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IN MEMORIAM

Full Member of the Estonian  
Academy of Sciences

Cheslav Lushchik

(15.02.1928–08.08.2020)

Cheslav Lushchik, one of the world 
leaders in radiation physics of ionic 
crystals, died on 8 August 2020 at the 
age of 92 in Tartu, Estonia. He has dis-
covered that excitation of electrons and 
excitons in ionic crystals leads to the 
creation of lattice defects and lumi-
nescence and how it is responsible 
for radiation damage of these materi-
als under different types of irradiation. 
Being one of the most outstanding solid 
state physicists of his generation, he co-
authored three monographs and more 
than 400 publications and his numer-
ous former colleagues, undergraduate 
and postgraduate students contribute to 
research in various countries.

Cheslav Lushchik was born in 1928 
in St. Petersburg. At the age of thirteen, 

he survived the blockade of Leningrad, 
where his mother died. In 1951, he 
graduated with honours from Leningrad 
University and, in 1954, defended the 
Doctoral Thesis on crystal thermal acti-
vation spectroscopy. In the same year, 
he was invited by his scientific supervi-
sor, Professor Feodor Klement, to work 
at Tartu State University, to which he 
devoted his entire life.

In 1954, Cheslav Lushchik became 
a senior researcher at the Estonian Insti-
tute of Physics and Astronomy in Tartu. 
In 1964, he defended the Doctoral The-
sis at the Leningrad Institute of Optics 
and in the same year was elected the 
full member of the Estonian Academy 
of Sciences. From 1960, he held vari-
ous positions at the Institute of Physics 
and Astronomy and was the Head of the 
Luminescence Laboratory and the Ionic 
Crystal Physics Laboratory until 1994.

Professor Lushchik founded and 
led the Scientific School of Insulating  
Crystal Physics in Tartu and strongly 
influenced the development of this 
research field in the former USSR and 
internationally. His ideas inspired seve-
ral generations of researchers in Esto-
nia and more widely with more than 
50 Doctoral Theses completed and 
defended under his supervision by PhD 
students from Latvia, Russia, Kazakh-
stan, and Kyrgyzstan. 

Professor Lushchik made great con-
tribution to the development of solid 
state and radiation physics in Latvia. 
Since the 1960s, some of the first Lat-
vian PhD students in solid state physics 
have been trained at Tartu State Uni-
versity. The development of solid state 
physics in Latvia was also facilitated by 
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his lectures on physics of ionic crystals at 
the Faculty of Physics and Mathematics of 
the Latvia State University. 

He was one of the organisers of the 
Baltic workshops/seminars on Physics of 
Ionic Crystals, which started in 1967 on 
his suggestion, and played a special role in 
the development of solid state and radiation 
physics and chemistry in the former USSR. 
They took place twice per year, until 1991, 
in Riga and Tartu, bringing together physi-
cists from all over the Soviet Union and 
served as a hotbed of new ideas.

Creative collaboration with Cheslav 
Lushchik promoted research in the field of 
solid state physics at the Institute of Physics 
of the Latvian Academy of Sciences, and 

his ideas inspired the activities of the Insti-
tute of Solid State Physics of the Univer-
sity of Latvia during its establishment and 
development.

Cheslav Lushchik dedicated all his 
life and carrier to scientific research and 
will be widely remembered by his former 
colleagues and students as an outstanding 
researcher of great integrity and commit-
ment.

Roberts Evarestov,
Eugene Kotomin,

Anatoli Popov,
Kurt Schwartz, 

Alex Shluger.
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Natural gas, including biomethane, is a sustainable alternative fuel. Widening compressed 
natural gas applications by now is restricted by weakly developed infrastructure. Hygen Ltd. 
works on “hydraulic piston” technology for natural gas and biomethane compressing, storing, 
delivering and discharging the storage cylinders by means of an innovative hydraulic boosting 
technology. Designing of the Vehicle Fuelling Appliance (VFA) demands to take into account 
thermodynamics and gas dynamics properties at fluid compression and motion. The present 
paper deals with theoretical characteristics and their link to test measurements regarding a 
particular VFA HYGEN+ Alpha prototype manufactured by Hygen Ltd.

