency, and system con-
straints to make informed decisions regard-
ing power allocation, water production
rates, and operating points. To improve sys-
tem performance and reduce energy con-
sumption, optimisation approaches such as
genetic algorithms, particle swarm optimi-
sation, and model-based optimisation have
been used [8].

Control Hardware and Implementa-
tion: Research efforts have also focused
on developing control hardware platforms,
communication protocols, and control
system architectures for PV-RO systems.
Microcontroller, programmable logic con-
troller, and supervisory control and data
acquisition system integration are a few



examples of control hardware use. The
implementation of control algorithms on
hardware platforms enables real-time mon-
itoring, control, and remote operation of
PV-RO systems [9].

The research in control algorithms for
PV-RO systems aims to optimise energy
utilisation, improve water production reli-
ability, and reduce system complexity.

3. PV-RO PROPOSED SYSTEM

These efforts contribute to the development
of sustainable water treatment solutions
[10], especially in off-grid and remote areas.
Future research may focus on advanced
control techniques, integration with energy
storage technologies, and system-level opti-
misation to further enhance the efficiency
and scalability of PV-RO systems.
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Fig. 1. Principle scheme of PV powered RO desalination.

In this study, we propose a new control
algorithm that eliminates the need for a bat-
tery in the proposed PV-RO system while
ensuring a continuous water supply. The
algorithm intelligently manages the power
output from the photovoltaic array and opti-
mises the operation of the reverse osmosis
unit based on real-time energy availability
and water demand. By dynamically adjust-
ing the water production rate and system
operating parameters, the proposed control
algorithm effectively balances the resulted
fluctuations of the solar energy and the
requirements of water consumption. This
system as shown in Fig. 1 consists of photo-
voltaic panels, MPPT, DC-DC converters,
motors, RO system, and water tank.

A thorough simulation model has been
created to assess the performance of the
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PV-RO system using the new control algo-
rithm. The simulation results show how
well the suggested algorithm maintains a
consistent water supply while maximising
the use of the solar energy that is avail-
able. Compared to traditional PV-RO sys-
tems with batteries, the standalone system
with the new control algorithm exhibits
improved energy efficiency, reduced system
complexity, and lower overall costs provid-
ing a practical and sustainable solution for
water desalination and purification in off-
grid and remote locations. The proposed
control algorithm opens opportunities for
widespread adoption of PV-RO systems,
promoting and reducing reliance on fossil
fuels and traditional energy sources, as well
as access to clean drinking water.



4. THE PROPOSED CONTROL ALGORITHM

In contrast to other traditional search
approaches, the proposed method operates
on a distinct concept. The main goal of
this method is to force the circuit current
to operate at a value that is comparable to
the MPP current value. This method can be
used by figuring out predetermined current
values that correspond to the highest pos-
sible power levels under various irradiation
levels. To put it another way, a correlation
of the maximum power and what are known
as associated currents is found for different
irradiation levels.

The average power will be estimated
because of the continuous monitoring of
the PV’s current and voltage. The circuit’s
required current value will be decided by the
computed power and the determined func-
tion. This value will be used as a benchmark
against which the real value of the circuit’s
current will be continuously measured [5].

The PI type control system will be used
to regulate the endpoint of the operation’s
starting point by applying precise switching
on the DC/DC converter, which serves as a
mediator between the photovoltaic panel as
the source of power and the load.

Using current adjustment, the system
can track the necessary ideal current value,
as shown in Fig. 3. The value of the power
at the place where the line representing the
load and current-voltage curve intersects
can be used to calculate the circuit’s normal
operating point.

According to the power value, the sys-
tem will compute a new value of current,
Ireference2, and the PI controller’s algo-
rithm will push this value of current, which
is determined as a function associated with
the power, to identify the emphasis of the
reference current, and equivalent power of
the circuit [11].

V-I Curves for Different MPPT Algerithms
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Fig. 3. V-I curve for different MPPT algorithms.

Since it does not rely on any search
method, which always takes extra time to
achieve the target operating point, the sys-
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tem may quickly follow the MPP in this
way within a few milliseconds [4].



5. ALGORITHM SIMULATION

The duty cycle of the DC/DC converter,
which serves as a middleman between the
PVT module as a power supply and the
load, will be adjusted by the Pl type control-
ler before being used to control the location
of the operation point.

The temperature will be measured, and

6. CURVE FITTING

the existing values will be updated, as shown
within the modified simulation, to account
for changes in temperature in three separate
ranges (0-20, 21-35, and 36-55 °C). In a
nutshell, each temperature variation range
will have its own least-square computations
for precise MPP determination.

Building a curve, or ID mathemati-
cal function, that has the best fit to a set of
data points while potentially considering
constraints, is known as curve fitting. Two
methods for fitting curves are interpola-
tion, which requires a perfect fit to the data,

Table 1. Values of the Module at 25 °C

or smoothing, which involves building a
“smooth” function that roughly fits the data.

The simulation system shown in Fig. 4
has been initially created to track the MPP
according to pushing the module values to
match values from Table 1.

S(W/m2) Pmax (W) Imax (A)
1000 48.786 2.887
950 46.3626 2.8018
900 43.765 2.7441
850 41.4149 2.5827
800 38.9688 2.4341
750 36.6618 22357
700 34.2015 2.0905
650 31.6807 1.907
600 29.2523 1.7954
550 26.7682 1.6665
500 24.2757 1.4925
450 21.777 1.3386
400 19.2732 1.20132

The process of using a fitted curve out-
side the boundaries of the observed data
is known as extrapolation. This process
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involves some uncertainty because the fit-
ted curve may represent the construction
process just as much as the observed data.
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The equation for 25 °C is as follows:
-7.846%107 Pa+ 0.06616 Pprax + 0.06251. (1)
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The system is very fast in tracking the
maximum power with every change of
weather and load, and it may have a zero
error since the locus of power changes
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with temperature. The maximum power
point will change as well at the same irra-
diation level, because the PV panel currents
are equal to the predetermined values of



optimum current values. If the temperature errors may occur. An installation of a tem-
varies from the calculated values at STC perature sensor can solve this issue.
(Standard Temperature Coefficient), some
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Table 2. Curve Fitting Equations

T(C) Second degree curve SS, RMSE
0<T<20 4.65%10° P *+0.0563 P +0.0937 0.005 0.023
0<T<35 -7.846*10° P *+0.06616 P +0.06251 0.012 0.035
T>35 -7.896*¥10° P *+0.06616 P +0.034 0.004 0.022

The simulation results are given in
detail and discussed with a suitable com-
parison with the Perturb and Observe and
Incremental Conductance methods to vali-

date the proposed method. Advantages and
disadvantages of the proposed algorithm
are also compared with the two traditional
search methods (Table 4).

