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The paper deals with the model research of electric transport characteristics of stressed
and non-stressed FeSe monolayers. Transmission spectra, current-voltage characteristic
(CVC) and differential conductivity spectra of two-dimensional FeSe nanostructure have been
calculated within the framework of the density functional theory and non-equilibrium Green’s
functions (DFT + NEGF). It has been shown that the electrophysical properties depend on
the geometry of the sample, the substrate, and the lattice constant. On CVC of non-stressed
sample in the range from -1.2 V to -1 and from 1.2 V to 1.4 V, a region of negative differential
resistance (NDR) has been observed. NDR is at both signs of the applied voltage due to the
symmetry of the nanostructure. d’//dV? is used to determine the nature of the electron-phonon
interaction and the features of quasiparticle tunnelling in stressed and non-stressed samples.
The results obtained can be useful for calculating new elements of 2D nanoelectronics.

Keywords: Current-voltage characteristics, FeSe monolayer, transmission spectra,
2D-nanoelectronics.



1. INTRODUCTION

Currently, reducing the size of electronic
components, which consist of the circuits of
all modern chips, is becoming increasingly
important [1]-[11]. For further miniaturiza-
tion, it is necessary to develop new nanoma-
terials with controlled electrophysical prop-
erties [12]. With the discovery of graphene
and other two-dimensional atomic crystals,
the search for new 2D nanomaterials with
unusual electrophysical properties began,
as well as the development of various elec-
tronic devices based on it [13]-[15]. Vari-
ous technological methods for synthesiz-
ing two-dimensional monoatomic crystals
based on elements of the fourth group of
the periodic table are already known: ger-
manene [16], silicene [17], borophene [18],
stanene [19], phosphorene [20], etc., as well
as 2D crystals based on carbides, oxides,
chlorides, nitrides, transition metal dichal-
cogenides, etc. [21]. Recently, intensive
work has been carried out on the develop-
ment of nanoelectronic devices based on 2D
nanomaterials: field-effect transistors, sen-
sors, power storage devices, solar cells, etc.,
so a new direction of nanoelectronics has
appeared — 2D-nanoelectronics, the main
idea of which is to implement elements of
electronic technology using 2D-nanomate-
rials [22]. It opens up the possibility of pro-
ducing completely new electronic devices
with unusual characteristics.

At this moment, the properties of elec-
tronic nanomaterials are modelled by using
various computer programs. Determining
the transmission properties of nanomate-
rials and the areas of negative differential
resistance (NDR) leads to the creation of
electronic components with predefined

physical properties.

In this paper, the electric transport
characteristics of the FeSe monolayer are
modelled and analysed in the framework
of the density functional theory in combi-
nation with the method of non-equilibrium
Green'’s functions (DFT + NEGF). The first
reason of our interest has been to simu-
late the electric transport properties of the
FeSe monolayer, whose tetragonal struc-
ture of the crystal is very simple. It is com-
pletely characterised by two lattice param-
eters [23]. Second, when the temperature
changes, FeSe undergoes small structural
changes. This change between iron atoms
causes the material to exhibit directional-
dependent behaviour, such as the increased
electrical resistance or conductivity, only
in the left-to-right or forward-to-backward
direction (nematic) [24].

The discovery of superconductivity in
2D-FeSe at a critical temperature T ~65 K
was quite surprising, since in bulk 3D-FeSe
the 7. value did not exceed 10 K. A possible
reason for this record-breaking increase in
the critical temperature of the FeSe mono-
layer is a sharp increase in the electron con-
centration due to the presence of oxygen
vacancies on the surface of the SrTiO, sub-
strate [25]. Note that paper [26] proposes
an alternative approach to the deposition of
potassium atoms on the surface of the FeSe
monolayer to change the electron concen-
tration. These features of the FeSe super-
conducting monolayer are insufficiently
explained as part of the traditional phonon
and spin-fluctuation mechanism of electron
pairing, which requires the study of its elec-
tronic properties.



2. GEOMETRY

The geometry of the FeSe model mono-
layer is shown in Fig. 1 (a-b). Exploration
of electric transport characteristics was car-
ried out with samples that were not-stressed
(Fig. 1a), stressed with a substrate (Fig. 1b)
and without it. When a monolayer is placed
on a substrate, the structure is stressed and
the linear dimensions increase.

The lattice constant in the layer of the
non-stressed sample is 3.765 A, and in

the layer of a stressed sample it is signifi-
cantly larger and is 3.905 A. The length of
the electrodes along the C axis of the non-
stressed sample is ~7.53 A, and the stressed
sample is ~7.81 A. The length of the mono-
layer under examination reaches ~50.86 A.
The distance between the electrodes for a
non-stressed and stressed structure is 35.8
A and 37.14 A, respectively.
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Fig. 1. The geometry of the sample.



For optimization, the 2D-FeSe geom-
etry and description of the interaction
between its atoms DFT were used with the

exchange-correlation functional GGA-PBE
[27], [28].

3. SIMULATION MODEL AND METHODS

Calculations of electric transport char-
acteristics of 2D-FeSe were performed in
the framework of DFT using the method
of NEGF in the local density approxima-
tion (LDA) [29]. Modelling of quantum
transport characteristics of a nanodevice is
implemented in the Atomistix ToolKit with

2@ +00
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Virtual NanoLab [30]. The main equations
of this method are described in detail in
our works [31], [32]. The 2D-FeSe CVC is
calculated on the basis of the well-known
Landauer equation, which indicates the fun-
damental relationship of the electric current
with the transmission spectrum [33]:

_ | ETHL
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where e is the charge of the electron, % is Planck’s constant, ¢ is energy, T (8) is function
(spectrum) transmission, f (8) is the Fermi distribution function of quasiparticle energy,
kg is the Boltzmann’s constant, 7,, 7, are the current temperatures and u,, u, are the

electrochemical potentials of the right and left electrode.

The differential conductivity of the
FeSe monolayer was obtained from the self-
consistent current for a number of applied

4. RESULTS AND DISCUSSION

displacement and performing numerical
differentiation.

Evolution of the transmission spectrum,
which increases with bias voltage of the
monolayer from -2 V to 2 V, is shown in
Fig. 2. The bias voltage increased in incre-
ments of 0.2 V.

The transmission ability of the FeSe
nanostructure increases gradually as the
bias voltage grows. The structure of the
spectrum gets complicated and new ones
appear, preserving the old ones (Fig. 1a).
Increase in the number of peaks gives
information about increasing indication in
the transport of quasiparticles through the
structure under consideration [34]. At bias

voltages from 0.4 V and higher (Fig. 2 a),
peaks are observed at -2.9 eV, -2.4 eV, -2.2
eV, -1.9 eV, -1.5¢eV, -1.2 eV, -09 eV, 0.9
eV, 1.1eV,1.2¢eV,1.4¢eV,1.6¢eV, 1.8 ¢V,
2eV,2.3¢eV,2.6¢V, 29 eV. The maximum
peak occurred at energies of -1.2 eV and
1.2 eV. A dip in the transmission spectrum
was observed at about 0.1 eV. It should be
noted that for values from -2 V to -1 V, there
is no transmission in the sample. From the
transmission spectrum, we can conclude
that resonant tunnelling is possible, which
is explained by the low dimension of the
FeSe monolayer.
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Fig. 2. Evolution of the transmission spectra of a monolayer FeSe:
a) non-stressed sample;
b) stressed sample with a substrate;
¢) stressed sample without a substrate.

There are fewer peaks in a stressed sam-
ple with a substrate (Fig. 2b), which indi-
cates lower characteristics of the electronic
transport of quasiparticles. In this case, the
FeSe transmission is recorded from — 2 V.
The maximum transmission coefficient in
this case is less than in a non-stressed sam-
ple. The electric transport characteristics are
better in a sample with an increased order
parameter and without a substrate, judging
by the number of peaks, but the interval in
which the maxima are observed is more
than in a sample with a substrate.

The results of modelling the CVC and
differential conductivity are shown in Fig.
3. (The CVC and differential conductivity
of the nanostructures under consideration
are calculated using Egs. (1, 2)).

On CVC of the nanostructure, it can be
seen that the classical traditional parameter

of order in the voltage ranges from -2 V to
-1.2'V, the dependence between current and
voltage becomes linear and the current does
not flow through the structure. A sharp drop
was noted from -1.2 Vto -1 V. This is a sec-
tion of NDR (Fig. 3a (1) and Fig. 3b (1)).
The next section of the NDR is marked in
the range from 1.2 V to 1.4 V. The mini-
mum was observed at -0.8 V. The maxi-
mum value of the non-stressed sample cur-
rent was 30 pA. A section of almost linear
dependence appeared in the range from 1.6
V, where the current did not flow through
the FeSe monolayer. On the curves 2 and
3, negative differential resistance was not
observed.

In the samples with an increased order
parameter with and without Sr, Ti, O sub-
strate, CVC was almost the same, differing
only in the fact that a dip in the nanodevice



with the substrate was at -1.6 eV and CVC
became N-shaped. The maximum current
of 100 pA was also recorded in the sample
with the substrate. In both samples, the cur-
rent increased in the range from -1 Vto 1 V
from -100 pA to 80 pA.

In the differential conductivity spectrum
in the range from -2 V to 2 V, we observed
five peak structures of differential conduc-
tivity. Moreover, the intervals of NDR are
characteristic only of a non-stressed film.
In sample 1 (Fig. 3b) peaks were observed
at-1.3V,-0.7V,0V, 1.1V, 1.8 V. In the
sample, peak structures of 10 uS, 70 uS, 90
uS, 290 uS were recorded in the region of
bias voltages of -1.5V, -0.8 V, -0.6 V, 0V,
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0.5V,09YV, 1.5 V. There are a few maxima
in sample 3, but they have higher differen-
tial conductivity. The maximum value of
the differential conductivity in the negative
side was -230 uS, in the positive 290 uS.

Minima were observed around -1.1 V,
-1.7V,09V, 1.3V, 1.9 V. The registration
of negative differential resistance at both
signs of the applied voltage indicates a
symmetrical structure of the FeSe molecule
[34]. The value of AV varied from 0.2 V to
0.7 V. The nature of the resulting maxima
on the differential conductivity spectrum is
related to the Coulomb interaction of par-
ticles.
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Fig. 3. IV (a) and dl/dV-characteristics (b) of the FeSe monolayer
(1 — non-stressed sample, 2 — stressed sample with a substrate, 3 — stressed sample without a substrate).

The graph clearly shows that in a
stressed monolayer without a substrate,
electronic transport is faster, since the stress
period in it is less than in a stressed sample
with a substrate.

Figure 4 shows the dependence of the
second derivative (d°//dV,) on the bias volt-
age. It characterises the features of electron-
phonon interaction in the FeSe monolayer
with different geometric structures, the
influence of substrates on the properties of
the sample, and the nature of quasiparticle
tunnelling.

dAdV? (nAIV?)

0
Bias (V)

Fig. 4. d’I/dV?- characteristics (b) of the FeSe
monolayer (1 — non-stressed sample, 2 — stressed
sample with a substrate, 3 — stressed sample without
a substrate).



Three distinct peaks were observed
at -1 V, 1V, and 1.5 V in a non-stressed
sample (Fig. 4 (1)), relevant to the tunnel-
ling conductivity of the FeSe sample. In
the background structure of non-stressed
sample, the background responsible for the
electron-phonon interaction was observed
at -0.8 V+0.8 V. The dips at -1.2 and
1.2V (Fig. 4 (1)) are associated with phonon
processes and can be compared with the
peaks of the fluctuation spectrum of the
structure. The most distinct peaks relevant
to tunnelling occurred in a stressed sample

5. CONCLUSIONS

without a substrate. The depth of the mini-
mum at 0.2 V in a stressed sample with a
substrate was -12 uA/V? (Fig. 3(2)) and in
a stressed sample without a substrate it was
-0.6 pA/V? (Fig. 3(3)). Thus, the local mini-
mum was enhanced in the sample when
exposed to the substrate in the region of 0.2
V. In stressed samples, the electron-phonon
mechanism of tunnelling conductivity pre-
vailed and there were more peaks in the
region of -1.8 V, -1+0.7 V, 0.2 V, 0.5V, 1.2
V=14 V.

In this paper, the electric transport
properties of the FeSe monolayer have
been modelled in accordance with DFT +
NEGF. Transmission spectra CVC, dI/dV,
d’I/dV? have been determined. It has been
shown that the transmission of the nano-
structure depends on the geometry of the
sample and that the current flows well
through the stressed film in contrast to the
non-stressed one. The nature of sharp peaks
in the transmission spectrum is related to
resonant tunnelling of quasiparticles. On
CVC of non-stressed sample, a section of
NDR is observed in the range from -1.2 V
to-1and from 1.2 Vto 1.4 V. NDR is shown
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at both signs of the applied voltage, which
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An autonomous micro combined heat and power (Micro-CHP) is usually installed to
increase energy efficiency and reduce energy costs in areas remote from large power systems.
The main goal of autonomous Micro-CHP is to provide residential and industrial areas with
electricity and heat. By designing an autonomous Micro-CHP, one of the key issues is the
determination of rated power, since the energy efficiency of equipment and the costs of fossil
fuels depend on the rated power. The mathematical model can better calculate the necessary
rated power for an autonomous Micro-CHP in the case of operation with rechargeable batter-
ies. Overall, the results have shown that the engine characteristics, operation process of three-
phase synchronous generator and statistical information on loads are the criteria for improving
energy efficiency.

Keywords: Mathematical modelling, micro combined heat and power systems, recharge-
able batteries.
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1. INTRODUCTION

Energy efficient consumption of energy
resources is one of the goals of the national
energy policy for all states. Effective use of
energy, as well as expansion of consumer’s
awareness means increasing competitive-
ness in the industrial sector and reducing
harmful emissions into the environment.
One of the objects of efficient use of energy
resources is autonomous micro-CHPs on
fossil fuels (diesel, gas, etc.). Micro-CHPs
generate simultaneously electricity and
heat, thereby saving more than 40 % of fos-
sil fuels compared to separate production of
electrical and heat energy. Thus, decentral-
ized production of electric and heat energy
is economically advantageous in terms of
reducing overall operating costs and car-
bon emissions [1]. Currently, the owners
of autonomous Micro-CHPs are interested
not only in production, but also in the accu-
mulation of electrical energy in the period
of time when consumption is reduced. It
is the ecasiest way to save the generated

electrical energy in high-capacity batter-
ies (HCB). The use of rechargeable bat-
teries for motor vehicles has significantly
affected the expansion of their application
in other production spheres. In particular,
rechargeable batteries are already used in
important power supply systems for tempo-
rary uninterrupted operation, allowing the
backup diesel generators to enter a given
operating mode. In addition, micro-CHP
stations, such as gas piston installations
(GPI), together with rechargeable batteries
are fuel-saving idle-stop and switch from
one mode to another, thereby reducing the
wear of turbines and the efficiency of the
turbine increases. It also ensures uninter-
rupted and efficient operation of GPI with a
sharp decrease or increase in load.

The aim of this paper is to estimate
the necessary rated power of autonomous
Micro-CHP in the case of joint operation
with high-capacity storage battery.

2. PROFILES OF ELECTRICITY CONSUMPTION

An autonomous Micro-CHP is cus-
tomary to choose according to the rules of
design and erection of electrical equipment
of residential and public buildings, the stan-
dard curves of the load variation during the
day and the forecast of energy consumption
for the next several years. For the study, the
analysis of seasonal and daily energy con-
sumption in household, social and service
sectors (statistical data from 2010 to 2019
of the Republic of Tatarstan (Russian) [2]
and Latvian [3]) has been performed, which
showed that the maximum power consump-
tion occurs during the winter season.