Keywords: Gas compression, gas refuelling, gas storage, gas thermodynamics, Matlab 
simulation, reservoir engineering and simulation.

1. INTRODUCTION

Nowadays the alternative fuels are 
defined by the Directive of the European 
Parliament and of the Council on the 
deployment of alternative fuel infrastruc-
ture (DAFI). One of them is natural gas 
(NG), including biomethane – the upgraded 
biogas, which is considered the renewable 
fuel with close to zero greenhouse gas emis-
sions in Well-to-Wheel scale. DAFI sets out 
minimum requirements for the building-up 
of alternative fuel infrastructure, includ-

ing refuelling points to be implemented by 
means of Member States’ national policy 
frameworks [1]. On 21 January 2020, the 
European Biogas Association (EBA), the 
Natural & bio Gas Vehicle Association 
(NGVA Europe) and the European Automo-
bile Manufacturers’ Association (ACEA) 
called on the EU policy makers to accel-
erate the deployment of infrastructure to 
deliver natural gas and renewable gas/bio-
methane across the European Union [2].
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Technical problems of widening the 
compressed natural gas (CNG) and bio-gas 
(bio-CNG) application under off-grid con-
ditions are as follows:
• storage cylinder filling to high pressure 

in an efficient and cost-effective way;
• CNG/bio-CNG delivery to the destina-

tion (injection point to the grid or fuel-
ling station);

• development of an efficient fuelling 
appliance;

• complete gas storage cylinder dis-
chargement.
To solve these technical problems, in 

2008 Latvian engineer Aleksey Safronov 
invented and patented a new method for 
hydraulic compression of gaseous fuels and 
a device for implementation thereof [3]. A 
manufacturer from Latvia Hygen Ltd. [4] 
has developed a “hydraulic piston” technol-
ogy intended for gas compression, accu-

mulation and discharge, and implemented 
it in various CNG fuelling systems. Unlike 
conventional mechanical multistage com-
pressors, the technology of hydraulic pis-
ton uses a method of gas compression by 
means of a working fluid, which is pushed 
by a sufficiently powerful hydraulic pump. 
The technology of hydraulic compression 
allows building autonomous modules to be 
placed on the mobile carrier.

Technical innovation of the “hydraulic 
piston” technology described in the pres-
ent paper is the boosting stage that accom-
plishes gas fuelling after the free flow stage 
up to reaching the nominal pressure in the 
receiver cylinder. Developed to the vehi-
cle fuelling appliance level, the hydraulic 
compressor module with a boosting regime 
solves the technical problems stated above 
in small and even medium amount of the 
demanded gas supply.

2. EXPERIMENTAL: WORKING STAGES  
OF THE HYDRAULIC COMPRESSOR 

2.1. COMPRESSION AND GAS STORAGE STAGE

Technology of hydraulic piston com-
pression and compressed gas storage in a 

cylinder is explained in Fig. 1.

Fig. 1. Hydraulic piston compressor and storage.
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Cylinders 1 and 2 work as compressors. 
The amount of the working liquid (red fill in 
Fig. 1) slightly exceeds the volume in one 
compression cylinder. The working liquid 
is chosen to avoid any chemical reaction 
with the gas, as well as have minimized gas 
diffusivity. Typical working liquid for a gas 
piston is transmission oil. By rotating the 
hydraulic pump and triggering the valves, 
the working liquid is alternatively pumped 
between the first and second compression 
cylinders. Increasing the amount of liquid 
in a compressor cylinder causes compres-
sion of low-pressure gas above the liquid. 
At the same time, a decrease of liquid in 
another compression cylinder makes use for 
inlet of a new portion of low-pressure gas. 
In the present Alpha prototype volume free 
of liquid is 26 L, productivity of the hydrau-
lic pump is 8.64 L/min, and the resulting 
compression step is 3 minutes long. Inlet 
gas pressure can vary in wide range, start-
ing from residential low pressure of 17–25 
mbar up to industrial high pressures. Too 
low gas inlet pressure considerably reduces 
the efficiency of compressing; therefore, 
for low pressure a pre-compression up to 3 
bars is accomplished. At the end phase of 
each compression cycle, when gas pressure 
in the compression cylinder surpasses that 
in the storage cylinder, a current portion of 
gas is pushed through the check valve into 
the storage cylinder. As a result of compres-
sion in multiple cycles, storage cylinder 3 is 
filled up with the gas, up to 200 bars. Driv-
ing all hydraulic and gas valves is imple-
mented by the electronic control unit.