7. BEHAVIOUR OF MPPT ALGORITHM

It is difficult to evaluate MPPT behav-
iour, when there are two devices, and their
interaction is involved in the measurement
(PV module and MPPn). The actual read-
ings of the current and voltage are measured

Stan
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by the PVG, but it is not easy to determine
their maximum values, which vary with
irradiance, temperature and other condi-
tions.
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Fig. 10. Flow chart for the proposed algorithm.

The indices defining the behaviour of

the MPPT algorithms shown in this section
under static and dynamic modifications are

provided as follows [12], [11]:
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One of the straightforward and typi-
cal metrics used to show how closely the
MPPT resembles the MPP is the a dur-

. MPPT
ing I .. [3]:



amppt-p:pL* 100; (1)

max
v
or — * 10 ; (2)
or - LI 100. 3)
lmax

(n) The static efficiency index serves
as a measure of how effectively actual PV
power or energy compares to the available
amount, and it is defined as follows (an
example of accuracy in a specific scenario):

P
nmppt.p:ﬁ * 100. (4)

Let us consider that voltage or power
can be used to define Eq. (1). Additionally,

8. RESULTS

Eq. (6) provides the following definition for
the relative tracking error (&):

Emppt = P — Ppax (Absolute); (5)

sww=(E§;——1)*1OO(RebﬁV®. (6)
Additionally, to explain the MPPT’s
proximity to the maximum power point dur-
ing a time period from O to tm, the energetic
error of the MPPT (amppt. ) and the energetic
efficiency (;7mpp_ ) are given as follows:

Jim p(ed(e)
—_ %

Thmppes = fotm Payx (0)d(t) 100; )

i p©)de)

EmpptE = (ftm

-—————1)*100. (8
o Pmax(®)d(©) ) ®)

Table 3 shows the percentages of these
indices for all the MPPT algorithms under
study. It is notable that the proposed algo-

rithm guarantees better values compared
to the corresponding values of the conven-
tional P&O and IC based MPPT algorithms.

Table 3. The Assessment of Algorithm Characteristics

Characteristics Perturb and observe Incremental conductance Proposed
onts 97.95 97.24 98.2
Moot 97.95 97.24 98.2
€ ot 2.45 2.96 1.95
Nyonts 86.0 88.0 91.0
€ e 16.0 14.0 11.0
Table 4. Comparison of Advantages and Disadvantages
MPPT Advantages Disadvantages
1) Simple
P&O 2) Cheap 1) Not suitable in fast changes in weather
3) A few numbers of sensors needed 2) Slow response speed
4) More common in usage
1) Simple
IC 2) Faster tilan PI;LO method 21))1\1/\1/2 (;zeei(;n;l::ieje
3) Common in usage
1) Very fast response 1) More complex
2) Suitable for fast changes in irradiation and loads 2) If the calculations of curve fitting have
PI 3) Zero error is reached if the current generated equal some errors, the efficiency of the system
Imax will decrease
4) High efficiency in dynamic weather changes 3) Temperature dependency
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According to the comparison between
the proposed MPPT technique and the two
previous methods (Table 4), it is concluded

9. CONCLUSION

that the proposed technique is the best in
tracking the MPP and can be used as a sup-
plementary method.

An algorithm for tracking maximum
power points under various operating con-
ditions has been provided in this paper, and
it is based on an investigation of the math-
ematical correlation between the maximum
power points and the related currents. The
performance, efficacy, benefits, and draw-
backs of the proposed method in compari-
son to the traditional Perturb and Observe
and Incremental Conductance methods have
been highlighted by simulation results. The
choice of the proper fitting relation between
the maximum power and its associated cur-
rent value is one of the primary contribu-
tions of this study. However, compared
to other conventional MPPT approaches,

REFERENCES

the proposed method, nonetheless, has the
drawbacks of being expensive and depen-
dent on the photovoltaic.

It should be noted that the equations
are greatly affected by two factors, i.e., how
the system is able to achieve the MPP and
how fast the system is able to achieve it.
All the equations have been calculated over
time from t=0 to t=tm. Energetic efficiency
enhances, if the module can work very
closely to the required MPP and is too fast.

Notably, the proposed approach prom-
ises the improved results compared to the
values of the traditional P&O and IC-based
MPPT techniques and can be utilised as an
additional approach.

1. Richards, S., Capao, D.P.S., & Schafer,
A.L. (2008). Renewable Energy Powered
Membrane Technology. 2. The Effect of
Energy Fluctuations on Performance of a
Photovoltaic Hybrid Membrane System.
Environ. Sci. Technol., 42, 4563-4569.

2. Al-Suleimani, Z., & Nair, V.R. (2000).
Desalination by Solar-Powered Reverse
Osmosis in a Remote Area of the Sultanate
of Oman. Desalination, 65, 367-80.

3. Tzen, E. (2005). Successful Desalination:
RES  Plants  Worldwide. Hammamet,
Tunisia: Centre for Renewable Energy
Sources.

Herold, D., & Neskakis, A. (2001). A Small
PV-Driven Reverse Osmosis Desalination

Plant on the Island of Gran Canaria.
Desalination, 137, 285-292.

5. Gocht, W., Sommerfeld, A., Rautenbach,

88

R., Melin, T., Eilers, L., Neskakis, A., ...
& Muhaidat, A. (1998). Decentralized
Desalination of Brackish Water by a Directly
Coupled  Reverse-Osmosis-Photovoltaic-
System — A Pilot Plant Study in Jordan.
Renew Energy, 14 (1-4), 287-292.

6. Joyce, A., Lourerio, D., Rodrigues, C., &
Castro, S. (2001). Small Reverse Osmosis
Units Using PV Systems for Water
Purification in Rural Areas. Desalination,
137, 39-44.

7. Miranda, M.S., & Infield, D.A. (2002).
Wind-Powered Seawater Reverse-Osmosis
System without Batteries. Desalination,
153, 9-16.

8. AlMadani, H.M.N. (2003). Water
Desalination by Solar Powered

Electrodialysis Process. Renew Energy, 28
(12), 1915-1924.



9.

10.

I1.

Scrivani, A. (2005). Energy Management
and DSM Techniques for a PV-Diesel
Powered Sea Water Reverse Osmosis
Desalination Plant in Ginostra, Sicily.
Desalination, 183, 63-72.

Thomson, M. (2003). Reverse-Osmosis
Desalination of Seawater Powered by
Photovoltaics  without Batteries. PhD
dissertation. UK: Loughborough University.
Wunderlich, H. (2016). Model-Based
Development of a Maximum Power Point
Tracker for Solar Generators of Solar-

&9

12.

Driven Electro-Vehicles Using MATLAB/
Simulink [Modellbasierte  Entwicklung
eines Maximum Power Point Trackers fiir

Solargeneratoren  solarenergiebetriebener
Elektrofahrzeuge  mittels ~ MATLAB/
Simulink]. ~ Master Thesis. University

Koblenz-Landau, Germany.