Figures 1-3 show examples of actual
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load variation curves during a day for sepa-
rate consumer categories in a working day,
which have been chosen as they directly
represent a large number of customers in
the autonomous territories. The objects
have been classified into three respective
sectors: the household sector, the social sec-
tor and the services sector. The database of
the quantitative indicators and load graphs
of the six objects of each type have been
investigated. Figure 1 demonstrates the
household sector, i.e., consumers of pri-
vate and dwelling houses. The social sector
is represented by school and kindergarten
consumers (see Fig. 2), while the services



sector is made up by consumers of catering
establishments and stores (see Fig. 3).
Maximum and minimum daily electric-

100%

20%

0%

ity consumption for each object, as well as
the load factor has been determined.

//Y

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

——5-storey, kWh per 60 apartments

——9-storey, kWh per 144 apartments

single family house

Fig. 1. Daily variation curves of the household sector.

Figure 1 shows the household sector,
where we can observe that for the private
house the maximum consumption is from
07:00 to 10:00 and from 18:00 to 22:00,
the minimum consumption is from 10:00 to
18:00 and from 22:00 to 07:00. The demand
factoris 0.65. For a 5-storey dwelling house,
the maximum consumption is from 07:00 to
10:00 and from 17:00 to 01:00, the mini-
mum consumption is from 10:00 to 17:00
and from 01:00 to 07:00. The demand fac-
tor is 0.64. For a 9-storey dwelling house,
the maximum consumption is from 07:00 to
10:00 and from 18:00 to 02:00, the mini-
mum consumption is from 10:00 to 18:00
and from 01:00 to 07:00. The demand fac-

100%

60%

tor of the household sector (f, ) is 0.68.

The average maximum total loads are
presented by the following values:
* 5S-storey building (60 apartments)

P e = 04 kWS
*  9-storey building (144 apartments):

max actual =93 kW’

* private house (with gas heating):

Pmax actual = 75 kW

For the household sector, the peak
demand occurs from 07:00 to 10:00 and
from 18:00 to 23:00. The calculated aver-
age demand factor of the household sector
is 0.656.

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

=——school =——kindergarten

Fig. 2. Daily variation curves of the social sector.



Comparing the results of the electricity
consumption profiles shown in Fig. 2, one
can see the maximum load during the period
from 07:00 to 15:00 in the social sector. The
demand factor of the social sector (f, ) is
0.60.

The average maximum total loads are

100%
80%
60%
40%

20%

0%

presented by the following values:
* aschool with 1852 students:

max actual = 7 1 8 kW’
» akindergarten for 54 children:
P =176 kW.

max actual

——

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

—— stores —catering establishment

hotel

Fig. 3. Daily variation curves of the services sector.

In the services sector for the hotels the
peak and on-peak demand are not expressed,
the demand factor is in the range of 0.91,
indicating that the load is evenly distrib-
uted throughout the day. For the catering
establishments and the stores, the maxi-
mum consumption is from 07:30 to 20:30.
The demand factor is 0.71 and 0.75, respec-
tively. The calculated average demand fac-
tor of the commercial sector (f, ) is 0.79.

The average maximum total loads are
presented by the following values:

* hotel -187m*P _  =27kW;
+ store—1500m* P  =334kW;
 catering establishments — 565 m*:

max actual - 258 kW

All in all, it can be concluded that for
the considered consumer categories the
largest maximum demand of electricity
i1s observed from 07:00 to 22:00, whereas
from 23:00 to 07:00 there is the minimum
demand. Granted, not all of these objects
will be on at the same time but the wattage
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capacity needs to be there for the peak load.

The total load and the schedule on the
autonomous micro combined heat and
power from the consumer groups are deter-
mined by (1):

Z;z{lpl = Phsfdhs + Psocsfdsocs + Pssfdss ’ (1)

where

P, isload from the household sector and f,
is the average load factor from the house-
hold sector;

P isload from the social sectorand f, is
the average load factor from the social sec-
tor;

P, is load from the services sector and f,
is the average load factor from the services

sector.

The load factor (f, ) shows the extent
of use of the active power for the load curve
in a specified time period and is determined

by (2):



1 24
tP,

fo= WEHHD 4. 40Py
foad (t +1, +..+ 1y )P,

max

ax 0

According to the above-mentioned
figures and expressions and also by the
method of converting daily load schedules

[ P(1).

2

into equivalent daily two-stage schedules,
the rated power of an autonomous Micro-
CHP can be determined.

3. THE COMBINED USE OF AN AUTONOMOUS
MICRO-CHP WITH HIGH-CAPACITY STORAGE BATTERY

The rated power of an autonomous
Micro-CHP without or with rechargeable
batteries is recommended to be selected
according to the expected maximum load,
taking into account the technical character-
istics of the engine [4].

The rated power is determined accord-
ing to the profiles of electricity consump-
tion, which have been discussed above
as examples of the load of objects. When
designing an autonomous Micro-CHP with
high-capacity storage battery, the charge

A. Mathematical Modelling

Figure 4 shows a two-stage load graph,
where P | is the minimum load in the time
interval [0; T—T_], P , —the maximum load
of duration Tm, respectively, in the time
interval [T — T _; T]. One of the important
conditions for minimising fuel consumption
for power plants during parallel operation
is the distribution of the total load between
them. Using the method of Lagrange multi-
pliers for the time interval [0; T], we obtain
restrictions for determining the power of
high-capacity storage battery. The total fuel

Os =0+ O, + AW, + LW, + W3 - min,

and discharge process of rechargeable bat-
teries is considered according to the crite-
rion of the minimum daily fuel consump-
tion O, which depends on the load schedule
and fuel consumption characteristics for the
engine, provided that during the day the
rechargeable battery charge is consumed
in full [5]. Based on the information above,
we simulate the joint operation of an auton-
omous micro-CHP and a battery, the charg-
ing of which occurs during the period of
minimum daily load of a residential area.

consumption Qs ([0; T]), which consists of
the fuel consumption Q, in the interval [0;
T-T, ]atP, of the power of the power plant
for the load P, and Q, at the interval [T —
T ; T] at P, power of the power plant to the

load P, can be written as (3):

Os=0+0,. 3)

Then the Lagrange function takes the
following form (4):

“4)

where according to the energy balance, energy restrictions W, are written as (5):



VVI =77(H _PLI)(T_Tm)_Rcl(T_Tm)=O’

Wy =(P, = Py) T, —~nPoT, =0,
Wy =Py (T -1, )~ P,T, =0.

)

where P and P, are charge power of the high-capacity storage battery (HCSB) and the
HCSB discharge power, respectively, 1 is the efficiency of the charge — HCSB charge pro-

CCSS.

The joint work of the power plant and
HCSB is illustrated in Fig. 4.

Fig. 4. Equivalent daily two-stage load schedule.

1 — power plant capacity; 2 — daily load schedule;

3 —load schedule of high-capacity storage battery;

W, — electric power transmission from the power

plant for HCSB; W, — electric power transmission
from the HCSB for power plant; #  — power accu-
mulated from power plant to HCSB; ¥, — HCSB

power supplied to the power plant.

The charge process of high-capacity
storage battery occurs at the minimum daily
load and, taking into account losses, energy
storage is defined as W_ = ni . When the
load increases to P, ,, discharge occurs of the
HCSB, which is additional power for auton-
omous Micro-CHP. The discharge process,
taking into account losses, is defined as

W, = nWe,. The capacity of high-capacity

_ (PLI_PI) - m
T

storage battery is defined as P, = P, - P,,
where P, is the rated power of the power
plant and P, is the power of the HCSB.

The operating mode of the batteries has
been modelled using the Simulink Sims-
cape Power Systems (Battery block) [6].
The parameters of the Li-ion high-capacity
storage battery are derived from the dis-
charge characteristics. The discharging and
charging characteristics are assumed to be
the same. The maximum allowable battery
depth of discharge is 20 %.

Applying Egs. (4) and (5), we find the
extremes Qs according to Eq. (6):

Capacity of the battery storage

_Log 1 00,1 ©

4

Fuel consumption ¢ for each hour is
determined by Eq. (7):

00 1 _0q_ 206 2001
oB T-T, P R oh T,

m

Taking into account the restrictions for
the energy balance (Eq. 5), the total capac-
ity of the power plant in time intervals is
determined by:

Po—-b

and P, =——=, ®)

n



where p is a relative value of the duration of the maximum load and P, is maximum power

of HCSB in the discharge mode.

The total installed capacity of an auton-
omous Micro-CHP with rechargeable bat-
teries and the optimum load are calculated
using Eq. (7). The fuel rate in the analyti-
cal formula is defined as g = a + bP* (litre/
hour). Based on the fuel consumption
characteristics of a particular power plant

% 50 e

T LSt - w2l }-

s sqre(u(1)~2 + u(2)2) I-

(Block 1), a three-phase synchronous gen-
erator (Block 3) and actual load (Block 5)
approximation coefficients a, b and p are
selected. For this purpose, using Simulink
Simscape Power Systems, the distribution
network has been modelled and tested in
the discrete mode (see Fig. 5).

fa

EXCITATION

Fig. 5. Distribution network model “Engine — three-phase synchronous generator — Load”.

Block 1: Engine characteristics definition.
Block 2: Differential controller of engine speed.
Block 3: Three-phase synchronous generator.
Block 4: Generator excitation system.

Block 5: Actual load: 100 %, 75 %, 50 % and 25 %.

Then, minimum power plant P, is deter-
mined as the correlation between the gener-
ated power at the minimum fuel consump-
tion and time intervals:

b +p

o PpPeap

P _Pu+ph,
2_772//1—1 -

R=n"""p,. ©
Applying Eq. (8), the maximum power

plant (P,) is determined by:

P
, where k, =—£2 (10)

PLl



Total fuel consumption Qs in the time

0, =aT+b| R (T-T,)+ T, |.

Thus, we can conclude that Eq. (7)—(11)
allow determining the rated power of the

B. Math Model Testing

Thus, to validate the mathematical
model, two work modes have been simu-
lated:

*  Work mode A is a model of the auton-
omous Micro-CHP (diesel generator
DOOSAN DP158LD, 0.424 MW rated
power);

*  Work mode B is a model of the auton-
omous Micro-CHP diesel generator
DOOSAN DP158LD, 0.424 MW rated
power) with rechargeable batteries.

The input data of mode A are as fol-

interval [0; T] is calculated as follows:

(11)

power plant with minimum fuel consump-

tion (Q)).

lows: P,=0.422 MW; km = 5; T = 24 hours;
T . =4 hours. p =145 (p.u); a = 22.31
(liter/hour); b = 368.57 (liter/kWh) and
25 % actual load.

On the basis of this information, the
minimum daily load for the temporary daily
intervals is calculated by Eq. (10). There-
fore, P, = 0.4/5=0.08 MW and P, = 0.4

MW.

The total fuel consumption Qs in the
time interval [T — Tm; T] has been defined

by Eq. (11):

0, =22.31-24+ 368.57[0.08 M.(24-4)+041" (24 4)] = 1115 liter .

Further, taking into account input data
of mode A and the main characteristics of
Lithium-Ion (Li-Ion) rechargeable batter-
ies (where 7= 0.9, p =0.222 and »*'#' =
0.791), mode B has been calculated.

Applying Eq. (8), the maximum power
plant (P,) is determined as follows:

-1
222

P =04—>9222 _ o 67000 .
0.791+0.222

The minimum power plant (P)) is esti-
mated by Eq. (9):
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£ =0.791-0.167=0.132MW .

The results show that it is necessary
to use a diesel generator of lower power.
Since, according to the requirements of the
operating conditions, the power plant of the
diesel generator must have a power reserve
of at least 30 % of the required consump-
tion, diesel generator G299BDGR (0.217
MW rated power) has been selected from
the list of industrial diesel generators.

However, when the load increases to
P, = 0.4 MW, the process of discharge of
the HCSB is carried out. In our case, the
capacity of high-capacity storage battery is
defined by Eq. (10):



0.4-0.167

P
x2 0.95

=0.246 MW .

According to the requirements of the
manufacturers, for maximum life, the bat-
tery should not be discharged by more than
40 %. Therefore, LT-LYP 380 lithium iron

phosphate batteries have been selected. In
our case, the discharge process takes place
within four hours and the charging process
will be carried out within 20 hours a day.
Total fuel consumption Qs in the time
interval [0; T] is calculated as follows:

0, =2231-24+ 368.57[0.132 . (24-4)+0.167 ' -(4)] = 1035 liter .

The calculations above allow conclud-
ing that when using rechargeable batteries
at peak loads, it will be enough to install
diesel generators with a capacity of 0.217
MW, which will reduce diesel consumption
by 68 tonnes per day or 24820 tonnes per

Table 1. Output Data of Mode A and Mode B

year. In addition, using a high-capacity stor-
age battery results in a reduction of diesel
fuel costs of about €14.15 million per year.
In turn, this also leads to emission reduc-
tion, i.e., a decrease in 78.15 thousand tons
of CO, emissions each year (see Table 1).

Work mode A Work mode B
Qs, kt/year 345.93 321.11
Qs, Tl/year 14698.51 13643.91
EUR milli .
Qs, EUR million per year _ 197.18 183.03
Diesel fuel price per 1 tonne = 570 EUR. April 2020. [7]
CO2, kt/year [8] 1089.160 1011.014

Comparing the results of the modelled
modes of the data on the fuel consumption,
one can see that mode 2 is favourable as to
the fuel consumption and CO, emissions
from fossil fuel. Fuel consumption and CO,
emissions decreased by 7.2 % using a diesel
generator of lower power.

The results of the modelled modes
allow concluding that despite a similar load
it is possible to cut fuel consumption and
the volume of relevant emissions.

It should be noted that in the frame-
work of the implementation of the project
“Methods to Improve the Reliability of
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Power Supply Systems and the Quality of
Electricity Based on Electrochemical Stor-
age Devices and Digital Monitoring of the
State of Distribution Electric Networks”, an
autonomous Micro-CHP with rechargeable
batteries has been commissioned (Tomsk
Region, federal subject of Russia, 2019).
The main parameters of Micro-CHP are as
follows: Caterpillar 3512 Diesel Generator,
0.980 MW rated power, average fuel con-
sumption is 280 litre/hour; LiFePO4 bat-
teries, 0.3 MVA installed capacity. Some
images of the object are shown in Fig. 6.



The control switchboard

Fig. 6. The images of autonomous Micro-CHP.

4. CONCLUSION

Choosing the capacity and planning the
operation of an autonomous Micro-CHP
must be based on technical and statisti-
cal information on loads. This means that
equipment and energy resources will be
used efficiently.
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Taken together the theoretical and prac-
tical studies, it has been found that the effi-
cient operation process of the autonomous
Micro-CHP diesel generator and high-
capacity storage battery can save fossil fuel
and thereby reduce CO, emissions.



To make decisions on investment in
an autonomous Micro-CHP diesel genera-
tor with high-capacity storage battery proj-
ects, it is necessary to consider a number
of additional parameters that have not been
examined in the article, for example, capi-
tal investments in a specific project to make
forecast of fossil fuel cost for the next ten
years. The variation in fossil fuel cost is
influenced by a number of factors, such as
social and economic changes in the country,
world prices for fossil fuels, the tax system,
etc.
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A necessity to reduce greenhouse gas (hereinafter — GHG) emissions and energy import
dependency, while coping with increasing energy demand, affordability issues and many other
factors, causes the European Union (hereinafter — EU) energy policy makers to identify devel-
opment trends that would help harmonize future energy market and technological changes
with ever growing pressure of universal data processing digitalisation. In order to stimulate
data processing digitalisation in energy, the European Commission has proclaimed a support to
the development of all kind of the smart energy systems, where simultaneous use of the natural
gas and renewable gases (hereinafter — RG) will play one of the major sustainability ensuring
roles. Firstly, it will help achieve designated energy efficiency goals and, secondly, enable cost
saving synergetic solutions at the early stages of the energy supply chain decarbonisation.

Synergy of the natural gas and RG emphasises the need for a modern, smart and sustain-
able energy infrastructure to allow developing more flexible back-up and balancing power
capacity, storage solutions and innovative demand-response mechanisms.

This paper addresses some trends in development of the smart gas distribution (hereinafter —
SGD) as part of the smart energy systems both in the EU and Latvia, with a particular focus on
smart energy concepts, smart gas metering and grid modernisation.