Computer simulation of the compres-
sion stage is useful not only to see the 
number of compression cycles to fill the 
storage cylinder, but also to see thermal 
characteristics. Note that the average outlet 
temperature of the gas must not reach the 
safety threshold of any type of a standard 
fuel tank, starting from 60 °C.

For the simulation, we use Matlab Sim-
scape elements with their mathematical 
description (Ref. [5] for Subsections 2.1 
and 2.2). For the storage cylinder a constant 
volume chamber is chosen. The enclosure 
of this element can exchange mass and 
energy with the connected gas network, 
as well as exchange heat with the environ-
ment, allowing its internal pressure and 
temperature to evolve over time. Mass M 
conservation relates the mass flow rate ṁA 
to the dynamics of the pressure p and tem-
perature T of the internal node I, represent-
ing the gas volume

  (1)

Energy U conservation relates the 
energy Φ ̇A and heat flow Q̇H rates to the 
dynamics of the pressure and temperature 
of the internal node, representing the gas 
volume

  (2)

As the gas enters the storage cylinder by 
small portions every 3 minutes, the overall 
temperature within the cylinder has enough 
time to equilibrate. Consequently, no con-
vective heat exchange is considered, and 
the cylinder body can be represented as the 
thermal mass

  (3)

where c is specific heat capacity of material 
of the cylinder. The outer surface of the cyl-
inder is in convective thermal contact with 
the ambient air.

Each compression cylinder represents 
the translational volume V converter. The 
mass and energy conversation equations are 
similar to those of a constant volume cham-
ber, except for an additional term in each 
equation
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  (4)

  (5)

where ρ and h are density and specific 
enthalpy of the internal node I. A cor-
rect description of heat exchange between 
compressed gas and thermal bodies in the 
compression cylinder is very complicated. 
Increase in the amount of the working 
liquid in the cylinder increases its ther-
mal mass; on the other hand, this process 
decreases the area of cylinder body that is in 

contact with the compressed gas. Addition-
ally, at the temperature above 100–200 °C 
the energy loss due to thermal radiation is 
not negligible. Such a complicated model is 
not the aim of the present study. We restrict 
our theoretical model by creating a link 
between it and test experiment data, which 
helps evaluate the main characteristics of 
the fans, which are necessary for cooling 
the heads of compressor cylinders. Thermal 
parameters of the gas pipeline play a minor 
role because at the compression stage gas 
is transmitted via pipeline by small discrete 
portions. 

2.2. FREE FLOW STAGE

By filling a target tank of initial pressure 
lower than 200 bars, the first filling stage is 
free flow stage. This stage lasts until pres-
sure equilibrium between the storage tank 
and the target tank is achieved.

The pipeline, in which viscous fric-
tion forces act, as well as local restrictions 
have to be taken into account carefully. The 
Alpha prototype device has M8x1 steel tube 
of 2 m long, which is connected to 3/8” of 
4 m long outer rubber tube in free gas flow 
circuit. For Matlab simulation, we take a 
pipe, which accounts for viscous friction 
losses and convective heat transfer with the 
pipe wall. The pressure and temperature in 
the pipe evolve based on the compressibil-
ity and thermal capacity of the gas volume. 
Choking occurs when the outlet reaches the 
sonic condition. The mass and energy con-
versation equations are as follows:

  (6)

  (7)

where A denotes inlet, and B is an outlet 
port of the pipe.