Richards, S.B., & Schafer, A.I. (2003).
Photovoltaic-Powered Desalination System
for Remote Australian Communities. Renew
Energy, 28, 2013-2022.



§ sciendo

LATVIAN JOURNAL OF PHYSICS
AND TECHNICAL SCIENCES
2024, N5

DOI: 10.2478/Ipts-2024-0038

OPTIMISATION OF ELECTROSPINNING
PARAMETERS FOR HIGH-STRENGTH
ORIENTED PAN NANOFIBRE MATS

J. V. Sanchaniya*, V. Rana, S. R. Vejanand

Riga Technical University,

Faculty of Civil and Mechanical Engineering,
Institute of Mechanics and Mechanical Engineering,
6B Kipsala Str., Riga, LV-1048, LATVIA
*e-mail: jaymin.sanchaniya@rtu.lv

This study explores the optimisation of electrospinning parameters to enhance the strength
and orientation of polyacrylonitrile (PAN) nanofibre mats, which are pivotal in filtration appli-
cations and other areas requiring high-strength, uniformly distributed nanofibres. The focus is
on the electrospinning process, particularly on a rotating drum collector, which is instrumen-
tal in determining the morphology of nanofibres. Key process variables, including the distance
between the collector and the syringe, feed rate, applied voltage, and polymer concentration,
have been meticulously examined to understand their influence on the physical properties of
PAN nanofibres. Our findings indicate that parameters such as voltage, collector-to-syringe dis-
tance, and drum rotation speed (RPM) significantly impact the mechanical performance of the
nanofibre mats. The optimised electrospinning conditions produced PAN nanofibre mats with
tensile strengths ranging from 1.61 MPa to 21.78 MPa, demonstrating a notable improvement in
strength due to controlled fluid dynamics and expulsion of polymer solution during the process.

Keywords: Aligned nanofibres, optimisation, PAN nanofibre mat, response surface meth-
odology.

1. INTRODUCTION

Electrospinning emerges as a cost-
effective methodology for the production of
nanofibres [1]. This technique involves the
collection of nanofibres in various ways; for
instance, when using a flat plate collector,
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the structure of the nanofibres tends to be
randomly orientated. In contrast, in drum-
rotating collectors, nanofibres are typically
characterised by higher strength and are ori-
entated in a singular direction [2].



Polyacrylonitrile (PAN) nanofibres have
garnered considerable attention due to their
wide range of applications in filtration [3],
biomedical engineering, drug delivery [4],
scaffolding, nanocomposites [5], [6], antibac-
terial textiles [7]—[9], and protective clothing
[10]. In such applications, the strength of the
nanofibres is of paramount importance [11].

The collection of nanofibres on a flat
plate collector presents fewer variables
to control, as the fibres are deposited ran-
domly, necessitating primarily the preven-
tion of bead formation during electros-
pinning. However, the scenario changes
significantly when nanofibres are electro-
spun onto a rotating drum. A critical vari-

able in this context is the speed of the rotat-
ing drum, along with other parameters that
become consequential in relation to the
drum speed. The electrospun nanofibres
may be collected in a semisolid or solid
state, necessitating the avoidance of bead
formation.

Thus, it becomes imperative to optimise
the electrospinning process parameters to
achieve high-strength nanofibre mats when
collected on a rotating drum.

Table 1 encapsulates a summary of the
literature concerning various methods of
collecting nanofibres and the parameters
used there. A notable variation in the choice
of parameters is evident from this summary.

Table 1. Summary of Electrospun Process Parameters in the Fabrication of Nanofibre Mats

Collector Voltage | Distance | Speed of RD Applications Refer-
type (kV) (cm) RPM ence
drum 15 10 400 Wastewater filtration [12]
drum 18 15 600 Textile composites reinforced [13]
drum 16 18 800 Gas toluene removal [14]
drum 16 15 500 Air gap membrane distillation [15]
roller 12 20 500 Super-capacitors [16]
roller 15 18 800 Hybrid nanofibre filtration [17]
drum 20 10 1000 Future high-power target [18]
drum 17 15 1200 Wound healing [19]
roller 16 10 1000 Super-capacitor [20]
drum 15 20 400 Dust removal [21]
roller 20 20 400 Non-crimping laminated [22]
drum 18 18 1200 Textile composites reinforced [23]
drum 20 20 1200 Annealed PAN nanofibres [11]
drum 16 15 600 Battery [24]
drum 20 10,15,20 500 Carbonized nanofibres [25]
roller 14 20 800 Creating novel metal [26]
Orientated ferromagnetic
drum 175 10 400 Nil-xFex nanoﬁt%res [27]
roller 10 15 800 Enantioselective material [28]
drum 11 10 600 Junction-free electrospun nanofibre network | [29]
drum 20 10 1000 Anti-adhesion barrier [30]
drum 18 10, 20 1200 Food packaging [31]

The literature reveals a broad spectrum
of process parameters that are used for the
production of nanofibres. In this context,
six process parameters have been identified
as critical in the electrospinning process.
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Among these, three are considered primary
due to their significant impact on the qual-
ity of the nanofibres: voltage, collector
drum distance, and drum speed. Secondary
parameters — flow rate, needle gauge, and



polymer viscosity (wt/ wt % of PAN poly-
mer) — are considered interrelated. Altera-
tions in the needle gauge or polymer vis-
cosity are likely to proportionally impact
the flow rate, thus warranting a holistic

2. MATERIALS AND METHODOLOGY

approach to optimising these parameters.
Therefore, in this research, these second-
ary parameters are kept constant to main-
tain consistency and focus on the primary
variables.

The present study focusses on eluci-
dating the effects of the electrospinning
process parameters on the ultimate tensile
strength of orientated PAN nanofibres. The
PAN nanofibres were synthesised using
PAN powder and N,N-dimethylformamide
(DMF). Polyacrylonitrile (average molecu-
lar weight: 150,000; CAS number: 25014-
41-9) and N,N-dimethylformamide (DMF;
ACS reagent (solvent), purity > 99.8%;
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CAS number: 68-12-2) were obtained from
Sigma-Aldrich Chemicals (Merck KGaA,
Darmstadt, Germany).

The electrospinning procedure was
conducted according to the methodology
previously established by the authors [11],
[23], [32]. Figure 1 delineates the schematic
of the electrospinning setup used in the
Mechanics and Biotextile Research Labo-
ratory at Riga Technical University.

Vaaliage (V)

Emarting Drum
‘ Collector

Syringe Pump

. RPM Cantraller
Electrozpinnitz Setug

Fig. 1. Schematic diagram of the electrospinning setup.