Keywords: Natural gas, smart energy systems, smart gas distribution, smart gas metering,

synergy.
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1. INTRODUCTION

The natural gas is the second largest
source of energy in the EU, which has pro-
vided between 23 % and 26 % of the Euro-
pean energy mix over the past two decades
[1]. Its consumption is a subject to change
on a yearly basis, and the greatest drivers
of these changes are typically economic
factors and weather conditions rather than
structural energy supply chain transforma-
tions. Therefore, the present stability of the
natural gas in the EU energy sector is deter-
mined by several key factors, such as cost
competitiveness, security of supply, overall
accessibility and sustainability [2].

The statistics shows that consumption
of the natural gas in the EU has been quite
stable also in recent few years, even demon-
strating signs of some positive dynamics. In
2017, gross consumption of the natural gas
in the EU increased by 3.7 % in comparison
with 2016, to reach 18 587 thousand tera-
joules, but its use in the European energy
production continued to demonstrate a
downward pattern [3], [4].

For large-scale natural gas infrastruc-
ture in the EU, in order to stay relevant,
fulfillment of additional functions beyond
its traditional role of transporting fos-
sil fuel is expected. Sustainability of the
future natural gas networks will increas-
ingly depend on their versatility, flexibility,
and pricing of such commodities as carbon
dioxide (hereinafter — CO,) emissions and
land use. Europe’s natural gas infrastruc-
ture is a valuable asset, which should not
be only preserved for sake of preservation,
but used rationally to increase energy sector
overall sustainability and enhance security
of energy supply. The possibility to estab-
lish dynamic, integrated synergy between
natural gas — regardless of its transporta-
tion means and final consumption sector —
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and RES in form of the RGs till 2030 and
beyond will define its role in the EU’s
decarbonised energy future for decades to
come [5], [6].

The average natural gas price at key
trading hubs of Europe normally ranges
between 5 and 8 US dollars per million
British thermal units or 17 and 27.2 US dol-
lars per megawatt hour, which refers both
to pipeline supply routes and liquefied natu-
ral gas (hereinafter — LNG) import [7]. In
power generation, the natural gas has been
cheaper than coal across the EU energy
markets since late 2018, when the prices of
CO, emission allowances began to increase
after several years of freefall [8]. The natu-
ral gas is cost effective and can present a
viable alternative not only to coal, but also
to growing role of electricity in industrial,
commercial and residential power supply.
In 2018, the average natural gas price for
household consumers in the EU was 0.06
euro per kilowatt hour (hereinafter — EUR/
kWh), while electricity price in the same
sector averaged 0.21 EUR/kWh. Simi-
larly, the natural gas price for commercial
customers averaged 0.04 EUR/kWh and
electricity price for commercial customers —
0.14 EUR/kWh [9]. In all, on a levelised
cost of service basis, the price of the natural
gas in Europe for different groups of con-
sumers was 30 to 50 % less than the price
of electricity [10].

In regard to security of supply, it must
be pointed out that half of all the natural
gas supplies in Europe come from outside
the EU region. Given the declining local
natural gas production, the share of sup-
plies from the Russian Federation to the
EU Member States alone has grown from
35.2 % in 2010 to 40 % in 2018 [11]. How-
ever, supply of the natural gas in Europe is



relatively flexible, as multiple pipeline and
LNG supply routes are available from the
other third countries, including Algeria, the
US, Qatar, Azerbaijan, and Libya. Nota-
bly, the share of LNG in the EU’s natural
gas supply structure is increasing rapidly:
six new European countries have started
importing LNG since 2010, but utilisation
of regasification capacity has remained low,
averaging less than 30 % over the past five
years [1].

As for sustainability, the natural gas
has already contributed to lower GHG
emissions in Europe, but air pollution still
remains one of the key environmental chal-
lenges, especially within cities. The latest
European Environment Agency estimates
show that fine particulate air pollution
alone was responsible for about 400 000
premature deaths in European countries in
2016. Nitrogen dioxide emissions are also
estimated to have caused 79 000 prema-
ture deaths in the same countries [12]. Fuel
switching to the natural gas from coal in the
power sector and diesel in the transport sec-
tor is widely acknowledged as one of the
potential solutions to these problems. Since
2010, coal-to-gas switching has saved
around 500 million tonnes of CO, as well —
an effect equivalent to putting an extra 200
million EVs running on zero-carbon elec-
tricity on the road over the same period
[13].

In mid- and long-term perspec-
tive, in order to ensure further utilisation
of the existing natural gas infrastructure
and decarbonisation of the EU energy sec-
tor, smart solutions and simultaneous use
of RGs and the natural gas, with gradu-
ally decreasing percentage of the latter, are
expected to be the key development drivers.
Given that the necessity for smart transfor-
mation will be valid not only to the natural
gas transportation and storage but also to
the distribution level, the natural gas distri-
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bution industry will have to prepare itself
to face the major novelties in the next two
or three decades. Enabling technologies for
data collection, analytics, and automation
must motivate utilities to step back and take
a comprehensive, critical view of their pres-
ent infrastructure and operational activities,
and thus welcome unavoidable moderni-
sation of the natural gas distribution with
regard to gradual transition to SGD [14].

It is quite challenging to predict with
absolute certainty what the future may
hold, once SGD becomes a reality because
at the moment none of the EU Member
States has a natural gas distribution sys-
tem, which could be called truly smart. In
fact, concepts of “smart energy systems”
and “smart gas distribution” are still being
defined [15]. Currently, only some elements
of the SGD are present at the natural gas
distribution level in Europe, such as more
or less advanced smart metering and partial
incorporation of RG production units into
the natural gas grids. Moreover, incorpora-
tion of RG production units into the natural
gas grids almost exclusively relates to bio-
methane production and injection into the
natural gas grids at the distribution level.
The RG supply diversification inputs of
hydrogen are rare and sporadic [16].

The natural gas industries in many EU
Member States are keen to gain more clar-
ity and begin making necessary prepara-
tions for capturing the benefits from imple-
mentation of the SGD. It is important to be
aware of the way the future of the natural
gas distribution sector could look like when
all major components of the SGD are puz-
zled together, and of the way the utilities
get started with building out local SGD sys-
tems themselves. In addition, they should
be developed with maximum preserva-
tion of the existing natural gas distribution
infrastructure and benefits to consumers.
These aspects are important not only at the



energy policy and strategy planning level in
the leading EU Member States, but also in

small countries, such as Latvia.

2. CONCEPTS OF THE SMART ENERGY SYSTEMS AND THE SGD

2.1. Definition and Content of Concepts

The concept “smart energy systems”
is widely used by energy professionals in
numerous contexts as it was introduced in
order to identify potential synergy points
among different segments of the energy
sector. Some researches specify that smart
energy systems are cost-effective, sustain-
able and secure energy systems in which
renewable energy (hereinafter — RE) pro-

duction, infrastructures and consumption
are integrated and coordinated through
energy services, active consumers (prosum-
ers) and enabling technologies [15], [17].
Smart energy systems can be all inclusive
or entirely based on the use of RE. The prin-
cipal differences of conventional and smart
energy systems are shown in Table 1.

Table 1. Principal Elements of Conventional and Smart Energy Systems

Conventional energy system

Smart energy system

Electromechanical meters

Digital meters

One-way communication

Two-way communication

Few sensors

Multiple sensors

Fully manual maintenance

Mostly automatic maintenance

Manual monitoring

Automatic monitoring

Limited control

Unlimited control

Impossible dynamic system and energy consumption
data access

Possible dynamic system and energy consumption
data access, including near real-time and real-time
remote meter performance analysis

Manually generated bills

Automatically generated bills

Impossible use in the SGD and integrated energy
systems

Unlimited use in the SGD and integrated energy
systems

Unlike “smart grid” and “smart net-
works”, which mostly deal with grid auto-
mation only, the smart energy systems cover
the entire spectrum of energy production,
transportation, distribution, storage and
consumption. [15] In case of natural gas,
smart energy systems may also hold signifi-
cant exploitation potential of the Internet of
Things (hereinafter — 1oT), which can ini-
tiate new correlation models by supporting
not only methodological and engineering,
but also economic synergy across different
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segments of the energy sector [18].

One of the pathways currently demon-
strating dynamic synergy of two energy sec-
tor segments, namely, electricity and gas, is
power-to-gas (hereinafter — P2G) technol-
ogy, which mostly defines RE storage in a
form of such gaseous fuels as biomethane
and hydrogen. In all, P2G is a technology
that uses electricity to produce a gaseous
fuel and allows electricity to be stored and
transported in the form of compressed gas,
often using existing natural gas transport,



storage and distribution infrastructure. P2G

is often considered to be one of the most

promising technology for seasonal RE stor-

age [19].

A concept of the SGD therefore should
be perceived as an integral part of emerging
smart energy systems, and major estimated
benefits of the SGD are as follows:

* lowering GHG emissions;

e decreasing the natural gas import
dependency and improvement of the
energy security of supply [20];

* increasing a share of RE (biomethane,
hydrogen, syngas etc.) in the overall
energy mix;

* improving energy efficiency by enabling
active participation of the energy con-
sumers (prosumer strategy) [21];

» creating conditions for efficient use of
energy grids, thus giving consumers
the ability to choose the most economic
energy source in near real-time regime;

* avoiding additional investments in
electricity networks by effective usage
of existing gas grids, technologies and
appliances;

@ Embedded Sensors
& Excess Flow Valves and Remote Disconnects

{_:udusmal
Distribution st
Regulator a E
. &
Transmission Distribution D15L'nbunon
Main Main
City Gate Auto Shut off R;sgtunll;:\ol_;on
Station Valve (ASV)

» enabling synergies between gas and
electricity sectors through encourage-
ment of distributed generation [22].

There is not a widely accepted defini-
tion of the SGD either in the EU member
states or in other countries of the world. For
the purpose of clarity, in this paper a con-
cept of the SGD is presented as a blend of
three conjoined elements:

» the implementation of a range of new
technologies to provide near real-time
information about the end-to-end distri-
bution system;

» analytics that allows for rapid decision
making aligned with both a proactive
approach to pipeline safety and overall
operational efficiency;

» automated controls to help optimise
both pipeline safety and efficiency [14].

The principal elements of the SGD
are listed in Fig. 1. This scheme does not
include multi-dimensional communication
links among single elements of the system.
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Fig. 1. Principal scheme of the SGD.
Source: PwC

2.2. Potential Disruptors of the SGD

New technologies are expected to
change gas distribution operations funda-
mentally: smart sensors, controllers, and
inspection technologies are being inte-
grated with pipelines, valves, regulators,
gas metering points/stations and gas meters
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to provide comprehensive, near real-time
system information and unprecedented con-
trol of system operations. In addition, data
from single smart system components, con-
solidated and analysed in the cloud, feed the
SCADA system to allow for real-time opti-



misation of system operations as well [23].
It means that the SGD should not be evalu-
ated in isolation, as system and data integra-
tion may be the most challenging aspect in
its creation and enhancement. On the other
hand, at the level of hardware, individual
sensors or controllers cannot have a system-
level impact without being integrated.
However, integration of data with oper-
ation, maintenance, and inspection infor-

Table 2. Potential Disruptors of the SGD

mation in the systems could trigger certain
risks and challenges of integrity manage-
ment, as well as better work planning and
execution. Risks or potential disruptors of
the SGD listed below fall into four main
categories: smart pipeline and mobile tech-
nologies, advanced controls and automa-
tion, systems and records, and data process-
ing and analysis.

mobile technology sion networks

storage systems

Category Potential source of disruption
» Embedded sensors, inline robots — pipeline inspection gauges and ultrasonic inspec-
tion devices connected to SCADA
. * Remote leak detection by means of a car or other mobile technology, such as drones
Smart pipeline and

» Smart gas meters with expanded functionality and connectivity to other transmis-

* Mobile devices with secure connection to cloud-based information exchange and

Advanced controls .
and automation .
centre

* Remote control valves and automated shut-off valves connected to SCADA
Excess flow valves and remote disconnects integrated into smart gas meters
Natural gas distribution system visualization in the natural gas operations control

* Materials traceability

Systems and records asset management, etc.

» Enterprise system integration, including geographic information system, enterprise

* Data, records, and information management, including automated validation to
ensure ongoing information quality

Data processing and

analytics
and consequence

 Analytics for all sources of information and relevant external sources of environ-
mental information (e.g., weather, soil, seismography, traffic, etc.)
* Tools for dynamic risk modelling and work prioritisation based on threat probability

* Data archiving, safe keeping and on-demand traceability hubs

3. KEY EVALUATION FACTORS OF THE SGD AND SMART METERING

3.1. Key Evaluation Factors of the SGD

Emerging SGD calls for comprehensive
planning that considers development of the
natural gas distribution along three dimen-
sions, which, at the same time, pose them-
selves as its key evolution factors: pipeline
safety, risk-based integrity and asset man-
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agement, and efficient, smart-tech-enabled
consumer operations.

The impact of these three factors are
described in Table 3 with regard to compar-
ison of the current situation and theoretical
estimates after implementation of the SDG.



Table 3. Key Evolution Factors for the SGD

* Multi-annual investment planning
and budgeting

* Limited linkage between integrity
management and work prioritisation

Key factor Current situation Estimates after implementation of SGD
» Compliance-driven risk and activity
management » Proactive asset and integrity management
* Pipeline replacement, pressure test- |+ Safety enhancements and capital projects
ing, and capital projects carried out managed in line with regular everyday
Pipeline safety as special programmes activities
* Mid-term investment programmes * Interaction with regulatory authorities based
based on historical trends with a on a current view of systemic risks and
reduced linkage to current priorities actual performance efficiency
and risks
* Asset, system, and consumer data are vali-
* Asset, system, and consumer data . .
S dated and kept in enterprise systems/data
are kept in disparate legacy data-
bases warehouses
Risk-based « Strategic (annual and quarterly) and tactical
. . * No formal asset management stan-
integrity and asset (monthly and weekly) asset and work plan-
dards are enforced . .
management ning cycles are introduced

* Analytics and risk modelling linked with

monitoring technology and enterprise asset
management systems to enable dynamic
work identification and prioritisation

 Leak survey, corrosion and other
inspection performed once every 3—5

* Frequent inspection and continuous monitor-

ing of asset condition enabled by mobile

. and approaches
Efficient, smart- PP

tech-enabled con-

. automation
sumers operations

* Decentralised field and district
operational model

sumers “beyond gas meter”

years using traditional technologies

» Low degree of system control and

* Limited utility interaction with con-

technology and smart sensors

* SCADA connected to a wider array of
remote-control valves, automated shut-off
valves and sensors with real-time system
visualization at a common control centre

» Centralised field and district operation model

« Utilities provide a wider spectrum of
services, including 3rd party vendors and
partners, with greater consumer involvement

Source: PwC

However, in addition to three key evo-
lution factors listed above, one more fac-
tor should be mentioned that most likely
will have a significant impact on develop-
ment trends of the SGD: information pri-
vacy. The requirements for the protection
of personal data in the EU Member States
derive from Regulation (EU) 2016/679 of
the European Parliament and of the Council
of 27 April 2016 on the protection of natu-
ral persons with regard to the processing of
personal data and on the free movement of
such data, and repealing Directive 95/46/
EC (General Data Protection Regulation)
[24], which Latvia enforced by the Personal
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Data Processing Law. It, inter alia, provides
that SSOs, as data controllers or processors,
must also guarantee data security of the
smart metering system and energy consum-
ers [25].

Current data protection strategies are
built around a notion that the communica-
tion network used in the SGD should be
private to ensure total consumer and utility
data security. Even when a communication
network is private, but shared among differ-
ent service providers, it is critically impor-
tant that security firewalls are impenetrable
and the system can handle ever-growing
use.