The momentum balance for each half 
from the middle point I of the pipe mod-
els the pressure drop due to momentum flux 
and viscous friction

  (8)

  (9)

where ΔpAI and ΔpBI are pressure losses due 
to viscous friction, which are distinguished 
for laminar and turbulent flow, and S is the 
cross-sectional area. The upper Reynolds 
number of laminar flow Re is commonly 
chosen as 2000, and in the laminar flow 
regime the pressure losses due to viscous 
friction are as follows:

 
 (10)

where fsh – the shape factor for laminar flow 
viscous friction, µ – dynamic viscosity, L – 
pipe length, Dh – hydraulic diameter. The 
turbulent flow starts from the lower Reyn-
olds number of turbulent flow, which is 
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usually taken as 4000. For turbulent flow 
regime

 
  (11)

Note that in turbulent flow the laminar 
shape factor fsh is replaced by the Darcy 
friction factor fDar, which is widely com-
puted from the Haaland correlation

  (12)

The absolute roughness of internal sur-
face εr of different materials can be found in 
the tables. We take 0.05 mm for a commer-
cial steel tube and 0.002 mm for the liner of 
the rubber tube.

The flow regime of the Reynolds 
number 2000–4000 is mixed. The pres-
sure losses due to viscous friction in the 
mixed regime follow a smooth connection 
between those in the laminar flow and those 
in the turbulent flow.

The convective heat transfer equation 
between the pipe wall and the gas volume 
is governed by the Newton’s law of cooling

  (13)

The heat transfer coefficient αT depends 
on the Nusselt number

  (14)

where λ is thermal conductivity of the fluid. 
The Nusselt numbers NuA and NuB depend 
on the flow regime. The Nusselt numbers 
in the laminar flow regime are constant and 
equal to the set value, which is usually 3.66. 
The Nusselt numbers in the turbulent flow 
regime are computed from the Gnielinski 
correlation

 
 (15)

where Pr is the Prandtl number: Pr = cpμ/λ. 
The Nusselt numbers in the mixed regime 
follow a smooth connection between those 
in the laminar flow and those in the turbu-
lent flow.

In the case of flow choking, the mass 
flow rates out of the pipe at ports A and B 
are as follows:

 (16)

where vA, vB are the speed of sound at ports 
A and B, respectively.

The choked pressure is obtained by sub-
stituting the choked mass flow rate into the 
momentum balance equations for the pipe. 
For the port A

  (17)

ΔpA(Ch) is the pressure loss due to vis-
cous friction, assuming that the choking has 
occurred.

At the free flow stage, gas molecules 
enter the receiver cylinder at high veloc-
ity; therefore, a convective heat exchange 
(forced convection) between the gas and the 
cylinder body takes place [6]. In a particu-
lar case, the velocity of gas and its direc-
tion relative to the cylinder body, as well 
as other parameters are far from being con-
stant. Since the aim of the present Matlab 
simulation is to get theoretical characteris-
tics of medium accuracy, the authors evalu-
ate for use the mean value of the convective 
heat exchange coefficient αT for a particular 
setup of 300 W/m2·K. The heat exchange 
between outer surfaces of all cylinders and 
ambient air is considered to be the air free 
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convection with a coefficient of 10 W/m2·K.
Presence of a significant pressure drop 

causes acting the Joule-Thomson effect 
within a non-ideal gas. Numerically, the 
Joule-Thomson effect is characterised as 
follows:

   (18)

where the index H represents a partial 
derivative at constant enthalpy. The Joule-

Thomson effect in natural gas is widely 
investigated; nevertheless, taking it into 
account is rather complicated because its 
value strongly depends on absolute pres-
sure and temperature [7], [8]. As a solution, 
Matlab simulation allows building multi-
dimensional data arrays, in a particular case, 
µJ-T(p,T). Since the inlet of the target tank is 
the only location for a significant pressure 
drop, we address all temperature drop due 
to the Joule-Thomson effect to entering gas 
in the target tank.

2.3. BOOSTING STAGE

In order to empty storage cylinder 3 
(Fig. 1) of gas far behind the free flow level, 
the boosting mode is implemented. The 
principle of boosting is displayed in Fig. 2.

 

Fig. 2. Hydraulic piston operating in a  
boosting mode.

When the storage tank is connected 
to the vehicle receptacle, fuelling occurs 
by free flow until pressure equilibrium is 
achieved. After the free flow stage, the 
remaining mid-pressure gas from the stor-
age cylinder (light blue arrow) is supplied 
to the compressing cylinder for boost-
ing, where it is further compressed by the 
hydraulic piston and forced out directly 

into the vehicle fuel tank (dark blue arrow). 
Boosting cycles repeat alternately in two 
compression cylinders. The number of 
boosting cycles to achieve the pressure of 
200 bars in the vehicle fuel tank depends on 
the volume and initial pressure of the tank. 
In case of a mid-sized tank of 240 L, about 
10 single boosting cycles are enough to fill 
the vehicle completely. Obviously, if VFA 
contains two compressors, the number of 
boosting cycles must be divided by two.