For the optimisation of the process
parameters, the range was chosen based on

Table 1. Range of Process Parameters for Optimisation

a comprehensive review of the literature as
detailed in Table 1.

Process Parameters

Parameters Used

Solution PAN + N, N- Dimethylformamide
Polymer, wt/wt % (constant) 10

Needle size ml/hr (constant) 18

Flow rate, ml/hr (constant) 1

Tip to collector distance, cm 5,10 and 15

Applied voltage, kV 15, 17.5, 20

Speed of rotating drum, RPM

400, 800, 1200
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Response surface method (RSM) was
employed as a statistical technique to opti-
mise the electrospinning process, which
involves analysing the relationship between
the electrospinning settings and the ultimate
tensile strength. Response surface method-

Table 2. Design of Experiments

ology was implemented using the Design
Expert software, and experiments were
designed using the Box-Behnken. Seven-
teen experiments were designed as sum-
marised in Table 2.

(10 % wt./wt.) (Ga) (ml/hr) (kV) (cm) ®PM)
1. 10 18 1 15 15 400
2. 10 18 1 20 15 1200
3. 10 18 1 17.5 10 1200
4. 10 18 1 17.5 15 800
5. 10 18 1 15 10 800
6. 10 18 1 17.5 15 800
7. 10 18 1 17.5 15 800
8. 10 18 1 17.5 5 1200
9. 10 18 1 20 5 800
10. 10 18 1 17.5 15 800
11. 10 18 1 20 10 800
12. 10 18 1 20 15 400
13. 10 18 1 15 15 1200
14. 10 18 1 17.5 15 800
15. 10 18 1 17.5 10 400
16. 10 18 1 17.5 400
17. 10 18 1 15 800

All PAN nanofibre mats were pro-
duced as detailed in Table 2. Tensile prop-
erties were measured using a Mecmesin
Multi-Test 2.5-i tensile testing machine
equipped with a 25-N sensor (PPT Group
UK Ltd., t/a Mecmesin, Newton House,
Spring Copse Business Park, Slinfold,
UK). The samples were conditioned and
stored at room temperature according to
ISO 139:1973 “Standard Environments for
Conditioning and Testing”, specifying a
temperature of 21 + 1 °C, a relative humid-
ity of 60 %, and an atmospheric pressure of
760 mm Hg. The sample dimensions were
in accordance with ASTM D882-18, with a
size of 50 mm % 10 mm (length x width).
Five measurements were made to determine
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the tensile properties. The thickness of the
nanofibre mats was gauged using a digital
micrometre (range: 0—25 mm; Digimatic
micrometre, MDC-25PX, code No. 293-
240-30, serial No. 71912410, Mitutoyo,
Japan). A 50 mm x 40 mm paper template
with an inside cut of 30 mm x 20 mm was
used. Both ends of the sample were adhered
to the paper template using double-sided
thin scotch tape (3M Scotch Magic Tape
(Matte Finish) 3/4” x 36-yard Desk Dis-
penser refills). After attaching the paper and
sample to the tensile testing apparatus, the
sides of the paper template were excised
with scissors, as defined in the methodol-

ogy [5], [11].



3. RESULTS AND DISCUSSION

The experimental results of 17 dis-
tinct runs were meticulously analysed. The
findings pertaining to the ultimate tensile

strength (UTS) of the electrospun PAN
nanofibres are summarised in Table 3.

Table 3. Summary of the Ultimate Tensile Test Results Obtained from the 17 Experiments

Factor 1 Factor 2 Factor 3 Response 1

A: Voltage B: Distance C: Rotation UTS
Run kV cm RPM MPa
1 15 15 400 1.74
2 20 15 1200 2.5
3 17.5 10 1200 5.11
4 17.5 15 800 2.55
5 15 10 800 4.64
6 17.5 15 800 245
7 17.5 15 800 2.64
8 17.5 5 1200 17.45
9 20 5 800 10.36
10 17.5 10 800 2.56
11 20 10 800 8.63
12 20 15 400 3.04
13 15 15 1200 1.61
14 17.5 15 800 2.53
15 17.5 10 400 16.08
16 17.5 5 400 21.78
17 15 5 800 15.92

The evaluation of the primary responses
reveals significant insights. For example,
when the voltage was set at 15 kV with a
15 cm distance between the collector and
spinneret and a drum rotation speed of 400
RPM, the UTS of the PAN nanofibre mat
was 1.74 MPa. On the contrary, increasing
the voltage to 20 kV and the drum rotation
speed to 1200 RPM, while maintaining a
constant distance of 15 cm, resulted in an
increase in UTS to 2.50 MPa. This suggests
that adjustments in voltage and drum rota-
tion, with a fixed distance, can significantly
enhance the tensile strength of PAN nano-
fibre mats.

Further analysis shows that when the
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voltage was maintained at 17.50 kV but
the distance and rotation were adjusted,
there was a noticeable impact on the tensile
strength. For example, a 50 % reduction in
tensile strength was observed when the dis-
tance was increased to 16 cm with a reduc-
tion in the drum rotation speed to 400 RPM.
This indicates that the rotational speed of
the drum has a more pronounced impact on
the tensile strength of the PAN nanofibre
mats compared to the distance parameter.
In the eighth experimental run, the ten-
sile strength was maximised to 17.45 MPa
with a decrease in distance and an increase
in voltage, alongside an optimised drum
rotation speed. Furthermore, in the 15th,



16th and 17th runs, as the applied voltage
was increased and the distance and drum
rotation speed were decreased, the ten-
sile strength improved markedly, reaching
21.78 MPa. These findings underscore the
significant influence of voltage and rotation

Table 4. Statistical Summary of the Model

speed on the tensile strength of PAN nano-
fibre mats.

The statistical analysis of the model is
presented in Table 4, which provides infor-
mation on the sequential p-value, the lack
of fit p-value, adjusted R?, and predicted R2.

Source Sequential Lack of fit Adjusted R? Predicted R?
p-value p-value
Linear <0.0001 <0.0001 0.7868 0.9602 Suggested
2FI 0.5831 <0.0001 0.7709 0.2798
Quadratic 0.1067 <0.0001 0.8559 -2.0389
Cubic <0.0001 0.9999 Aliased

Figure 2 represents a model that inte-
grates the coded factors of the electrospin-
ning process and the corresponding results
obtained from the experimental runs. This
figure is crucial in visualising the relation-
ships and interactions between the various
parameters studied and their impact on the
ultimate tensile strength of the PAN nano-
fibres. It likely includes graphical repre-
sentations, such as response surface plots

Facor Coding: Actual

or contour plots that depict how changes
in the electrospinning parameters influence
the tensile strength. This visual aid is instru-
mental in providing a clear and concise
understanding of the experimental data and
facilitating the interpretation of complex
relationships between the coded factors
and the resultant properties of the nanofibre
mats.
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Fig. 2. Model representation with coded factors and obtained results.