3.2. Smart Gas Metering and its Role in Creation of the SGD

Smart gas metering is one of the cru-
cial elements of the SGD as it provides
the possibility of uninterrupted, bidirec-
tional data communication in near real-time
between consumers and the distribution
system operator (hereinafter — DSO) with-
out human intervention [26]. It means that
there is no need to send a technician to read
gas meters at the consumers’ residences
or businesses, and therefore expenses of
the system management are significantly
reduced. Data exchange from the smart gas
meter to the central system can be wireless
or conducted via fixed wired connections.
Wireless communications include cellular
communications, Wi-Fi, wireless ad hoc
networks over Wi-Fi, wireless mesh net-
works, low power long-range wireless etc.
Wireless mesh networks are currently one
of the most reliable and cost-effective loT
connectivity solutions available for a wide
range of smart metering applications [27].

Smart gas meters allow for better mea-
surement of energy use, and therefore
provide greater opportunities to manage
energy demand and improve utilisation of
the energy system as well. If smart meters
are not deployed, the energy transition and
GHG reduction will be more expensive,
less supportive of the RE generation, and
less well co-ordinated. Without or with
very limited smart metering in the EU,
CO, reduction in Europe’s gas sector will
be slower and risks of limited participation
of the natural gas and RGs in smart energy
system development — much higher [28].

The introduction of smart metering in
the EU Member States have different tim-
ing. In comparison with smart electricity
metering, the deployment of smart natural
gas meters was and still is much slower.
However, benefits of the smart metering
system in the natural gas sector are obvi-
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ous: it not only contributes to more efficient
energy use, but also significantly optimises
the management of the natural gas sup-
ply system and collection, analysis and
archiving of data [29], [30].

It is expected that by the end of 2020,
the EU countries would invest around EUR
45 billion in installation of around 45 mil-
lion smart natural gas meters and almost 200
million smart electricity meters. As a result,
around 40 % of the natural gas consumers
and 75 % of electricity consumers in the
EU will use smart electricity and gas meter-
ing devices in their households, businesses
or public buildings. In most EU Member
States, full replacement of mechanical elec-
tricity meters has already been introduced
or is planned for next 3—5 years, but the
use of smart natural gas metering in all seg-
ments of consumption is expected in just a
few countries, for example, Italy and Fin-
land [30]-[32].

Smart natural gas metering meets
requirements for fast and accurate collec-
tion, analysis and archiving of the natural
gas consumption data, as well as provides
opportunities for SSOs to perform more
effective evaluation and planning of the
natural gas supply system development
in various regions of Latvia and other EU
Member States. It may also contribute to
the achievement of energy efficiency and
system security targets [33], [34], which
ensure sustainable economic development
and prevention of further climate change.
Moreover, with the introduction of SGD,
costs for smart metering and data process-
ing, archiving and storage are expected to
decrease at a rate of approximately 7 % per
year.

There is a wide range of smart natural
gas meters in use in the EU, which all could
be integrated into the smart energy systems



and therefore — SGD. Diaphragm or mem-
brane natural gas meters, which can also
be equipped with a data transmission mod-
ule, are mostly used for a low natural gas
flow. In cases where natural gas has to be
supplied to a small industrial enterprise or
merchant, rotary natural gas meters are pre-
ferred. Turbine gas meters are designed to
supply natural gas to industrial consumers
at a massive, steady flow regime. However,
under non-uniform load conditions, turbine
meters generate metering errors [35]. Ide-
ally, turbine meters should operate under
stable and constant conditions of the natu-
ral gas flow in order to avoid pulsations and
thus metering inaccuracies. If the flow of
natural gas changes or is stopped altogether,
the mechanism will continue to rotate for
some time; thus, the metering inaccura-
cies are almost inevitable [36]. The effect
of flow disturbances on the readings of the
natural gas meter shall not exceed 1/3 of
the maximum permissible error of metering
instrument of a particular type and techno-
logical design.

Diaphragm natural gas meters are used
in Latvia up to G25 level because other
types of the natural gas meters with a higher
performance rate have rather large dimen-
sions and lower accuracy. For example, at
times of pulsation of turbine natural gas
meters, the inertia of the turbine wheel and
subsequent metering error may occur dur-
ing on and off mode [37].

Ultrasonic and microthermal natural
gas meters are an alternative to diaphragm,
rotary and turbine natural gas meters. They
are used when exclusively high measure-
ment accuracy is required [38]. Microther-
mal meters can keep an accurate metering
rate even at very low initial flows. If cor-
rect functioning of diaphragm natural gas
meters largely depends on the temperature
and pressure, which can be seriously jeop-
ardised without temperature and pressure
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correction, microthermal meters adjust
metering specification to these factors auto-
matically [30]. In contrary to diaphragm
natural gas meters, the membranes of which
may lose their elasticity over time, micro-
thermal meters do not have moving parts
that are subject to wear and tear and can
affect the accuracy of metering.

In absence of strict requirements for
the choice of technical equipment and soft-
ware, there is a situation where different
data reading systems with different makeup
and functionality coexist in the different EU
Member States. At some extent it hinders
effective, comprehensive development of
the SGD. There are also no requirements set
for external power supply to smart meters
in high gas consumption facilities, where
big amounts of data need to be read and
transmitted several times a day [30].

In the Latvian natural gas distribution
system about 85 % of all consumption data
are automatically processed. Data transmis-
sion is carried out via GSM communication
system by inserting a SIM card into the data
transmission device. Around 3,100 pres-
sure and temperature correctors have been
installed, of which 510 are equipped with
telemetry. According to technical and func-
tional parameters, uniform requirements for
the smart meters for natural gas in Latvia
have not been determined yet. However,
Section 16, Paragraph four of the Energy
Efficiency Law (hereafter — EEL) allows
the system operator, taking into account the
needs and potential benefits of the energy
consumers, to determine the minimum
functions of a smart commercial metering
device, including the possibility to obtain
information on actual energy consump-
tion in a specific period of time. The EEL
also stipulates that the system operator,
when installing a smart commercial meter-
ing device, must provide energy consum-
ers with information on the possibilities of



meter management and energy consump-
tion monitoring [39].

The importance of smart metering in
the SGD is also determined by the detection
and classification of the so-called bad data,
which can be represented both by missing
data or unusual information exchange pat-
terns caused by unplanned events or failing
data collection, communication or entry. As

more and more information is fed into the
system from different points of origin, the
likelihood that mistakes will occur auto-
matically increases. Bad data detection can
be divided into probabilistic, statistical, and
machine learning methods [40], and all are
applicable to the smart energy systems and
in part — to the SGD.

4. THE USE OF RGS AND RECONSTRUCTION

OF DISTRIBUTION SYSTEM

4.1. RGs as Part of SGD

Increasing sustainability and carbon
neutrality of the natural gas infrastructure
all over the EU means growing presence of
RGs in the natural gas sector. Here biometh-
ane stands out as one of the most promising
RGs to be blend with natural gas in large
volumes, which can be done in a relatively
short period of time [41]. Biomethane is
flexible and easily storable fuel that can
be used wherever natural gas grids exist
without significant improvements to any
parts of the natural gas transportation and
distribution networks. In those EU regions
where a natural gas grid already exists,
there is a system suitable for the distribu-
tion of biomethane as well. It can be used
as a direct substitute for natural gas and
as fuel in heating, transport and electricity
generation since it has the same properties
as natural gas — achieving methane content
levels greater than 96 % [42]. However, this
methane content level benchmark is not
legally or technically binding to all the EU
Member States, as they can make their own
decisions on how pure biomethane must be
in terms of methane content to be injected
into the grid [16].

More active use of RGs — mostly, bio-
methane and hydrogen — and their injec-
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tion into natural gas distribution grids are
important elements in the creation of the
SGD. The SGD in principle is meant to be
a primary recipient of these injections, as
for the natural gas transport infrastructure,
much higher injection pressure regimes are
required. In Germany that is one of Europe’s
pioneers in the RG injection into the natural
gas grids, several projects were carried out
already in the mid-2010s, with biomethane
facilities connected to the natural gas trans-
port, instead of the distribution network.
However, it must be pointed out that facili-
ties connected directly at the natural gas
transport level presented rather significant
biomethane production capacities and were
able to maintain the required high-pressure
injection regime. For instance, it relates to
Bioenergie Park in Giistrow, which pro-
vided the natural gas transportation grid
with biomethane input at a maximum rate
of up to 5000 m*h [43].

In Latvia, the injection of biomethane
is also legally allowed in both natural gas
transmission and distribution networks.
Paragraphs 6 and 7 of Regulation of the
Cabinet of Ministers No.650 “Require-
ments for the Injection and Transport of
Biomethane and Gaseous Liquefied Natural



Gas in the Natural Gas Transmission and
Distribution System” states that if biometh-
ane is injected into the natural gas transmis-
sion system, where a minimum pressure at
the moment is 25 bar, but most likely will
be risen to 50 bar in the nearest future, its
pressure must not exceed the actual pres-
sure of the system by more than 5 bar. On
the other hand, if biomethane is injected
into the natural gas distribution system, its
operating pressure must exceed the pressure

of the system by not more than 10 % of the
actual pressure at the connection point [44],
[16].

It means that in future, when actual bio-
methane injections into the Latvian natural
gas distribution network begins, the grid
automation will need to address not only
existing elements of the system in use
today, but also those that will come online
with grid introduction of the RG.

4.2. Modernisation of the Natural Gas Distribution System in Latvia

Successful implementation of the SGD
in Europe as a whole and in Latvia in par-
ticular is hardly possible without complex,
strategic enhancement of current natural gas
distribution systems. DSOs have to moder-
nise grids in order to preserve their tech-
nical capabilities and to make them more
suitable for integration of new automated
elements. Given the monopolistic status of
many European gas DSOs, in future it will
be necessary to couple their traditional regu-
lated service functions with new market and
systemic demands. The gradual natural gas
distribution automation is about improved
efficiency in grid operation, reducing opera-
tion costs and increasing grid reliability by
introduction of a higher degree flexibility
and autonomy.

In case of Latvia, the implementation
of at least several elements of the SGD is
fully up to the DSO JSC Gaso that, since
its creation in late 2017, owns and manages
all the natural gas distribution infrastruc-
ture in the country [45]. The major part of
the natural gas distribution infrastructure
in Latvia was built more than fifty years
ago. Many of its elements are physically
and morally outdated, so planned replace-
ments are unavoidable. Complex repairs are
not always possible without interruption of
natural gas supply to consumers, but reduc-
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tion of interruption duration, along with the
modernisation of the natural gas supply sys-
tem itself, is one of the strategic priorities
defined by the Latvian gas DSO.

Both in the case of natural gas and elec-
tricity, several technical references are used
to determine the level of system function-
ality, which characterise the number and
duration of supply disruptions, as well as
renewal of supply after unplanned disrup-
tions. In 2019, the number of the natural gas
supply interruptions (SAIFI) and duration
(SAIDI) per consumer in the natural gas
distribution system was 0.48 times and 56
minutes, respectively. In total, unplanned
natural gas supply interruptions occurred
425 times. Additionally, the time for renewal
of natural gas supply after unplanned inter-
ruptions (CAIDI) in 2019 corresponded to
88 minutes or 1.5 hours [46].

By comparing the information on the
natural gas distribution SAIDI indicators of
the Finnish, German, Lithuanian, Austrian
and Latvian natural gas DSOs, it can be
concluded that the performance of the Lat-
vian DSO almost fully correlates with them.
On average, during scheduled repairs, the
natural gas supply outages last from 4 to 6
hours, and they are implemented on work-
days — when the economically active part
of the society is absent [46]. In very rare



situations, while carrying out large-scale
replacement of the technological equip-
ment or reconstruction of the major sys-
tem elements, it is necessary to disconnect
customers for several days or even a week.
However, the proportion of such works cor-
responds only to 5 % of all planned repairs
carried out by JSC Gaso [47].

Annual investments in repairs and mod-
ernisation of the natural gas distribution
system for next five years are equal to about
EUR 5.5 million. These funds mainly go to
activities, which, inter alia, will be of the

utmost importance for further system auto-
mation and digitalisation as well, and they
are: stabilisation of the natural gas network,
reconstruction of regulation equipment,
water seals, syphons and improvement of
cathodic protection of natural gas pipe-
lines. These investments, without which it
is impossible to ensure the secure and stable
development of natural gas supply in Lat-
via in a mid- and long-term perspective, fall
into six main categories listed in Table 4 in
descending order.

Table 4. Average Investments of Natural Gas Distribution System Modernisation (by category, in EUR per year)

Reconstruction of pipelines (cross-connection (looping), stabilisation, security of supply) 1.950.000
Reconstruction of gas regulation points 1.145.000
Shutting-off device replacement programme 800.000
Water seal and syphon replacement programme 350.000
Renovation of gas inlets of buildings 950.000
Improvement of cathodic protection 300.000
Total 5.495.000

Source: JSC Gaso

As it has been mentioned before, many
elements of the Latvian natural gas distribu-
tion system are outdated, so their replace-
ment needs to be carefully planned and
implemented step by step. For instance,
system looping significantly reduces risks
for the stable operation of all types of natu-
ral gas distribution pipelines. It ensures
that pressure stabilisation is achieved in
the loaded sections of a system, and natural
gas supplies from several directions can be
carried out. There are also additional pos-
sibilities of the natural gas flow variation
by using independent natural gas supply
sources, when repair or reconstruction of
individual gas pipeline sections is required,
or in case of emergency. As a result, the
level of security of the natural gas supply
and system accessibility for new natural gas
consumers increase significantly.

Works are also underway on the recon-
struction of the equipment ensuring the sta-
bility of the natural gas supply itself, namely,
gas control points (hereinafter — GCPs). At
present, there are about 180 GCPs located
in buildings in Latvia and several thousand
cabinet-type GCPs. Every year, 5-6 GCPs
in buildings, as well as several dozen cabi-
net-type GCPs are renovated.

During routine maintenance of GCPs,
various technical problems and defects are
often identified, and many of them are elim-
inated without delay. On the other hand,
problems, which cannot be solved immedi-
ately, are included in capital investment and
reconstruction programmes of JSC Gaso.
The urgency of repairs mainly depends on
the nature of defects, as they can vary from
damaged fence to significant malfunctions in
the major components of equipment, which



require immediate replacement of damaged
parts or even a complete reconstruction of
GCPs. Where technically possible, GCPs
are replaced by cabinet-type GCPs. It helps
optimise the system and make it more com-
pact: the GCP in a building normally takes
up a large amount of space, but a cabinet-
type GCP does not require more than a few
square meters. In addition, both GCP and
cabinet-type GCP can be equipped with
telemetry, which allow obtaining data on
the operation of the natural gas distribu-
tion network, thus increasing its operational
safety and ensuring timely detection of non-
standard situations and accidents.

During routine inspections of the shut-
off devices (valves) located in wells or on
the ground surface, various types of damage
are detected regularly. Many of them can
be immediately eliminated. But, if it is not
possible, decisions are made to replace or
liquidate the shut-off devices, by including
these activities in the corresponding capital
investment programmes [47].

Dismantling of the water seal and
syphon installed during the Soviet era is
also carried out gradually. Water seals of a
low-pressure gas supply systems are used
to interrupt the supply of natural gas, but
syphons are designed to eliminate the liquid
in gas pipelines. The usage of water seals

5. CONCLUSIONS

is relatively safe, but their exploitation is
rather complicated — during the shutting-off
process water can enter the system, which
can interfere with the normal operation of
the natural gas supply. In addition, mainte-
nance of a water seal is quite expensive in
comparison with other shut-off technolo-
gies, and it cannot be automated. Syphons
are mainly built in the former liquefied gas
systems, and the necessity to preserve them
is rarely justified. To some extent water
seals and syphons pose one of the main haz-
ards in terms of safety and integrity of the
distribution pipeline system, because they
are up to sixty years old, manufactured in
workshops, their welds are not radiated and
they are located in densely populated areas —
mainly, in the courtyards of multi-storey
apartment buildings.