From the mathematical simulation 
point of view, the boosting stage combines 
the models of free flow and compression. 
Choking, turbulent and Joule-Thomson 
effects at the boosting stage from the stor-
age to the compressor cylinder are not so 
intense as at the free flow stage because of 
less initial pressure difference and higher 
ratio between donor and receiver volumes 
(190 L vs. 26 L for one compressor cylin-
der). As the gas inlet pressure is more than 
ten times higher (30… 120 bars vs. 3 bars), 
the transferred mass portion from each 
compression cycle at the boosting stage is 
significantly larger than that at the compres-
sion stage.
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3. RESULTS 

VFA HYGEN+ Alpha prototype con-
sists of two compressors (four cylinders, 
32 L each) and storage volume (four cyl-
inders, 95 L each). One must be careful to 
simulate the stages regarding only one com-
pression cylinder. At the compression stage, 
each compression cylinder fills one fourth 
of storage volume; thus, the storage volume 
must be taken of 95 L for a correct stored 

NG mass growth. At the free flow stage, the 
compressor is not employed, and all stor-
age volume of 380 L must be simulated. 
The boosting stage is the most complicated 
case: a half of storage volume fills the com-
pression cylinder of one pair, and, in turn, 
one compression pair boosts a half of the 
target tank. Ambient air temperature, as in 
Northern Europe, is taken 20 °C.

3.1. SIMULATION OF THE GAS COMPRESSION AND STORAGE STAGE

Matlab simulation of the gas compres-
sion and storage stage is based on Eqs. (1)–
(5), and the obtained main characteristics 
are shown in Fig. 3. For better resolution 
only last 120 min of the whole compression 
is displayed, i.e., from 185 to 205 bars (end-
ing pressure of the compression is adjusted 
a bit over 200 bars as a correction to fol-
lowing cool-down of receiver cylinders). 
Stored mass of NG increases in equal steps, 
as NG inlet amount in the compression cyl-
inder (“donor” in Fig. 3) is constant and not 
depending on the end pressure. The pressure 
in the storage cylinder (“receiver” in Fig. 3) 

also grows in equal steps, as its temperature 
increases very slightly.

The temperature growth of NG at com-
pressing to gradually higher pressures has 
to be restricted at the end of process not to 
reach the safety threshold of any gas cylin-
der type. As the donor temperature at com-
pressing is higher at the boosting stage, the 
necessary temperature restriction by means 
of installing the fans is optimized at a latter 
stage. 

Figures 3c, 3d show that temperature of 
the gas in the pipeline during the idle time of 
mass transfer relaxes in a rather wide range.

Fig. 3. Matlab simulated physical characteristics of the gas compression and storage stage.
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3.2. SIMULATION OF THE FREE FLOW STAGE

Matlab simulation of the free flow 
stage basically regards Eqs. (6)–(9) with 
addition of Eqs. (10)–(18). Figure 4 de-
picts the obtained main characteristics 
of the free flow stage. The vehicle tank 
is assumed as mid-sized, 240 L, with the 
initial pressure of 10 and 80 bars. Figure 
4b shows that equilibrium pressure at 
the end of the free flow stage is ca. 128 

and 158 bars, respectively. According to 
thermodynamics, the temperature of NG 
in the donor cylinder is rapidly decreas-
ing, whereas in the receiver cylinder in-
creasing during high NG mass flow rate 
(Figs. 4c, 4d). Very low temperature of 
NG, entering the receiver cylinder at the 
initial stage, is caused by acting the Joule-
Thomson effect.

Fig. 4. Matlab simulated physical characteristics of the free flow stage.