Visual analysis (Fig. 3) suggests that
optimising the distance between the collec-
tor and spinneret, coupled with a reduction
in applied voltage, leads to an increase in
the surface area of the PAN nanofibre mats.
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The optimal values were identified at a volt-
age of 15 kV and 5 cm distance, signify-
ing that the optimisation of distance and
voltage enhances the tensile strength of the
PAN nanofibre mats.

3D Surface

E: Disianc jan)

Fig. 3. 3-D visual of the influence of changes in electrospinning parameters
on the surface area and ultimate tensile strength of PAN nanofibre mats.

Figure 4 illustrates the intricate rela-
tionship between the applied voltage, the
distance of the rotating drum collector, and
their collective impact on both the desirabil-
ity function and the ultimate tensile strength
(UTS) of the PAN nanofibres. This figure is
pivotal for understanding how variations in
these key electrospinning parameters influ-
ence the final quality and mechanical prop-
erties of nanofibre mats.

The graph presents a combination of
response surfaces or line graphs, detail-
ing how adjustments in voltage and drum
distance affect desirability — a metric often
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used to gauge the overall effectiveness and
efficiency of process parameters — and the
UTS, a critical measure of the strength of
the nanofibre mat. Such a visual represen-
tation is invaluable for identifying optimal
parameter settings and understanding the
trade-offs involved in the electrospinning
process. It helps clarify the point at which
the parameters converge to maximise both
the desirability and the mechanical strength
of the nanofibres, thus providing a compre-
hensive overview of the parameter optimi-
sation process.
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Fig. 4. Graphical representation of desirability and UTS in relation
to voltage and rotating drum collector distance.

Equation (1) integrates the coded fac-
tors such as voltage (coded A), distance
between the spinneret and the collector
(coded as B), and the speed of the rotating
drum (coded as C). It could be a polynomial

UTS =+9.18 -0.2677 A-6.91 B -2.34 C +1.38 AB - 0.1025 AC +1.39 BC.

Equation (1) represents the final predic-
tive model in terms of coded factors. This
equation represents the quantified relation-
ship between the coded electrospinning
parameters and their collective impact on

CONCLUSIONS

or another form of regression equation that
best fits the experimental data. The coef-
ficients in the equation represent the influ-
ence of each factor and their interactions on
the UTS of the nanofibre mats.

(1

the ultimate tensile strength of the PAN
nanofibres, serving as a crucial predictive
tool for determining optimal process condi-
tions.

The comprehensive study undertaken
to optimise the electrospinning parameters
for the production of high-strength-orien-
tated polyacrylonitrile nanofibre mats has
yielded pivotal insights, underpinned by
the extensive analysis of experimental data.
The meticulous exploration of key param-
eters — applied voltage, distance between
collector and spinneret, and the speed of the
rotating drum — has culminated in a nuanced
understanding of their collective impact on
the ultimate tensile strength (UTS) of the
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nanofibres.

Figures 3 and 4 serve as crucial visual
aids, illustrating the intricate relationship
between these electrospinning parameters
and the mechanical properties of the PAN
nanofibre mats. Figure 3 effectively maps
the interaction of the coded factors with
the UTS, providing a clear graphical repre-
sentation of the complex interplay at work.
Figure 4 further delves into the correlation
between the parameters and both desirabil-
ity and UTS, offering a comprehensive view



of how varying the electrospinning param-
eters can optimise the quality and strength.

Equation (1), the final predictive model
derived from the study, encapsulates the
essence of these findings. It quantitatively
represents the relationship between the
coded electrospinning parameters and the
UTS of the PAN nanofibres. This equation
stands as a testament to the robust statistical
methodology employed, offering a predic-
tive tool that can significantly streamline
the process of determining optimal electro-
spinning conditions.

In conclusion, this research not only
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Most concentrating optics do not show good performance at higher incidence angles and
have low acceptance angles and, therefore, they require a high-accuracy solar tracking system,
which is costly. In this study, by detailed investigation of optics of the proposed IT-shaped
concentrating optics, it was found that system remained high in terms of optical efficiency and
its concentration ratio at certain higher incidence angles. During the work, ray path through the
concentrating optics, width of the light spot at different incidence angles were calculated. Opti-
cal efficiency, geometrical concentration ratio, concentration ratio at different incidence angles
were found by the results of COMSOL Multiphysics calculations. It was found that the system
had a high optical efficiency of approximately 95% and its concentration ratio of 3x-5x was at
the range of 10-20 degrees of incidence angle, and it could reduce the work of a solar tracking
system. As well, an increase in the optical efficiency could be seen from 0 to 5 degrees of the
incidence angle and an increase in the concentration ratio could be seen from 0 to 12 degrees of
the incidence angle in terms of the reflective mirrors which helped redirect the rays to the solar
cells. Optical systems with such a high incidence angle could reduce the performance of the
solar tracker system, and it reduced the overall cost and energy consumption of the LCPV.

Keywords: Concentration ratio, Fresnel lens, incidence angles, light spot, optical effi-
ciency, ray path, II-shaped.
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1. INTRODUCTION

These days humanity consumes the
energy generated by the sources, which
pollute the environment. In one year,
humanity consumes the energy, which
the Sun delivers to Earth in 1 hour [1].
It means we are losing the clean, free
energy; therefore, improving performance
of solar power plants is a significant task.
Researchers demonstrated that the substan-
tial and readily available solar energy can
effectively meet global energy demands
[2], [3]. Nowadays, the amount of energy
generated by solar panels is not sufficient,
and electrical efficiency of the systems
are lower. There are some opportunities
to improve the performance of solar bat-
teries. Using high-efficient solar cells, for
example, multi-junction solar cells, is one
of the ways to tackle the issue, but these
kinds of solar cells are expensive, and their
manufacturing process is complex [4]—[6].

Another way to improve the perfor-
mance of generating electrical energy of
photovoltaic systems 1is increasing the
incident solar radiation power [7], [8]. The
output power of solar batteries depends on
the power of solar radiation; therefore, by
increasing the incident solar radiation, it is
possible to increase the generated power.
Those systems are called concentrating
photovoltaics (CPV). In CPV systems,
by using more affordable mirrors and/or
lenses, the overall cost can be reduced [9].
The paper [10] proved that average power
output increased considerably using mir-
rors. Another work [11] improved the
maximum power of the solar panel by
17 % by using flat mirrors. Currently, the
CPV systems use different types of con-
centrating optics and depending on their
performance they are classified as fol-
lows: LCPV (>10 suns) [12], MCPV (10—
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100 suns) [13], HCPV (100-2000 suns)
[14] and UHCPV (42 000 suns) [15]. LCPV
and MCPV systems have basic design
principles even though their concentration
ratio is lower [16]. HCPV systems usually
consist of expensive high-efficiency small
solar cells and several optical elements
[17]. Even though HCPV systems have a
high concentration ratio, the installation
and maintenance are complex and cost-
ineffective.