In context of developing SGD, one of
the future priorities for the European natu-
ral gas DSOs, including JSC Gaso, would
be a necessity of further automation of
the system, starting from consumption
side and smart metering, and ending with
the most robust parts and equipment used
in the natural gas distribution in Latvia. It
would allow following the actual trends of
the DSO activities in Europe, improving
sustainability of the system and optimising
future inspection and maintenance costs.

The importance of gaseous fuels and the
SGD in the future production, transporta-
tion and use of energy in the EU should not
be underestimated. Gas grids will play one
of the central roles in the overall shaping
of the energy strategy thanks to their flex-
ibility and compatibility with RE, includ-
ing such RGs as biomethane and hydrogen.
Storage abilities of the natural gas network,
as well as RG and P2G technologies, will
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help solve many problems to attain to future
energy efficiency in a sustainable way.
Although the SGD is not the first pri-
ority in the European debate concerning
energy efficiency and development of the
smart energy systems, the natural gas indus-
try has been an active promoter of the syn-
ergic potential of the natural gas sector, and
it refers to the gas distribution infrastruc-
ture, too. Furthermore, the existing natu-



ral gas infrastructure allows implementing
cutting-edge innovative solutions for wider
use of RGs. For instance, P2G shows that
SGD can be used to store and transport the
excess production of RE. RGs have been
injected into the existing natural gas grids
throughout the EU for more than ten years,
and the potential for growth in this area is
very large. Even in Latvia, it is estimated
that biogas production potential is very sub-
stantial, including biomethane yearly pro-
duction of about 300 gigawatt hours [48].
Natural gas networks have the ability
to store a large amount of energy without
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additional storage improvement invest-
ments, and thus are much more flexible than
electricity networks.

The potential of the SGD in Latvia is
significant, as many elements of the sys-
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into a single network, with gradual widen-
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Directive (EU) 2018/2002 of the European Parliament and of the Council amending Direc-
tive 2012/27/EU on energy efficiency sets a target of 32.5 % energy efficiency to be achieved
by 2030, with a possible upward revision in 2023. The directive also stipulates that the obli-
gation to achieve annual energy savings must continue to be met after 2020. In addition, a
revised directive on the energy performance of buildings was adopted in May 2018. It includes
measures to speed up the renovation of buildings and the transition to more energy-efficient
systems, as well as to improve the energy efficiency of new buildings, thus using smart energy
management systems [1].

Buildings consume the most energy and have the greatest energy saving potential. They
are therefore crucial to achieving the European Union’s energy saving targets. The EU allo-
cated around 14 billion EUR to improve the energy efficiency of buildings in the period of
2014-2020, of which 4.6 billion EUR was intended for residential buildings. In addition, the
Member States have earmarked 5.4 billion EUR of public co-financing for the improvement
of all types of buildings, of which around 2 billion EUR is allocated to residential buildings.

Multi-apartment residential buildings in Latvia are in a technically unsatisfactory condi-
tion. In Latvia, the service life of multi-apartment residential buildings has been artificially
extended. In addition, there is also the problem of reduced construction quality. Housing prob-
lems affect all layers of society, but they are most acute for low- and middle-income people.
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The aim of the research is to study, using the co-financing of the European Union Struc-
tural Funds, the activities performed during the renovation process of multi-apartment residen-
tial buildings in Latvia and to identify the shortcomings.

Keywords: Construction quality, energy efficiency, renovation of residential houses.

1. INTRODUCTION

In Latvia, the main volume of multi-
apartment buildings up to 75 % is made up
of standard residential houses built in the
period from 1946 to 1993. The average spe-
cific heat consumption for heating of these
apartment buildings is 157 KWh/m? per
year (Ministry of Economics). The results
of multi-apartment building renovation
projects implemented in European coun-
tries and Latvia demonstrate that by per-
forming complex insulation it is possible to
reduce heat energy consumption for heating
by 40-60 % of the initial consumption [2].

Compliance with the established norms
on energy efficiency of buildings and
binding state priorities are topical for the
national economy:

1. A comprehensive increase in energy
efficiency has become a cornerstone of
a country’s energy independence.
Reduction of harmful CO, emissions.

3. Improving the energy efficiency of the
manufacturing and service sectors is a
matter of both competitiveness and the
quality of work and the environment.
Directive 2002/91/EC of the European
Parliament and of the Council of 16
December 2002 on the energy perfor-
mance of buildings, which is adopted
by the Republic of Latvia, envisages an
increase in energy efficiency to meet the
Kyoto Protocol aimed to reduce CO,
emissions.

These requirements ensure sustainable
economic development and prevention of
further climate change [3].
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Energy efficiency has gained a lot of
prominence in recent debates on urban sus-
tainability and housing policy due to its
potential consequences for climate change.
At the local, national and also international
level, there are numerous initiatives to pro-
mote energy savings and the use of renew-
able energy to reduce the environmental
burden. There is a lot of literature on energy
savings and other forms of energy efficiency
in housing [4].

The topicality of the research is deter-
mined by several aspects:

1. It is important for the owners of multi-
apartment residential buildings to
reduce the costs of heat energy. There
is a human natural tendency to live
rationally and save heat energy and
other resources, if one has to pay for
them; thus, it leads to economical use
of energy.

In the period from 1955 to 1992, rein-
forced concrete structures were widely
used in construction. The construction
of buildings of this period is character-
ised by high specific energy consump-
tion and low heat resistance of building
envelopes.

3. Multi-apartment  residential ~ build-
ings constructed in the 50s and 60s are
approaching the end of the normative
service life; depreciation of engineering
services of buildings is 70-100 %.
During the European Union funds plan-
ning period, apartment owners in multi-
apartment buildings have the oppor-



tunity to receive co-financing for the

implementation of energy efficiency

improvement measures.

The goal of the research is to study the
implementation of energy efficiency mea-
sures in multi-apartment residential build-
ings and the achieved indicators using the
co-financing of the European Union Struc-
tural Funds.

To achieve the goal, the following
objectives are set: 1) to study scientific
articles on the chosen topic; 2) to find out
the main achievable indicators in the imple-
mentation of the programme; 3) to find out

the tools to make sure of the quality of con-
struction work.

The subject of the research is energy
efficiency measures for multi-apartment
residential buildings, and the object of
the research — multi-apartment residential
buildings.

In the course of literature analysis, the
authors have used topical articles of the
Web of Science and Scopus scientific data-
bases and unpublished information from
state-owned development finance institute
Altum.

2. THE NATURE OF ENERGY EFFICIENCY

The explanation of the concept of energy
efficiency should be considered not only in
Latvian, but also in the European Union
(hereinafter — the EU) and global context.
Definitions of energy and related concepts
are provided both in Directive 2012/27/
EU of the European Parliament and of the
Council of 25 October 2012 on energy effi-
ciency, amending Directives 2009/125/EC
and 2010/30/EU and repealing Directives
2004/8/EC and 2006/32/EC, and in regula-
tory enactments of the Republic of Latvia
related to the energy sector.

Article 2 of Directive 2012/27/EU of
the European Parliament and of the Council
provides the following definition: “energy
efficiency means the ratio of output of per-
formance, service, goods or energy, to input
of energy” [5].

Article 2 of Directive 2010/31/EU of
the European Parliament and of the Council
provides the following definition: “energy
performance of a building means the calcu-
lated or measured amount of energy needed
to meet the energy demand associated with a
typical use of the building, which includes,
inter alia, energy used for heating, cooling,
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ventilation, hot water and lighting” [6].

According to the Law on the Energy
Performance of Buildings and the explana-
tion of the Ministry of Economics of the
Republic of Latvia, energy performance of
a building is the relative amount of energy,
which characterises the necessary energy
consumption for the supply of heating, ven-
tilation, cooling, lighting and hot water in
the typical operating conditions of a spe-
cific type of building. The energy perfor-
mance of a building is expressed in kilowatt
hours per square meter per year (kWh/m2
per year) [7].

In the course of the examination of the
energy efficiency concept, the authors con-
clude that energy efficiency can be char-
acterised as a change in values, which can
manifest itself as both a reduction in energy
consumption and an increase in the level
of productivity. Energy efficiency is under-
stood as the reduction in the amount of
energy consumed — the difference between
the identified energy consumption before
the implementation of energy efficiency
solutions and the calculated or determined
energy consumption after the implementa-



tion of energy efficiency measures.

Electricity consumption in energy effi-
ciency projects is also important. Since
the European Commission has suggested
that all the EU Member States should dis-
continue season-dictated time changing,
the economically best-grounded solution
in terms of electricity consumption is the
scenario where country chooses staying at
summer time and the Nord Pool countries
— at winter time. In the construction sector,
summer time has a positive impact — con-
sidering the relatively short building season
[8].

The concept of smart grid has received
significant attention in recent times due to
climate change sustainability, uses require-
ments of higher supply reliability and qual-
ity [9].

Most of the urban housing stock in
Latvia as well as in the major part of EU
cities consists of multi-storey apartment
buildings. The improvement in energy effi-
ciency of these buildings is the key priority
in many countries. However, unclassified
buildings have a significant potential for the
application of innovative energy efficiency
measures [10].

Although in littoral regions of the Bal-
tic Sea in Latvia multi-storey residential
buildings with a large number of apartment
owners are not dominant, different opinions
of the owners about the implementation of
energy efficient solutions and their finan-
cial capacity impede the energy efficient
process management. Often, apartment
owners are not well informed and aware of
the issues related to energy efficient solu-
tions and energy efficient process, as well
as of the management of joint ownership of
houses; therefore, they passively take part
in the decision-making process [11].

The EU Member States are in the pro-
cess of implementing energy rating pro-
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cedures for buildings. For non-domestic
buildings in particular, devising a robust
and cost effective energy rating method is
not a simple task. The situation becomes
more complicated where countries do not
have a tradition of performing energy cal-
culations or undertaking energy measure-
ments in buildings [12].

Buildings, which form the accumu-
lated wealth of a country during a long time
and are frequently the largest asset of each
country, should be renovated, considering
the benefit as well of the timely renewal of
worn out building elements.

For example, the Energy Efficiency
Housing Pilot Project in Lithuania, which
was initiated by the World Bank and directed
to the renovation of residential houses and
educational institution buildings, has shown
that at present, residential and public build-
ings built between 1960 and 1980 face two
problems — an inefficient heat consumption
and a deterioration of building elements and
engineering systems. This in turn results in
conditions inside buildings that do not com-
ply with up-to-date requirements of comfort
and safety [13].

In general, it can be concluded that
the nature of energy efficiency and related
activities in the process of renovation of
multi-apartment buildings should be imple-
mented using a model, which will increase
the efficiency, comfort and exterior of a
dwelling. Measures should be taken on
the basis of high level energy audit results,
determining the main problems, identify-
ing the main causes of heat loss, during the
renovation of the dwelling focusing on the
main problems, which result in high heat
loss from the dwelling, the main defects in
the structures, the renovation of which will
increase the life cycle of residential build-
ings.



3. DISCUSSION AND RESULTS

In Latvia, a large part of multi-apart-
ment residential buildings was constructed
in the period from 1946 to 1993 [14]. These
buildings are characterised by high wear and
tear of building structures and engineering
systems, as well as low energy efficiency.
Since 2016, the support of the EU structural
funds in the amount of 156 million EUR has
been available in the country to renovate
multi-apartment buildings (85 % of the EU
structural funds, 15 % of state funding). It is
envisaged that this funding will be enough
for about 1,030 multi-apartment buildings.
The implementer of the financial instru-
ment in this period is JSC “Development
Finance Institution Altum” [15]. Support in
this programme is provided in the form of

grants, loans, guarantees and advice (DME
programme). The specific objective of the
programme is to promote energy efficiency
and the use of smart energy management
and renewable energy in multi-apartment
residential buildings. To receive the EU
support within this programme, the heating
consumption of a residential building after
the performance of works shall not exceed
90 kWh/m? per calendar year.

The average heat consumption for heat-
ing of multi-apartment residential buildings
submitted to the DME programme is 155
kWh/m?; information on the projects submit-
ted to the DME programme until 15 October
2018 is summarised in Figs. 1 and 2.

Overview of buildings submitted to the
DME programme

1869-1898 1900-1959

m Number of buildings

1960-1970 1971-1980

1981-1990 1991-2008

® Number of apartments

Fig. 1. The number of multi-apartment residential buildings and households (apartments) in the DME
programme until 12 July 2020 (created by the authors using Altum information).

Heat consumption of buildings
submitted to the DME programme

192
162
146 130 131 123
58 l 66 55 54 54 l 53

1869-1898  1900-1959

1960-1970  1971-1980

1981-1990  1991-2008

B Average heat consumption before renovation (kwh/m2) peryear

B Average heat consumption after renovation (kWh/m2) per year

Fig. 2. Summary of current and planned average heat consumption per year of multi-apartment residential
buildings before and after renovation of buildings (created by the authors using [14-16]).



There are 38.6 thousand multi-apart-
ment residential buildings (three- or more
apartment buildings) in Latvia with a total
area of 50.4 million m? (1305 m? per build-
ing) [14]. It is possible to perform cost-
effective renovation of 60 % to 70 %, or
about 25 thousand apartment buildings
with a total area of 38 million m? A small
part (3 % of the total number of houses —
741 buildings) has been renovated in the
EU funds programming period of 2007—
2013, while the buildings built after 2003
(approximately 3 % of the total number of
buildings) are relatively energy efficient,
with low energy consumption. The number
of potentially energy efficient renewable
buildings in Latvia is approximately 23,500

(94 % of 25,000) with a total area of 30.6
million m?.

Latvia has set high targets in the field of
energy efficiency. In order to increase the
energy efficiency of multi-apartment build-
ings, a complex approach is required, reach-
ing the specific heat consumption for heat-
ing in the amount of 70-90 kWh/m?*/year
after the renovation of buildings (minimum
requirements of the DME programme). To
achieve such specific heat consumption,
the project must achieve a total heat sav-
ing of 85 kWh/m? on average. In turn, in
order to achieve such heat energy savings,
the investment costs per m? of the total area
of the building must be approximately 156
EUR (see Fig. 3 below).

W Average building costs EUR/m2

B Average heat consumption before renovation (kwh/m2)

Average heat consumption after renovation (kWh/m2)
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FROM 2001TO
3000M2
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Fig. 3. Costs and heat consumption divided by the total m? of the building
(distribution by m?, up to 1000, from 1000-2000, from 2001-3000, more than 3000) (created by the authors).

When implementing building renova-
tion works, great emphasis is placed on
high-quality technical project documenta-
tion, so that there would be as few unfore-
seen works as possible during the project
implementation stage, which could have
been foreseen at the design stage but were
not performed. In order to qualitatively pre-
pare the DME (energy efficiency of a multi-
apartment building) project, the following
documents are required:

1. Building energy certificate;
2. Structure technical inspection opinion
by a construction specialist;
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3. Construction project drawn up by a con-
struction specialist or a building facade
confirmation card and work organisa-
tion project;

4. Certification card made by a construc-
tion specialist for engineering structures;
5. Construction volumes or control esti-

mate.

Works that could provide energy effi-
ciency are determined by the energy certifi-
cate of a building. The annex to the certifi-
cate indicates what work should be done to
improve the overall energy performance of
a building.



Usually these works are related to the
insulation of the building enclosing struc-
tures (building facade, plinth, and roof),
basement insulation, attic insulation,
replacement of windows and doors both
in the apartments and in the staircase. Of
course, one cannot forget about the reno-
vation of the building engineering sys-
tems (heating and hot water) to ensure the
regulation of heating consumption accord-
ing to the wishes of each resident, so that
each consumption can also be accurately
accounted for, generally ensuring comfort
in apartments.

Evaluating the construction contracts
submitted to the DME programme, it has
been established that mostly project imple-
mentation is not carried out according to the
planned plan — Project Time Schedule.

As soon as it is established that devia-
tions are planned and the construction dead-
lines are not met, it is necessary to amend
the contract, including an agreement on the
extension of the term of work. Below statis-
tics is provided (see Fig. 4) on how many of
the completed projects were on time, how
many were not, or whether there was an
extension of deadlines.

In order to extend the term of work,
the builder needs to submit a substantiated
application/letter to the customer and a new
time schedule, while the customer draws up
an affirmation act and an agreement within
the contract. This information is then sub-
mitted to Altum, where the legal aspect and
the requirements set out in the procurement
regulations are assessed.

CONSTRUCTION DEADLINES

TOTAL CONSTRUCTION WORKS

Put into operation
on time

B Completed construction
works

H Deadline extension

46

10

Not put into
operation on time

40

32

Fig. 4. Terms of the construction contract
(created by the authors using Altum information).

There are several typical trends in the
DME programme that recur, where the
builder offers relatively short deadlines and
is unable to meet them.

Construction works shall be carried
out by a construction contractor registered
in the Register of Construction Merchants.
The supervision of the works is performed
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by a certified construction contractor, who
makes daily entries in the construction work
log regarding the performed works and the
materials used. According to the construc-
tion completion deadlines (see Fig. 5), only
1 out of 30 projects has been completed
within the planned deadline.



M Planned construction deadline in days (average)
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Fig. 5. Division by the planned and actual work execution (created by the authors using Altum information).

Construction companies, implement-
ing DME projects even after several dead-
line extensions, cannot complete the work
within the set deadlines. It is crucial that
when concluding contracts in the autumn,
but starting work in the spring next year,
the entrepreneur faces a shortage of mate-
rials or rising material prices, which affect
the purchase of materials and construction
deadline.

To control the quality of construction
work in terms of the energy efficiency of a
building, a control tool — thermography with
a thermal chamber — is often used. Using
the infrared radiation generated by a build-
ing, the surface temperature of the struc-
ture is determined and plotted in a plane
by means of a colour scale. This method
allows quickly obtaining visual data on the
quality of the work performed and it is not
necessary to expose the defect site.

Thermography uses a qualitative test
method, i.e., one surface is compared with
another or with itself, thus identifying prob-
lem areas, but it is not possible to determine
the flow of heat through the building sur-
faces, such as the heat transfer coefficient of
a building element or building permeability.

The thermography method is more
used in cases when the building envelope
is insulated with a plastered facade solu-
tion. Another limitation of this test method
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is that the thermographic survey cannot be
performed if the energy efficiency works in
a building are carried out at a time when the
temperature difference between the indoor
and outdoor environment is insufficient to
perform a qualitative survey (in summer).

In the DME programme, insulation of
enclosing structures with a ventilated facade
is used in some objects, which means that
there is no direct thermal contact between
the main structure of the exterior wall and
the facade finishing material; as a result, it
is not possible to fix the defect in the main
structure. In such cases, in order to deter-
mine the quality of the work carried out, it
is necessary to perform a building density
test or BlowerDoor test.

The BlowerDoor test method works
on the principle of creating a pressure dif-
ference of 50 Pa between the interior and
the exterior of the building, thus determin-
ing the amount of outdoor air entering the
structures through various leaks. The Blow-
erDoor tool consists of a calibrated fan air
flow measurement and special measuring
devices to determine the pressure difference
between two measuring environments.

Tables 1 and 2 below summarise the
images from the post-monitoring of the site,
when the quality of the work performed is
checked and a site is inspected where no
renovation work has been carried out. In



the thermography images, one can make
sure that an uninsulated building has very
large heat losses through external walls, old
wooden windows, and window openings.
According to the temperature scale in the
thermography images, it can be seen that
the building on the left has been renovated,
exterior wall and loggia walls have been
insulated. In the building on the right, there
are visible heat losses both through the
external walls and the window openings.
The largest heat losses are observed in the
joints of panels, window and door openings.
Therefore, in the process of building reno-
vation, it is important to pay attention to the
quality of work, which is directly related
to the joints of the building envelope, pre-
treatment of joints, anti-corrosion treatment
of reinforcement, use of waterproofing
mastic as well as insulation of windows and
doorways, in order to reduce cold bridges.

During inspections, it is often found that
if the project does not provide for the trans-
fer of gas inlets and electrical cabinets from
the building facade, large heat losses are
observed through parts of the building that
are not insulated, where insulation material
offset is formed, because these gas inlets
or electrical cabinets are not allowed to be
completely “insulated”. Also in the photo
fixation attached to the tables one can see
the location of these problems, in the gas
inlet that is not insulated, there is increased
heat loss, the surface temperature is higher
than it would be if the facade surface were
completely insulated.

Figures 6 and 7 below summarise the
images of insulated and uninsulated multi-
apartment residential buildings. It is pos-
sible to clearly see both thermography and
photo fixation in the images.

Fig. 6. Fixation from the work process (from the authors’ archive).

In the “uninsulated building” (see Figs.
6 and 7), the thermal chamber shows very

serious heat losses.



Uninsulated building

The left corner of the photo shows the
temperature (C°) where the target is fixed
(in the center of the photo). It is fixed to
the plinth of the building. The problem is in
the plinth part of the building; the surface
is heated to +7.6 C°, which means that the
basement has an increased temperature, the
enclosing structure has low heat resistance
and heat energy escapes when the plinth of
the building is heated.

Uninsulated
building

Insulated
building

Insulated building

The photo shows that the insulated exte-
rior wall has a high heat resistance; the high
quality work has been performed. Questions
could be asked here about the fastenings
(dowels) of the thermal insulation material,
as it can be observed they emit heat from the
building structure.

Insulated and uninsulated
building

Fig. 7. Thermographs from building inspection (from the authors’ archive).

Thermographic photographs show the
intensity of heat loss through the enclos-
ing structures of the building. The surface
temperature can be compared to the out-
door air temperature. The closer the surface
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temperature is to the outdoor temperature,
the better heat resistance properties of the
surface (enclosing structure). Colour differ-
ences can also be accurately observed; the
darker shade of blue colour, the better heat



resistance values the construction has due
to less heat permeation through the parts of
the building, lower heat loss.

It should be noted that measures affect-
ing one system or part of a building may
affect the energy performance of another
system and part of a building. For example,
the insulation layer of the enclosing struc-
ture affects the capacity and dimensions of
the engineering systems. This interaction
between different activities is taken into
account when determining a complex solu-
tion for the renovation of a building.

Therefore, in DME projects, the authors
observe that building renovation measures
are combined into a set of measures and
options, because meaningful combinations

4. CONCLUSIONS

of measures can create synergies, providing
better results (in terms of cost and energy
efficiency) than individual measures. If
more cost-effective energy efficiency meas-
ures are included in the set of measures, this
may provide an opportunity to include other
measures that are not cost-effective but can
significantly increase primary energy use
and reduce CO, emissions in relation to the
overall building concept, provided, how-
ever, that the whole set of measures brings
greater benefits than costs during the opera-
tion of the building or building elements. In
turn, when implementing complex energy
efficiency measures, it is also possible to
improve the aesthetic parts of the building
(staircases, porches, etc.).

To achieve the best possible result, it is
necessary to develop the building renova-
tion project in as much detail as possible,
as well as to choose thermal insulation and
finishing (plastered and ventilated facade)
solutions, evaluating economic and techno-
logical aspects.

In the case of complex renovation of
a building, the achieved energy savings, if
both design and construction conditions are
observed during the project implementa-
tion, shall be not less than 50 % of the pre-
vious consumption.

The authors conclude that the current
costs and the deadline for the preparation
of technical documentation are not com-
mensurate with the quality of the developed
works. Most multi-apartment buildings
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The issue of grinding saponite—titanium composites has not been considered in the
machine building industry yet. The reason is that the chips are stuck on the working surfaces
of abrasive tools made of silicon carbide and electrocorundum. This is due to the high adhesive
activity at operating cutting temperatures between the composite and traditional abrasives.

The article aims at studying the grinding of saponite—titanium composites using abrasive
tools in various cutting modes based on parametric and non-parametric statistical methods.

To solve this problem, high porous wheels (HPW) made of cubic boron nitride CBN30
with 100 % concentration on a bond V (K27), a pore-forming KF40, varied grains: B76, B126,
B151 (ISO 6106:2013) — and hardness: M and O (ISO 525:2013) were used to grind saponite—
titanium composites. Additionally, the Norton wheels from green silicon carbide with a normal
porosity 39C (46; 60) K8 VK and with different grain size were tested. Norton wheels pro-
vide reduction of roughness height by 1.4—1.5 times in comparison with boron nitride HPW.
These are recommended for the finishing grinding stage and HPW CBN30 — the preliminary to
reduce the thermal effects on composites. By processing stability, the Norton wheels with grain
46 rank first, and among boron nitride HPW — CBN30 B76 100 OV K27-KF40.

Keywords: Abrasive tools, composite, grinding, parametric and nonparametric methods,
saponite—titanium.

1. INTRODUCTION

Saponite—titanium composite is a pro- technology and relatively low cost [1]-[3].
mising material for mechanical engineering It has unique physical and chemical proper-
thanks to the well-designed manufacturing  ties and is one of the most difficult to pro-
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cess composite. Its properties make the cut-
ting process difficult even when compared
to processing materials such as cast iron
and stainless steel. However, if you plan
machining step-by-step using the necessary
knowledge in the field and the appropriate
tools and equipment, there is a possibility
for the grinding process [4]-[14].

The goal of the study is to grind sapo-
nite—titanium composites using abrasive
tools in various cutting modes.

The main objectives of the study are
to select optimal equipment and tools, to
choose the required cutting modes and to
develop grinding techniques.The object
of the study is finishing and fine grind-
ing operations.The subject of the study is
the regularities of the formation of quality
parameters in the process of mechanical
processing of fine grinding.

According to the results of the studies,
it is established that when grinding sapo-
nite—titanium blanks traditional abrasives
based on silicon carbide are used. This is
due to the fact that saponite—titanium inten-
sively gives electrons to aluminum atoms
in corundum, causing adhesive wear of
electrocorundum grains. Adhesion inter-
action with silicon carbide is less intense
than with electrocorundum. The properties
of the composite, which affect its interac-
tion with abrasive materials, are reflected
in their wear resistance. Thus, for saponite—
titanium, the wear resistance of silicon car-
bide is twice as high relative to corundum
materials [15]. Information on the choice of
green silicon carbide grains is private and
requires further study in each case. Abrasive
materials whose atoms do not accept sapo-
nite—titanium electrons and thus minimize
adhesion are cubic boron nitride (CBN) and
diamond. Clogging of the working surface
of the wheels is caused by the low antifric-
tion parameters of the composite, which
has low wear resistance and a high ten-
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dency to ignition during friction. The thin
oxide film is easily destroyed because it is
thinner than the inner material, due to the
diffusion of hydrogen, oxygen and nitro-
gen at grinding temperatures, starting from
350 ... 550 °C [16]-[18]. The surface qual-
ity of saponite—titanium parts is evaluated
by the surface roughness, which is one of
the most important parameters in topogra-
phy. They are formed by the following pri-
mary values:

H:ern=1hm2r5n=1hm> (D

where hyh; is a component of the profile
that reflects the kinematic transfer of the
geometric characteristics of the relief of the
working surface of the tool on the work-
piece (mold); hyh, is a component that
arises as a result of oscillations of the circle
and the workpiece due to different heights
and chaotic arrangements of grains in the
bundle; hzhg is a component due to plas-
tic deformation of the surface when cutting
grains into the metal; hyhy is a component
of the adhesive interaction of grains with
the workpiece; hshs is a component of elas-
tic deformations of the circle.

According to authors [19], the domi-
nant component is hy hy, and all others hy,
hm, hyhy, = 25 52; 5 are secondary values.
It is established that the radius of the cutting
part of the grains depends not only on their
material, but also on the depth of incision in
the metal. As the depth increases, individual
small scratches merge into large one [12].
The weakest link in the technological sys-
tem of the grinding process is the abrasive
circle. At the same time, in the considered
publications the emphasis is put on other
technological parameters and conditions
of grinding, and circles apply without the



necessary substantiation. For this reason, it
has been decided to dwell on the choice of
grain size of CBN HPC and Norton circles
of standard porosity, as well as to further
study the effect of hardness of CBN HPC
on surface roughness. Given the sensitiv-

2. MATERIALS AND METHODS

ity of the saponite—titanium alloy to stress
concentrators, we consider it appropriate to
optimise the characteristics of the circles by
the criterion of roughness of parts, taking
into account the surface roughness.

For the experiment, we used
3D711VF11, 3G71M flat-grinding machines
[20] and abrasive circles for grinding. The

Table 1. Basic Parameters of Grinding Circles

shape, size and technological parameters
are shown in Table 1.

Technological parameters
. Shape and Cross feed, . Operating
Circle & . Speed, V., | Traverse, S, S, Cutting
imensions g o ¢ overmeasure
m/s m/min mm/ double | depth, z, mm ’
Z, mm
movement
HPC CBN | 1A1200%20%x76%5 30
8 6 0.01 0.1
Norton 01 250x20%x76 35

During the experiment, S feed is
selected for two passes, so it makes sense
to explain the functional purpose. Lowering
the table to the depth was performed when
the longitudinal table was shifted to the left-
most position relative to the operator. In this
regard, moving the table from left to right is
considered working. Cutting of metal from
the surface was carried out according to the
counter-grinding scheme, since the circle
had to rotate clockwise. Then the reverse
movement of the table together with the
workpiece within the specified feed of the
S. became opposite. Given that the value of
the S_1is less than the height of the abrasive
tool, the residual working surface of the cir-
cle provides processing of the surface of the
longitudinal movement of the table in both

Table 2. Physical Parameters of Experimental Samples

directions. In this case, the finishing pass of
the tool occurred in the conditions of pass-
ing grinding. The circle embedding scheme
was chosen based on the results of research
[19], in which saponite—titanium alloy bil-
lets were processed under deep (single-
pass) grinding conditions and received a
reduction in the roughness height by one
categorical value (CV) [21] in compari-
son with the alternative counter-grinding
scheme.

Samples of saponite—titanium were
used for the experiment [1]. Their physical
parameters are shown in Table 2. Grinding
was performed on the plane N. Coolant 5 %
emulsion Aquol 11 (TU 38.101932-83) was
supplied by irrigation to the part with a flow
rate of 8 ... 12 I/min.

Composite Size, D x h, mm o, MPa

3, % E, GPa

3.5 x50 700

Saponite—titanium

6..10 60
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The number of duplicate experiments
—n =20;i=1; 20. Variable grinding con-
ditions are represented by the code “dijv”,
which is convenient for analysing the initial
process parameters using statistical meth-
ods. In this case, the index d = 1; 2 shows
the direction of the roughness arrangement:
1 is parallel to the vector S, 2 is parallel
to the vector S. Circle characteristics are
encoded by the index i = 1; 6: 1 is CBN30
B76 100 OV K27-KF40; 2 is CBN30 B126
100 MV K27-KF40; 3 is CBN30 B126 100
OV K27-KF40; 4 — CBN30 B151 100 OV
K27-KF40; 5 is 39C 46 K8 VK; 6 —39C 60
K8 VK. HPC i = 1; 4refer to cubic boron
nitride (CBN) instruments [22], in which
the grain size varies from B76 (200/250) to
B203 (120/140) and hardness from M (aver-
age) to O (average hardness) [23]. Norton
i = 5; 6 circles of green silicon carbide

grains of the 8th structure (normal porosity)
have a medium hardness (K) and differ in
grain size: 46 (355 ... 300 um) and 60 (300
... 250um) according to ISO 8486-1:1999
[24], where the basic fraction are given in
parentheses. Index j = 1; 3 is used in the
scattering coefficients: 1 is for SD ; 2 is for
R,; 3 is for QL.

Surface roughness measurements were
performed using a system based on a pro-
filograph: profilometer model 252 of the
plant “Caliber” [25]. The system is a con-
tact device for sequential conversion of the
profile type Al. The device is intended for
measurement in laboratory languages of
roughness and roughness of a surface of
products from metal and nonmetallic prod-
ucts. Its technical characteristics are given
in Table 3. The measurement is performed
on a straight line of the cut plane.