Among the CPV systems, LCPV mod-
ules are particularly appealing, since they
can be affordable due to lowered active
material usage, a Balance-Of-the-Sys-
tem cost potentially equivalent to that of
standard fixed panels [18]. In the mid-
2000s, Low Concentration Photovoltaics
(LCPVs) made their market debut. LCPVs
are still continuing their significance in
the solar technology landscape compared
to traditional flat PV panels [19]. Another
benefit of LCPV systems is that they can be
used with cheap commercial silicon solar
cells, which help reduce the overall cost
of the system. The paper [20] compared
poly-crystalline and mono-crystalline sili-
con solar cells under low concentration
ratio and concluded that poly-crystalline
PV module was more efficient than mono-
crystalline under LCPV conditions despite
of the mono-Si PV module having higher
performance compared to poly-Si PV
module under STC.

The most common and widely adopted
concentrating optics are the Fresnel lens
and parabolic mirror [21]. Types of con-
centrating optics for LCPV systems are
compound parabolic concentrators (CPCs)
and planar flat concentrators or V-Trough,
ACPC, parabolic concentrator, cylindrical
troughs, linear Fresnel reflectors [22]. The



work [23] could increase the output power
of CPV using CPC by 3 times compared
to a non-concentrating system. Another
work was performed using commercially
available monocrystalline silicon photo-
voltaic solar cells and compound parabolic
concentrator, and a concentration ratio of
the LCPV reached 7x and the CPC optical
efficiency was 55 % [24]. The work [25]
examined a reflective asymmetrical com-
pound parabolic concentrator (ACPC),
which increased the power concentration
ratio of the panel by 2.1 times compared to
a similar non-concentrating panel. Another
common type of LCPV and MCPV optics
is linear Fresnel lenses, which can reach
5x concentration ratio but they are usually
used with solar/thermal systems [26].

The Fresnel lens can be a linear Fres-
nel lens or a point focus Fresnel lens which
is just called Fresnel lens [27]. Plastic
Fresnel lenses are the most common pri-
mary optical concentrator since they are
light-weight and capable of elevating the
density of solar energy and possess advan-
tages of compactness, simplicity in manu-
facture, and relative cheapness [28].

The work [29] designed a Fresnel
lens which had a shorter focal length, the
acceptance angle of the whole system
was between 0.6 to 0.8°, and the optical
efficiency obtained by simulations was
between 80 to 90 %. To increase the accep-
tance angle and uniform distribution of
sunlight, secondary optical concentrators
were used [30].

Authors [31] compared two secondary
optics: the CPC and the cone for Fresnel
lens-based concentrator. Even though the
concentration ratio increased in the case of
the cone, the concentration was higher in
the case of the CPC when the angle of inci-
dence increased. Fresnel lens was used as a
primary optical element with four types of
secondary optics to get wider acceptance
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angle in [32]. As it can be seen, the above-
mentioned Fresnel lens-based concentrat-
ing photovoltaics have a low acceptance
angle because they have a 1000x concen-
tration ratio. Only high-efficiency small
multi-junction solar cells can resist high
concentrations. However, such solar cells
are multiple times more expensive than
single-junction silicon solar cells.

The work [33] showed that when using
Fresnel lens as a concentrator for polycrys-
talline solar cells, it is possible to get an
LCPV system, which can generate 27 %
more energy than a non-concentrated
silicon solar cell. The work [34] investi-
gated different Fresnel lens designs and
determined their optical efficiency. The
design of the concentrating optics and the
distance between solar cell and lens has
a significant impact on the optical effi-
ciency, which is defined as how efficiently
the photons of the incoming radiation are
transferred to the solar cell [35].

Point-focusing lenses need to oper-
ate in normal incidence, which means the
incidence angle is zero, with accurate sun
tracking in order to work properly [36].
A solar tracker is an essential component
of CPV with such types of concentrators.
The solar tracker can increase the PV panel
energy by approximately 33 % [37]. How-
ever, a substantial amount of energy is con-
sumed by solar tracking systems [38], [39].
Subsequently, when using point-focus
Fresnel lenses, there has to be additional
optics which helps obtain angled rays and
increase the acceptance angle. The accep-
tance angle or optical tolerance for para-
bolic dishes and Fresnel lenses, without
additional optics can be expected to be
very low £0.5 or less [40], [41]. If rays hit
the solar cell with a greater angle than the
acceptance angle, then non-uniform irradi-
ance distribution may occur. To tackle the
issue, a secondary optical element is added



to the CPV system [42]. The secondary
optical element helps not only to improve
the uniformity of irradiance distribution,
but also increases the sunlight tracking
tolerance [43]. The paper [39] shows that
the tracking tolerance of the dome-shaped
non-imaging Fresnel lens held efficiencies
of 90 % up to an incident angle of 0.4°,
then dropped to 80 % at 0.6° and then to
10 % at 1°. It means, when using Fresnel
lenses as a concentrator, an accurate solar
tracking system is necessary. However,
the solar tracking systems consume more
electrical energy to move the whole sys-
tem [44]-[46]. Reducing the work of solar
tracking is usually done by designing opti-
cal systems which redirect the sunlight to
the solar cell. Therefore, it is important to
design Fresnel based concentrators with
additional optics.

The aim of the study is to design an
optical system which can help reduce
the work of solar tracking systems and

increase the acceptance angle while not
reducing the optical concentration ratio.
In this work, we added reflective surfaces
perpendicularly on the edges of Fresnel
lens which helped redirect the inclined
rays to the solar cell at higher incidence
angles. The proposed optical system is
called I1-shaped concentrating optical sys-
tem. The novelty of the work is a math-
ematical model of II-shaped concentrating
optics and widening the incidence angle of
a Fresnel lens-based LCPV with polycrys-
talline silicon solar cells. The proposed
II-shaped LCPV with nine polycrystal-
line solar cells showed good performance
at higher incidence angles. Moreover,
using cheap silicon solar cells and simple,
affordable optics can reduce the system
cost. As the system which has a wide inci-
dence angle, it can simplify the work of a
solar tracking system and reduce its power
consumption.