Table 3. Technical Characteristics of the Profilograph: Profilometer Model 252

Parameters T ¢
§ ype o
profilograph profilometer Step compart cutting | m, kg
1 ) ment value, mm
R, um 4 R, um min® = max” | gy 0 n 1, mm agent
z mm a pm
0.02-250 | 50 {0.02-100| 0.1-100 |0-100 | up to 1000 | 1.5;3;6 | 0.08; 0.25; 0.8; 2.5 | numbers | 107.6

Profilograph: profilometer model 252
consists of a rack with a motor drive, a uni-
versal subject table, a control unit, a com-
puting unit, a differential inductive measur-
ing transducer with a diamond probe needle
and a recording device.

During experimental studies, accord-
ing to ISO 1302:2002 [21], the following
parameters R , Rq, R,R . were determined
related to the height properties of inequali-
ties. R is the arithmetic mean deviation of
the profile; Rq is the standard deviation of
the profile; R_ is the height of the profile
irregularities at ten points; R is the larg-
est height of profile irregularities. Surface
roughness has both technical and economic
tasks. The main parameters are the require-
ments for accuracy, efficiency, reliability
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of parts and equipment of machines. They
depend on many roughness parameters,
mechanical characteristics of surface func-
tionality and method of application. The
main requirement is to improve the service
life and performance of engineering prod-
ucts.

The arithmetic mean deviation of the
profile R is the arithmetic mean of the
absolute values of the deviations of the pro-
file within the base length:

1l
Ra=1 - [ly(0)l - dx, @)
where y is the deviation of the profile: the
distance between any point of the profile
and the center line, which is measured
along the normal line drawn to the center



line through this point of the profile;

[ is the base length.

The standard deviation of the profile R,
within the base length:

Rq,= f%fé y? (x)dx.

The height of the irregularities of the
profile at ten points R_is the sum of the
average absolute values of the heights of the
five largest protrusions of the profile and the
depths of the five largest depressions of the
profile within the base length:

)

Z?: 1|yp1' |+Ei‘5:1|yvi |

RZ: 5 s

“4)

where V18 the height of the i largest protru-
sion of the profile;

»,, 1s the depth of the 7 largest depression of
the profile.

The maximum height of the irregu-
larities of the profile R is the distance
between the line of protrusions and the line
of depressions of the profile within the base
length.

In this paper, we consider the param-
eters of R , R, which are the most impor-
tant for saponite—titanium composites,
which primarily affect the quality and per-
formance of manufactured parts.

Methods of statistical interpretation of
experimental data. Taking into account the
instability of the grinding process and the
random formation of the roughness surface,
the analysis of observations is carried out
using statistical approaches. We consider
them as random variables (RV) that form
independent sets:

.} =1; 6,y =T1; 20. (5)

In technical applications, we use para-
metric and non-parametric statistical meth-
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ods (for example, rank methods). Char-
acteristics of one-dimensional frequency
distribution for many (2) are [26]: where
y=y, for the first direction — the medium,

SD, - deviation standards, R=1[y —», |
| Ve = Yoin |, sCOpes, ¥, — for the second
direction — medians, OL, = | y, . — Vs |~

quartile latitudes, covering 50 % of the
majority of observations (2). The first fre-
quency characterises the position mea-
sure (total value), the next — the scattering
boundaries (precision). Ag; = % ]
shift irelative to yie due to the asymmeti‘y
(curvature) of the distribution curves found
from the expression.

Each method of statistics has its own
area of rational application. For the para-
metric method, it is necessary that most of
the values (2) satisfy the requirements of
normality and homoscedasticity of the dis-
persion. The second restriction is that mea-
surements (2) must be determined with high
accuracy, because otherwise it may lead to
the adoption of incorrect hypotheses. To
check the obtained data, one must use a
non-parametric method that is not related to
the properties of random variables.

Performing a one-dimensional variance
analysis (OVA) and multiple search for pre-
dicted values @my.)l., i = 1; 6 is associated
with large calculations, so we use the pro-
gram Statistica 12 [27].

The technique of modelling fuzzy logic.
Fuzzy logic is designed to create math-
ematical models based on linguistic reason-
ing, in which the language and experience
of experts play a fundamental role. In this
sense, fuzzy logic is equivalent to the theory
of fuzzy sets, i.e., classes with inaccurate,
blurred boundaries. The theory of fuzzy
sets [28] is a generalization and rethink-
ing of the most important areas of classi-
cal mathematics. Moreover, by fuzzy sets
A, we mean sets of ordered pairs composed
of elements yilv of universal sets {yi/v} and




the corresponding degrees of membership u
ilv}:
A,-[:{(}’uw#.q(yfzu))i Yiw € {yilv}}> (6)

where 4 (yirp) are characteristic functions

indicating the degree to which yilv belongs
to fuzzy sets A, When implementing the
process of modeling fuzzy logic, attributes
are created that are based simultaneously on
measures of position and scattering, which
is impossible for statistical methods.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Data (2) were tested for uniformity of
variances (null hypotheses H ) for eight
roughness parameters in two directions
d= 1; 2 when working with circles i
1; 6, for which three groups of criteria were
used (w = 1; 3 ): 1 — Hartley, Cochran,
Bartlett, 2 — Levene, 3 — Brown-Forsyth.
According to the test results, H, was
accepted if the majority of decisions in
its favour were f € [19]. It is established
that for roughnesses (R, Rq, R, R ), in
the longitudinal direction H is accepted at
f, € [29]. In the orthogonal direction d = 1

for the first group of criteria w = 1, all H;
are accepted with a minor error of the 2™
kind. According to other statistical indica-
tors w = 2, 3, the homogeneity of variances
was confirmed for the parameters R (w =2;
3) and R, (w=3) in the presence of an error
of the 2™ kind. Hypotheses about the nor-
mality of data distributions (2) behind the
circles i= 1; 6 and the roughness parameters
are accepted by the Shapiro-Wilk criterion
when performing inequalities: 0>0.5. The
test results are shown in Table 4.

Table 4. Normality of Data Distributions (2) for Circles i= (1; 6) and Roughness Parameters

Circle i=1;6
1 2 3 4 5 6

R, 0.2986 0.2147 0.6014 0.2425 0.0916 0.7755

R 0.8765 0.4166 0.4241 0.1227 0.1137 0.8114

R, 0.5735 0.8297 0.3391 0.0241 0.0982 0.9432
o, pum R 0.0009 | 08635 | 00047 | 00047 | 04036 | 03355

R, 0.395 0.9493 0.047 0.1238 0.000002 0.000007

R, 0.7233 0.6187 0.1249 0.1397 0.000001 0.000004

R, 0.2472 0.9878 0.0112 0.0354 0.0002 0.00002

e 0.6004 0.7021 0.3524 0.2747 0.00001 0.00002

As can be seen from Table 4, the best
results of the normality of the distributions
were obtained by grinding the details of
saponite—titanium nitriding HPC B126 with
a hardness M (i = 2): from eight parameters
H, we accept six. Given that the roughness
parameters in the d = 1 direction exceed
the longitudinal counterparts and prevail
in ensuring the operational properties of
the parts [21], the priorities between the
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circles should be redistributed. Accord-
ing to the indicators, the first position falls
on the circle 39C (i = 6) with a grain size
of 60, for which the normality of distribu-
tions throughout the transverse parameter
is ensured. At the next position CBN HPC
i =1; 2. As we can see, the requirements
for RV require that the parametric method
is not fully met. There is a need to apply the
priority direction of interpretation of exper-



imental data of rank statistics.

Evaluation of cutting properties circles
under the provision of the move. At the first
stage of the analysis of experimental data,
we will clarify their relationship in two
orthogonal directions. According to the
experimental medians

(3) . ~Ts. )

it is established that for some roughness
parameters, the ratios are:

(7z) =211-302 ®)
(72) = 214-302, ©)
(E—Z)E =235-31, (10)
(fze) =204-271 (a

The smallest anisotropy of the tool
roughness is provided when grinding the
nitroborne HPC CBN30 B126 100 MV
K27-KF40, and the largest with a Norton
grain size of 46 (i = 5). According to the

roughness parameters, the smallest isot-
ropy of the topography refers to R and
the highest to R . Anisotropy of rough-
ness d = 1; 2 should be used to enhance
the performance of the parts, positioning
them during grinding so that longitudinal
roughness receives the highest load when
operating the machines. When operating
the machines, the greatest information (R,
R ) islocated in the transverse direction.

The obtained experimental and expected
maximum values will be analysed in two
aspects: from the standpoint of statistics
and grinding technology.

In the first case, it was found that for
parameters R, Rq, R, R__ ., which were
partially represented (Tables 5 and 6),
twenty research medians y,, 1 = 1; 6 out of
the total number N =4 x 6 =24 were smaller
than the same research averages. However,
for only one roughness R ., the parametric
position measure exceeded the median by
one RV. For the rest of the roughness range,
the error y,_ relative to y, occurred within
the RV. A situation, in which the median
coefficients (5) were less than one, revealed
additional reserves for improving machine
performance or grinding performance. The
results obtained indicate that it is advisable
to use the rank method instead of the Gauss-
ian method to the competitor, which “for
other results” [29] showed less accuracy in
searching for common values.

Table 5. Influence of Characteristics, Roughness Position and Coefficients (8)—(11) for Parameters R ,

Circle i=1; 6
1 2 3 4 5 6
Vi 2.862 2.969 2.989 2.676 1.663 1.792
V. 2.735 2.981 2.866 2.639 1.643 1.734
7, Hm 2.874 2918 2.929 2.793 1.728 1.728
Vo 2.805 2.805 2.805 2.805 1.688 1.688
K. 8 0.944 1.002 0.947 0.974 0.976 0.956
K. © 0.964 0.950 0.946 1.001 0.965 0.965
K, (10) 1.000 1.070 1.036 0.953 0.591 0.624
K, (11) 1.000 1.000 1.000 1.000 0.592 0.592
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Table 6. Influence of Characteristics, Roughness Position and Coefficients (8)—(11) for Parameters R

maxli

Circle i=1; 6
1 2 3 4 5 6
v, 2.862 2.969 2.989 2.676 1.663 1.792
y, 2735 2981 2.866 2.639 1.643 1.734
g, Hm 2.874 2918 2.929 2.793 1.728 1.728
v 2.805 2.805 2.805 2.805 1.688 1.688
K_ () 0.944 1.002 0.947 0.974 0.976 0.956
K_ (9 0.964 0.950 0.946 1.001 0.965 0.965
K, (10) 1.000 1.070 1.036 0.953 0.591 0.624
K, (11) 1.000 1.000 1.000 1.000 0.592 0.592

Differences between the media coeffi-
cients (8) and (9) also confirm the need for
the second stage of the OVA. The results
are the same when evaluating the cutting
properties of circles relative to formulas
(10) and (11). The fact is that for the experi-
enced medians (10), the cutting abilities of
the circles i = 1; 4 differ from each other,
and for the expected analogues y == 2; 4
the coefficients are equal to one, including
for the roughness z(R,R), Thus, for boron
nitride HPC i= 1; 4 grain varies from B76 to
B151 and a decrease in the degree of hard-
ness from O to M at 5 % level, which is
considered insignificant. This is most likely
due to the modulus of elasticity of sapo-
nite—titanium billets, which is almost one
and a half times lower in comparison with
steel. With an increase in the cutting tem-
perature to 350 °C, it additionally decreases
almost linearly [30], which increases the
elasticity after the action of the composite,
which leads to an increase in the cutting
force on the inner surfaces of the grains. It
strengthens the elastic tension in the tech-
nological link “blank-HPC”, acting as a
vibration damper [31]. These regularities
are accompanied by a decrease in the com-
ponents h, and h, in Eq. (5). Additionally,
the elementary values of h, and h,, respec-
tively, are reduced due to the low plasticity
of the saponite—titanium alloy and the high
chemical inertness of CBN grains in rela-
tion to composite. However, h, we believe
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that when grinding, the cutting temperature
is from 500 ... 600 °C or higher. This in turn
can cause a significant reduction in strength
and fluidity of saponite—titanium compos-
ites with improved ductility, as specified
in [1] by continuous heating of samples
and due to the fact that the temperature of
the grinding surface is characterised by a
high gradient of decrease. Additionally, the
elementary values of h, i h,, respectively,
are reduced due to the low plasticity of
the composite alloy and the high chemical
inertness of CBN grains in relation to sapo-
nite—titanium.

According to the results of the research,
the properties of grinding parts of sapo-
nite—titanium are most acceptable for the
samples obtained under similar conditions
for high-speed plates (HSP) B9Mo4Co8
and blanks made of steel 06Cr14Ni6Cu-
2MoWT. It was found that when grinding
the HSP, the smoothest surface was pro-
vided for the B126 grain, which was less
than two CV for B76 and B151. At the same
time, the increase in the HPC hardness 1 =
2; 3 in the specified interval was accompa-
nied by a decrease in the reference values
by two CV. At the same time, when grind-
ing 06Cr14Ni6Cu2MoWT blanks, the role
of selecting the HPC hardness increased:
the position boundaries for different rough-
ness parameters decreased by 2 ... 3 CV. At
the same time, the minimum roughness is
reached at a grain size of B151. The results



obtained indicate that the modulus of elas-
ticity of steel billets increases almost twice
as compared to saponite—titanium ones.
This increases the influence of CBN grain
sizes and the hardness of CBN HPC on
the formation of general roughness val-
ues. It was revealed that the recommenda-
tions for the choice of saponite—titanium,
B9Mo04Co8, 06Cr14Ni6Cu2MoWT were
different. As previously stated, the rough-
ness (1) is affected by the value h1, and the
rest are considered secondary values. How-
ever, the results of the studies showed sig-
nificant differences in roughness at a con-
stant component of h,.

The cutting properties of Norton circles
with a grit of 46 and 60 are provided for
the expected medians of equivalence. Nor-
ton tools can reduce the roughness of CBN
HPC by 1.5...1.54 times or by 3 CV. The
results obtained allow concluding that it is
advisable to perform rough grinding of the
CBN HPC in order to minimise the thermal
impact on the part [32] and finishing with
Norton circles for effective reduction of
micro irregularities.

When processing the batch of work-
pieces on the configured machines, the
stability (reproducibility) of the process of
grinding, which is regulated by scattering,
plays a high role. Tables 7 and 8 present all
three precision parameters (SD, R, QL), ..

In the case of non-parametric method,
preference is given to the results predicted
by QL. and coefficients (13). It was found
that the variation of the granularity of the

CBN HPC from B76 to B151 at a constant
degree of hardness O was approximated by
an extreme curve with a maximum of QL ,
with grain B126. At the same time, the min-
imum dependence of the QL = y (graini-
ness) for the parameters R, R . R,
was reached when grinding coarse-grained
HPC B151 (i =4), and for the height of the
irregularities of the profile — at grain B76
i=1).

For comparison, in the processing of
blanks 06Cr14Ni6Cu2MoWT minimum
QL is noted at the lowest grain size B76,
and QL — at BI126 for all roughness
parameters. The latter figure completely
coincided with the results of grinding of
saponite—titanium parts. In the HPC i = 2;
3 only the degree of hardness varies from
medium (i = 2) to non-solid medium (i =
3). The only correlation relationship with
QL was not found between them: QL , =
QL , — for parameter R ; QL < QL ,— for
the highest profile height. Another situa-
tion was for the details of 06Cr14Ni6Cu-
2MoWT: the increase in the hardness of the
HPC in the studied range caused a decrease
in the scattering rate by parameters R | and
R _, by 2.5 and 2.3 times, respectively.
The parametric precision estimates for the
saponite—titanium parts are predicted to be
more stable and positioned the HPC in the
following increasing sequence of scattering
measures: 1 — B76, 2 — B151, 3 — B126M,
4 — B1260. The minimum and maximum
granularity precision for both methods of
statistics coincided (see Tables 7 and 8).