2. MATHEMATICAL MODEL OF MN-SHAPED
CONCENTRATING OPTICAL SYSTEM

A Fresnel lens is one of the types of
optical lens, and it consists of a series of
concentric grooves. The grooves allow the
lens to achieve the same optical efficiency
as a traditional lens but it is much thin-
ner and lighter. It is known that the Fres-
nel lens concentrates the sunlight to one
point, but if the polycrystalline solar cell
is placed at the exact focus of the lens, the
light does not cover the entire surface of
the solar cell. Due to the concentrated light
on the centre of the solar cell, it leads to a
hot spot and the failure of the solar cell.
Therefore, it is necessary to place the lens
at such a distance that it evenly and com-
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pletely covers the surface of the solar cell
(Fig. 1a). However, placing the photocell
at the focus of the Fresnel lens does not
eliminate the need for a solar tracking sys-
tem. Therefore, nine solar cells, which can
increase the incidence angle of the light
entering the Fresnel lens (Figure 1b), are
used in our proposed I1-shaped optical sys-
tem. However, the light deviates from the
surface of the solar cell at a certain value
(Fig. 1c). To solve this problem, mirrors
can be placed around the distance between
the Fresnel lens and the photocells, as
shown in Fig. 1d.
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Fig. 1. T1-shaped concentrating optics at different incidence angles.

As shown in Fig. 2, the II-shaped con- nine polycrystalline silicon solar cells. The
centrating optics consists of a Fresnel lens, length of each solar cell is 50 mm, length of
four reflective mirrors, which make the Fresnel lens is 150 mm, height of the mir-
concentrating system as a letter Il, and ror is 150 mm.
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Fig. 2. The geometrical diagram of II-shaped concentrating optics.
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Figure 2 shows the path of the ray at a
certain angle on II-shaped optical system
based on a Fresnel lens. Considering the
cross-section of the Fresnel lens and assum-
ing that it is a system consisting of prisms,
and dividing it into two halves symmetri-
cally, the ray paths corresponding to both
right and left sides of the lens are calculated
using Egs. (1)—(4). The light passing through
the Fresnel lens refracts at a certain angle and
falls on the surface of the solar cell. Accord-
ingly, the position of the incident beam is
determined by the following equations:

(1
)

where f; is refracting angle, x is the posi-
tion of the right incident beam.

X
tan By =3

x=h-tan 4,

The ray path for the second part of the
Fresnel lens is calculated by Egs. (3) and (4).
The light passing through the lens is refracted
at a certain angle and reflects off the mirror
and falls on the surface of the solar cell.

Fresnel lens

a-
h,

tanf, =

)
“4)

where B, is refracting angle, a is the posi-
tion of the left incident beam.

a = h-tanf,,

We consider the rays calculated by
these two equations to be the outermost
rays. Assuming that all the remaining rays
are located between these two rays, we can
calculate the length of the light spot with
the following equation:

y=dr —(a+x), )

where Y is the length of the light spot.

The next problem is to determine at
what angle the ray passing through the
Fresnel lens is refracted. We consider the
lens as a system consisting of prisms as
shown in Fig. 3. It is necessary to determine
the angle of refraction by calculating the ray
path through the prism.

Fig. 3. Fresnel lens structure.

Prisms should be considered in two dif-
ferent cases depending on their location on
the two right and left sides from the centre
of the Fresnel lens. In the first case, let us
consider the prism located on the right side
of the Fresnel lens.

First of all, we express the incidence
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angle of the ray « for the horizontal plane:

v, (6)

where «a; is the angle between incident ray
and perpendicular on prism, y is the deflec-
tion angle of the prism.

a=ay —



fz

Fig. 4. Path of the rays through right prism of Fresnel lens grooves.

According to Snell’s law, the angles «a;
and B, can be found as follows:

sinaq n

sin, 1’ (7
n-sinf; = sinaq; (8)
sinpy = _5“;“1, ©)

where n is a refractive index.

Considering the Egs. (7)—(9), the angle
can be determined as follows:

By = arcsin (%) (10)

Subsequently, a, can be expressed with
angles 8; and :

w =90°— f
y = 180°—90° — ¢
@ =180°—y
a, =180°—¢p —w
tt; = 180° — (907 4+ ¢p) — (907 = B))
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az =B —; (16)
sinay 1

sinf,  n’ 17)
sinf, = n-sina;. (18)

The refraction angles of the ray coming
out of the prism can be determined using
the following equations:

sinf, =n-sin (B, — Y); (19)
sinf, = n-sin (arcsin (%) - 1/1); (20)
a=a+y; (21)
sin By = n-sin (arcsin ™ ). (09
p1 = arcsin(n-sin (arcsin™E ) (23)

Next, we need to determine the ray path
for the prism on the left side of the Fresnel
lens. The calculations for the left side of the
lens will be as the right side.
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Fig. 5. Path of the rays through left prism of Fresnel lens grooves.

First of all, we express the incidence
angle of the ray for the horizontal plane:

a=a,+. (24)

Further, we calculate the path of the
incident ray at a certain angle and determine
the angle of refraction using the following
equations:

sin By =n-sin (arcsinm(z—_lp) + l/J) ;(25)

B,' = arcsin (n - sin (arcsinw + 1/1) ) (26)

Time=9.6734E-10 s

Ray trajectories

According to the calculations of the
IT-shaped optical system, the dependence
of the width of the light spot on the sur-
face of the solar cells on different incidence
angles was established. In order to com-
pare the obtained results, a 3D model of
the Il-shaped optical system was created in
the COMSOL Multiphysics program, and
a Ray Tracing simulation was carried out
using the Geometrical Optics section of the
program.

A 4709

4500
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{1500

1000
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Fig. 6. Ray tracing simulation of the II-shaped optical system.
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As a result of the simulation, we deter-
mined the total number of rays that hit each
solar cell by setting the ray detector state. If
the initial number of rays is known, then we
can determine the optical efficiency using
the following equation:

Zentry . 1009% , 27)

Nopt =
Nexit

where Nentry is the number of rays falling
on the surface of the solar cell, n,,;; is the

number of primary rays, which equals 5700,
in our case.

Optical efficiency is one of the most
significant parameters in the design of solar
concentrators. During the simulation, the
sunlight falls on the Il-shaped optical sys-
tem at an incidence angle of 0-25 degrees.
As a result, the dependence of the optical
efficiency on different incidence angles was
obtained.

3. RESULTS OF THE CALCULATIONS AND
MODELLING THE N-SHAPED OPTICAL SYSTEM

We can determine the length of the light
spot at different incidence angles using
Eq. (5). We can see the dependence of the
width of the light spot on the incidence
angles from 0 to 20 degrees in Fig. 7. Tak-
ing into account that the width of the light
spot should not be smaller than the length
of the solar cell, i.e., 50 mm, we determined
that the deviation of 18 degrees of incidence
angle is the limit value. If the incidence

angle exceeds 18 degrees, the length of the
light spot decreases.

The fact that the width of the light spot
is smaller than the length of the solar cell
leads to a decrease in optical efficiency,
which is one of the important parameters
in concentrating optical systems. The high
value of the optical efficiency in variations
of the incidence angle allows reducing the
operation of the solar tracking system.
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Fig. 7. Width of the light spot at different incidence angles.

109



Optical efficiency, %
o o w
= (%] o
T T T

-~
w
T

-
=1
T

o
(34
=

10

15 20 25

Incidence angle, deg

Fig. 8. Optical efficiency at different incidence angles.

Figure 8 shows the dependence of the
optical efficiency of the system on dif-
ferent incidence angles using the results
obtained on COMSOL Multiphysics. From
this dependence shown in Fig. §, we can
see that the value of the optical efficiency
decreases when incidence angle exceeds 20
degrees. If we do not make any changes to
the geometry of the optical system, it can
be stated that the efficiency of the optical
system is directly proportional to the width
of the light spot. The optical efficiency rises
from 94 % to 97 %, when the incidence
angle expands from 0 to 5 degrees, and this
is the significant benefit of the system. We
can see that the dependence constructed as
a result of the calculations shown in Fig. 7
is similar to the dependence obtained from
the simulation in Fig. 8.

One of the important optical parameters
of optical systems is the geometric concen-
tration ratio, which is determined as the
ratio of the lens area to the cell area:

A
Cg — lens’
Acell

(28)

where A, is the area of the Fresnel lens,
Acey 18 the area of the solar cell.

Depending on the equations used in the
description of the [1-shaped optical system,
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the geometric concentration ratio can be

determined as follows:
a2

¢, = (%)

Using Eq. (29), the geometric concen-
tration ratio of the [1-shaped optical system
is calculated, and the dependence of the
geometrical concentration ratio on the inci-
dence angle is plotted in Fig. 9.

If we consider that the dj is the con-
stant value, y is the width of the light spot,
the geometrical concentration ratio only
depends on the width of the light spot. Nar-
rowing the width of the light spot leads to
increasing the geometrical concentration
ratio. It can be seen in Fig. 9 that the geo-
metrical concentration ratio increases by
increasing the incidence angle. By multi-
plying the geometrical concentration ratio
by optical efficiency of the system, we get

a concentration ratio of the optical system
[47]:

(29)

C=Cy Nop, (30)

where 1op — optical efficiency. As a result of
the calculation, we get the dependence of
concentration ratio on the incidence angle
shown in Fig. 10.
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Fig. 9. Geometrical concentration ratio at different incidence angles.
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Fig. 10. Concentration ratio at different incidence angles.

As it can be seen in Fig. 10, the con-
centration ratio decreases by increasing the
incidence angle. However, it remains in the
range approximately 3x-5x from 0 to 20
degrees of the incidence angle; it shows that
the system can exhibit good performance at
20 degrees of the incidence angle, and it
benefits to reduce the work of a solar track-
ing system. In terms of the increase of opti-
cal efficiency using reflective mirrors which

4. DISCUSSION OF THE RESULTS

help redirect the sunlight to the surface of
the solar cells, when the incidence angle
increases from 0 to 12 degrees, the con-
centration ratio also increases. Taking into
account that the incidence angle deviates
from the central normal of the optical sur-
face on both sides, if we double the value
of the incidence angle, the optical system
maintains high optical efficiency when the
sun rotates by 40 degrees.

During the work, a //-shaped optical
system based on a Fresnel lens was proposed
for low concentrating photovoltaic systems.
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In order to determine the optical efficiency
of the proposed system, geometrical and
mathematical calculations were carried out,



during the calculation, the width of the con-
centrated light spot in the //-shaped optical
system was mathematically expressed, and
the length of the light spot was determined.
In addition, the change in the width of the
light spot at different angles of incidence of
light was observed. Based on the calcula-
tions, a 3D model of the //-shaped optical
system was created in the COMSOL Mul-
tiphysics software, and its optical efficiency
was determined using Ray tracing simula-
tion. Based on the work done, the following
results were achieved:

1. The light spot maintained its effective
width up to 18 degrees at the incidence
angle between 0-20 degrees;

When the incidence angle of the opti-
cal system was in the range of 0-25
degrees, the optical efficiency did not
fall below 95 % up to 20 degrees;

The width of concentrated sunlight and
optical efficiency were directly propor-
tional quantities;

The geometric concentration ratio of
the /l-shaped optical system in the
range of 0—20 degrees was calculated
using the width of the light spot. As a
result, it was determined that the geo-
metrical concentration ratio was about
4-9 at the incidence angle up to 18
degrees;

Using the optical efficiency and geo-
metric concentration ratio, the con-
centration ratio in the range of 0-25
degrees of incidence angle was calcu-
lated; as a result, it was determined that
the concentration ratio was in the range
of 2.5-5 up to 20 degrees, which corre-
sponded to the low concentrating pho-
tovoltaic;

Using the proposed //-shaped optical
system, the solar tracker of the LCPV
could stand still up to 40 degrees.
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Most of the Fresnel lens-based concen-
trating optical elements or systems have
low acceptance angles, and they require
high-precision solar tracking systems. Par-
ticularly, high concentrating solar cells with
Fresnel lens usually have a low acceptance
angle. The work [29] designed a Fresnel
lens, and its acceptance angle was between
0.6 to 0.8°, and the optical efficiency was
between 80 and 90 %. The studies [40], [41],
[30] showed that Fresnel lenses with a sec-
ondary optics could increase the acceptance
angle and uniform distribution of sunlight,
but those systems still had comparably low
acceptance because those systems provided
high concentrated solar radiation, which
required small high-efficiency multi-junc-
tion solar cells. Due to the small size of the
solar cells, concentrating the sunlight into
one point becomes more difficult if the rays
are not perpendicular to the surface of the
lens. In this work, we used inexpensive poly-
crystalline silicon solar cells as in our one
of the previous works [33], it was proven
that a polycrystalline silicon solar cell with
Fresnel lens at optimal cell-lens distance
could generate 27 % more energy than a
non-concentrating solar cell. The proposed
I1-shaped optical system allows the LCPV to
work without sun tracking up to 20 degrees.
In addition, we can even see the increase in
the optical efficiency and concentration ratio
at lower incidence angles.

In the case of using the proposed opti-
cal system, it is possible to provide a low
concentration level on the surface of the
solar cell. Based on the obtained results, the
capability of the proposed II-shaped optical
system, which can minimise the operation
of the solar tracking system for low-con-
centration photovoltaic systems, was dem-
onstrated using mathematical calculations
and computer simulations.



5. CONCLUSION

Detailed investigation of geometrical
optics of the proposed IlI-shaped concen-
trating optics was performed. Expressions
describing the incidence ray path through
the concentrating optics were presented, and
width of the light spot at different incidence
angles was calculated. Optical efficiency at
different incidence angles was found by the
results of COMSOL Multiphysics and geo-
metrical concentration ratio, the concen-
tration ratio was calculated. It was found
that the system had high optical efficiency
of approximately 95 %, and its concentra-
tion ratio of 3x-5x at the range of L 0-20
degrees of incidence angle and it could
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