Table 7. Selective Estimates of the Cutting Properties of Circles of Scattering Boundaries R,

Circlei=1; 6
1 2 3 4 5 6
SD, 0.041 0.057 0.068 0.050 0.040 0.038
R, um 0.245 0.299 0.358 0.274 0.252 0.183
QW 0.048 0.078 0.078 0.052 0.043 0.075
7=1(12) 1.000 0.757 0.349 0.845 1.013 1.050
Klij j=2(13) 1.000 0.814 0.682 0.886 0.961 1.307
7=3(14) 1.000 0.655 0.655 0.926 1.079 0.678
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Table 8. Selective Estimates of the Cutting Properties of Circles of Scattering Boundaries R

maxli

Circlei=1; 6
1 2 3 4 5 6
SD, 0.282 0.396 0.622 0.322 0.261 0.268
R, um 1.142 1.882 2.659 1.265 1.218 1.086
QW.. 1.000 0.560 0.582 0.401 0.375 0.450
=109) 1.000 0.712 0.451 0.868 0.892 1.029
Klij 7=2(10) 1.000 0.597 0.420 0.892 0.924 1.039
j=3(11) 1.000 0.740 0.712 1.029 1.099 0.919

For (SD, R), i = 2; 3 unambiguous
results were obtained, indicating a decrease
in the reproducibility of the grinding pro-
cess with increasing the hardness of the
HPC from M to O: 1.16 ... 1.56 times SD
and 1.13 ... 1.41 times the magnitude. In
both cases, the greatest reduction in the sta-
bility of the grinding process was provided
for the parameter R . As it was revealed
before, at grinding of details of HPC obser-
vations (5) were characterised by a high
degree of homogeneity of dispersions, and
the rank method of their interpretation was
chosen as a result of disturbances of nor-
mality of distributions (Table 1). Probably,
for this reason, the results obtained are quite
stable when evaluated by parametric scat-
tering. It should be noted that increasing the

4. CONCLUSIONS

stability of the grinding process by varying
the hardness of the HPC must be carried
out taking into account the material of the
grinding parts. In particular, for saponite—
titanium it is advisable to reduce, and for
06Cr14Ni6Cu2MoWT, on the contrary, to
increase.

For Norton circles, the greatest stability
is 1 QL , i= 5; 6 and is shown when using
larger grains 45. This characteristic was
even higher than for the basic HPC i = 1,
as evidenced by the coefficients (14): 1.079
... 1.099. Parametric estimates of the scat-
tering boundaries of Norton circles, espe-
cially on a scale, for most grinding cases
showed an increase in the reproducibility of
processing when using Norton circles with
smaller grains (at a grain size of 60).

1. In terms of violations of homogeneity
of variances and uniform distributions, a
nonparametric method is widely used in
technical applications. The Gaussian com-
petitor turned out to be expedient, in par-
ticular, to search for event position. It has
been established that the average medians
decrease, although this phenomenon occurs
within the framework of the CV. This is evi-
denced by the median coefficients (8) and
(9), which are less than one, in most cases.
This, in turn, allows increasing the grinding
performance while maintaining the surface
quality of the parts.
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2. It has been found that when grinding
parts made of saponite—titanium compos-
ite, Norton circles provide high quality sur-
face treatment in comparison with the CBN
HPC. According to the research results,
the median coefficients differ by 1.4 ... 1.5
times. For this reason, the HPC CBN30
should be used for rough grinding to reduce
the thermal impact of the circle on the part,
and the Norton circle should be used for
finishing grinding, where there are high
requirements for the roughness of parts.
Saponite—titanium composites have been
found to be almost insensitive to variations



in the grain size and hardness of the circles.
This is due to the low modulus of elasticity
of the saponite—titanium alloy.

3. The dispersion range under variable
grinding conditions is more variable com-
pared to the median and average. When
using CBN HPC, the smallest QL. is pro-
vided for i = 1; 4 (that is, for grains B76
and B151). For B126 grain, the stability of
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Algeria, like any other country, has drawn up its roadmap for the use and promotion of
renewable energy sources. Motivated by its commitment to the international community in the
fight against global warming and its possession of one of the largest solar fields in the world, a
series of laws and institutions have consolidated this ambitious schedule. As known, both the
climate and the geological area of Algeria take place among the foremost favoured countries in
the field of solar energy. The present paper aims at proposing a simple model of photovoltaic
module.

The authors used Matlab/Simulink software to predict the current-voltage and power-
voltage characteristics according to the influence of several factors, such as solar irradiance,
cell temperature and series resistance, on the efficiency of photovoltaic module. The proposed
experimental investigation can easily predict the curves (current-voltage and power-voltage)
of a PV module, where both of simulation and practical results are identical. A single-crystal-
line photovoltaic module was introduced close to Badji-Mokhtar Annaba University, Annaba
(Algeria) to show the impact of climatic conditions in this coastal region and partial shading
on characteristics.

Keywords: Algeria, photovoltaic module, series resistance effects, shading effects, simula-
tion model, solar energy.

1. INTRODUCTION

Nowadays, the development of renew- etc., to produce electric energy has become
able energy sources of all kinds, such as more necessary than ever. The reason for this
solar energy, wind energy, biomass energy orientation is significant depletion of fossil
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fuel stocks caused by increasing demand
of manufacturers in developed countries.
Furthermore, the emergence of natural
disasters, due to global warming effect (the
increased levels of carbon dioxide, chloro-
fluorocarbons, and other pollutants in the
atmosphere), will affect the lives of future
generations [1], [2]. All these factors have
led scientists and researchers to study how
to make good use of these renewable and
environmentally friendly energy sources so
that they can become alternative energy in
the future.

Solar energy is one of the most impor-
tant renewable energy sources due to its
availability throughout the year and its
presence almost everywhere. Solar energy
represents a significant potential in Algeria
because of its strategic geographic location.

According to the Centre for the Devel-
opment of Renewable Energies in Algeria,
average solar energy is estimated at 2,650
hours of sunshine per year in the north, and
3,000 hours in the highlands, 3,500 hours in
the south of the desert. This allows Algeria
to produce around 168.971 TWh of electric-
ity per year, twice the capacity of Egypt and
more than 100 times of Spain, which gives
Algeria the preference to exploit this green
energy [3].

There are two technologies for harness-
ing solar energy, the first being solar photo-
voltaic technology, which directly converts
the sunlight into electricity through the use
of semiconductor materials, such as sili-
con, that exhibit the photovoltaic effect [4].
The second is the solar thermal technology
[5], which directly converts solar radiation
into thermal energy used to heat domestic
water and generate electricity indirectly as
in Concentrating Solar Power [4], [6].

A PV module is a set of PV cells con-
nected together in series or series / parallel
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in order to increase the power delivered by
the PV cell. To increase the power produced
up to a few MW, it is sufficient to connect
the PV modules to each other in series / par-
allel and form what is called a PV field.

A photovoltaic system is subject to sev-
eral factors that affect its performance, such
as sunlight, temperature, shading [7]-[9],
degradation [10], [11], [7], dust and dirt etc.

Studying the characteristics of PV mod-
ules is the most practical method for evalu-
ating the performance of PV systems. Sev-
eral researchers work in this field and have
developed simulation models that simulate
a PV module—PV field and give equations
to calculate the parameters of these models
[12]-[15]. However, an experimental study
is needed to confirm the effectiveness of the
simulation model especially for the east of
Algeria like Annaba’s region, which was
never taken into consideration for such an
exploratory study.

An experimental study has been car-
ried out using a PV module Solo Line 80
model, which presented the effects of cli-
mate conditions in ‘SIDI AMAR’, Annaba
city (Algeria), on its characteristics (I-V
and P-V).

We propose a simple model of this PV
module, using Matlab/Simulink Software,
to calculate the PV module parameters
of single-diode model and to predict its
current-voltage and power-voltage curves
according to the influence of several factors.
We used in this model the input parameters
provided by manufacturer’s datasheet under
Standard Test Conditions (STC) (G =1000
W/m? and T= 25 °C) such as Isc, Voc, ki,
Ns, Imp, Vmp, kv. The curves of current-
voltage and power-voltage of the PV mod-
ule obtained experimentally illustrate the
impact of partial shading on the PV module
performance.



2. THEORETICAL STUDY

A. Photovoltaic Module Modelling

Ip

Fig. 1. Equivalent electrical circuit of photovoltaic module.

The electrical circuit of photovoltaic
module based on the single-diode model
[12, 15] is shown in Fig. 1, and described
in Eq. (1).

= oo () - ) ()

where

I is the output current of PV module (A);
I, is the photovoltaic current (A);

1, is the saturation current of diode;

V' is the output voltage of PV module;

V't is the thermal voltage;

a s the diode ideality factor;

R, and R, are series resistance and shunt
resistance, respectively.

(M

The photovoltaic current mainly depends
on the radiation intensity and cell operating
temperature as follows [13], [16]:

Ton = lse + ey (T = Tre)] # 5, )
where

I, is the short-circuit current (4);

k, is the short-circuit current coefficient
(47°C);

T is the temperature of the p-n junction
solar cell in K

S is the solar radiation (W /m?);

S _ 1is solar radiation at standard test condi-

ref

tions STC (25 °C, 1000 W/m?);
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T, is the temperature at standard test condi-
tions STC (25 °C, 1000 W/m?).

The saturation current of PV module is
expressed in the following equation [7]:

g o1 1
G =)l

T
Ig = Lo * [(Tef)3 * exp( ark

3)
where
1 is the reverse saturation current (4);

r0
k is the Boltzmann constant (1.38%10-23

J/K);
q is the electron charge (1.6 *10-19 °C);
Eg=1.12, is the Silicon Gap Energy (e}).

Temperature is one of the metrologi-
cal parameters that affects the performance
and degradation of PV modules (especially
those installed in desert areas) [9], [10].
Equation (4) describes the mathematical
calculation of the temperature of PV cells
under the effect of ambient temperature:

T =T,
Tm - Tamb + ( NOCT ref) % S,
Sref

“

where 7 is the ambient temperature, and
TNOCT is the nominal operating cell tem-
perature (NOCT) for operating at open cir-
cuit with the following conditions: ambient
temperature of 20°C, irradiance S = 0,8 kW/
m?, air mass (AM 1.5) and wind speed less
than 1 m/s [13].



3. EXPERIMENTAL SETUP

The experimental results of PV mod-
ule characteristics are obtained through
the experimental setup as shown in Fig. 2.
The PV module is mounted at Sidi Amar,
in Annaba (latitude: 36 © 49°3.58 “North,
longitude: 7 © 43°4.55” East and altitude 34
m). The tools and measuring devices are a
PV module Luxor Solo Line 80, solarimeter
Voltcrraft PL-110SM, Fluke 59 MAX infra-
red thermometer, multimeters, rheostat, and
connection wires.

Furthermore, the proposed simulation
model of PV module is presented in Fig. 3,
where the solar irradiance, module temper-
ature, open-circuit voltage at STC, short-

circuit current at STC, and the number of
cells per module are the inputs of model,
while its outputs are the current and power.

Fig. 2. Experimental setup and measurement
devices.
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Fig. 3. Simulation model of a PV module.

Table 1 presents specific electrical para-
meters of PV module used in this study.

Table 1. Specification of the PV Module (Luxor Solo Line 80)

Parameters Value
Maximum power (Pmp) 80W (+/-3%)
Maximum power voltage (Vmp) 17.86 V
Maximum power current (Imp) 450 A
Open circuit voltage (Voc) 21.96 V
Short-circuit current (Isc) 5.06 A
Max system voltage 1000V
Number of cells per module (Ns) 36
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4. RESULTS AND DISCUSSION
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Fig. 4. (I-V& P-V) curves of PV module at different solar illumination values and constant temperature.
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Fig. 5. (I-V& P-V) curves of PV module at different temperature values and constant solar illumination.
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Figure 4 illustrates the current and
power curves of PV module under different
solar irradiance values (400 W/m? to 1000
W/m?) obtained by simulation.

We observe from Fig. 4 that the increase
in the solar irradiance value is accompanied
by an increase in a short-circuit current
value of PV module, which also leads to an
increase in the maximum power value, and
the opposite is true. While the increase in
the solar irradiance value leads to a smaller
increase in the open-circuit voltage value.

MATLAB simulation result of the pur-
posed PV module in Fig. 5 shows I-V and
P-V characteristics curves of PV module
obtained under different values of PV mod-
ule temperature (10 °C to 60 °C), and with
constant solar irradiance value (1 KW/m?).

We notice from both curves in Fig. 5
that the increase in the module temperature
value leads to the decrease in the open-
circuit voltage value, which results in a
decrease in the maximum power point of
PV module, while the short-circuit current
value stays almost constant.

Figure 6 explains the effect of series
resistance Rs on the -V and P-V curves of
PV module.

We notice that the increase in the series
resistance values due to bad contacts, cell
defect or other problems (degradation) [11]
leads to a change in the form of curves from
knee-shape to a straight-shape curve (Fig. 6)
because of the decrease in the terminal volt-
age values of PV module. Thus, it leads to
the decrease in the maximum power point.
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Fig. 7. Experimental and simulation, (a) [-V and (b) P-V characteristics of PV module.



Figure 7 (a, b) illustrates the current-
voltage and power-voltage curves, respec-
tively, of PV module taken under outside
conditions (blue curves), while the simula-
tion results are shown in the red curves.

We notice that the maximum power pro-
duced by the PV module was about 58.9 W
on 14 April 2017 at 10.22 H (S= 820 W/m?
and T =44 °C) (see Fig. 10), corresponding
to the maximum current and voltage (3.8 A,
15.5 V). Moreover, the results of simula-

tion model and experimental measurements
are identical, as shown by the red and blue
curves in Fig. 7.

Figures 8 and 9 show the influence of
shading on the characteristics of PV mod-
ule. Figure 8 demonstrates the current-volt-
age and power-voltage curves of shading
of PV module (PV half-cell), while Fig. 9
illustrates the influence of shading of a PV
cell on the performance of PV module.

Half cell shaded at the end of PV module
—Half cell shaded near junction of PV module
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Fig. 8. Experimental (a) I-V and (b) P-V characteristics of PV module shaded half-cell at end, near junction.

In Fig. 8, we note that the shape of the
current curve becomes a shape of two knees
(Fig. 8 (a)) and two peaks in the power
curve (Fig. 8 (b)) due to the inadequacy of
the sunlight that reaches the shaded PV cell
of the PV module (half PV cell). This leads
to a reduction in the current and power of
the PV module.
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In Fig. 9, one observes an important
division in the curve of the current and
power due to the operation of the by-pass
diode, which occupies the series of cells
connected with the shaded PV cell, in order
to protect them from hot-spot phenomenon.
This leads to a significant decrease in power
and PV module current.



We conclude from the experimental
results (Figs. 8 and 9) that shading has a
significant impact on the performance of
the PV module.

Figure 10 presents the variation of solar
illumination and the cell temperature values
taken in the clear day, on 14 April 2017 in
Sidi Amar, ANNABA. We can see that irra-
diance reaches the maximum value of 960

W/m? at 11:44 and decreases until sunset.
Furthermore, the value of solar irradiance in
this region can reach around 1100 W/m? in
the middle of the day in April, indicated by
solarimeter instrument (see Fig. 2). These
values of solar irradiance and cell tempera-
ture according to daylight hours are shown
in Fig. 10.
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Fig. 9. Experimental (a) I-V and (b) P-V characteristics of PV module shaded one cell at end, near junction.
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10. Solar irradiance and cell temperature taken on a clear day.



CONCLUSION

From the research carried out, an exper-
imental study has been presented. Its aim
has been to show the influence of the cli-
mate of Sidi Amar, Annaba (Algeria), on
the characteristics (I-V) and (P-V) of the
PV module, Luxor Solo Line 80.

A simple simulation model has been
presented to determine the parameters of
any PV module, as well as to forecast its
characteristics. From the outcome of our
investigation, it is possible to conclude that
the comparison seems to demonstrate that
the experimental results and the simulation
results are almost identical, which proves
the credibility of this model.

Summing up the results, it can be
concluded that the proposed strategy and
involvement should therefore have wide
application, and researchers can rely on
this demonstration to explore PV module
degradation for these particular regions of
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