3.3. SIMULATION OF THE BOOSTING STAGE 

The boosting stage includes both the 
free flow and compression stages; there-
fore, all equations cited above are used in 
Matlab simulation, Eqs. (1)–(9) with addi-
tion of Eqs. (10)–(18). Figure 5 depicts the 
obtained main characteristics of the boost-
ing stage for the case of 240 L target tank 
with initial pressure of 10 bars. The whole 
boosting process, which follows the free 
flow stage and lasts 30 minutes, is dis-

played.
Boosted mass of NG increases in 

descending steps, as NG source is the stor-
age cylinders with restricted volume. The 
pressure (Fig. 5b) in the target tank increases 
in descending steps as well, reaching pre-
set 205 bar in 5 boosting steps performed by 
one compressor cylinder of the pair.

The temperature growth in the com-
pressor (“donor” in Fig. 5c) cylinder is 
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of major interest. As said above, it has to 
be restricted at the end of process. Matlab 
simulation without the forced convective 
air flow around the heads of compressor 
cylinders returns an overheating by 15–20 
°C. We estimate the dissipated power P that 
results in the heat excess. In the first-order 
approximation we assume that excess heat 
dissipates from the surface at the head of 
compression cylinder, twice its cross-sec-
tion, 0.075 m2. Thus, P=cmΔT/τ=125 W, 
where τ is the period of compression cycles, 
equal to 360 s. Calculators, tables and plots 
to find necessary parameters of a fan are 
widely accessible. We use a simple calcula-

tor designed by Stego Ltd. [9]. For a device, 
designed for Northern and Central Europe, 
we choose  maximum ambient temperature 
as 40 °C and designed interior temperature 
as 65 °C. With the power dissipation of 125 
W, the calculator returns the required vol-
ume flow of 15.5 m3/h that can be ensured 
by a medium-sized fan. Including the deter-
mined cooling parameters in Matlab simula-
tion, as a result, we get average temperature 
growth from 40 °C to 72 °C approximately 
(Fig. 5c), which is quite acceptable taking 
into account that there is the amount of NG 
at temperature below 40 °C in the target 
tank after the free flow stage. 

Fig. 5. Matlab simulated physical characteristics of the boosting stage.

3.4. APPLYING THE RESULTS OF SIMULATION TO  
HYGEN+ ALPHA PROTOTYPE

To test the HYGEN+ Alpha prototype, 
we install customary manometers in gas tub-
ing nodes. Installing the pressure measuring 
sensors of high precision inside the cylin-
ders and gas tubing is a rather complicated 
task due to maximum pressure of 200 bars 

and rapid temperature changes. Moreover, 
accurate dynamic pressure measurements 
for the prototype is not of great necessity. 
A lot of publications are available, which 
testify a good accordance between theoreti-
cal and experimental pressure curves, e.g., 
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Ref. [10]. The main results of testing the 
prototype regard the refuelled amount of 
NG, especially the efficiency of boosting 
technology, and, in addition, avoiding the 
overheating and frosting.

In HYGEN+ Alpha prototype tests, 
all three stages explained above proved to 
work properly. Refuelling the target tanks 
of volume less than 350 L occurs up to 205 
bars with the help of the boosting technol-
ogy. Number of necessary boosting cycles 
as well as readings of the manometers and 
of the NG counter are in good accordance 
with Matlab graphs displayed above.

Heating the heads of compressor cylin-
ders at the compression and boosting stages 
is of major interest. Figure 6 depicts the 
temperature measurements of NG in outlet 
from the compression cylinder at the ending 
part of both stages. Note that the boosting 
stage is 10x expanded in time for a better 
resolution. At the boosting stage, the aver-
age ending temperature value reaches 74 °C 
at linear temperature growth of 1.1 °C /min. 
The simulation (Fig. 5c) predicts 72 °C  

and approximately the same growth of 
1.1 ± 0.1 °C/min.

Fig. 6. Temperature measurements from 
compression and boosting stages with HYGEN+ 

Alpha prototype.

An important parameter for the com-
pressor type device is its power consump-
tion. As measured, the total electrical con-
sumption of the HYGEN+ Alpha prototype 
to fill a target tank of 240 L from 10 to 205 
bars is 2.04 kWh, whereas from 80 to 205 
bars – 1.12 kWh. Regarding the whole refu-
elling process, the gas storage stage has to 
be added. It takes ca. 48 hours and con-
sumes 34.8 kWh.

4. DISCUSSION

Matlab simulation allows creating math-
ematical models for all three stages. At the 
compression and boosting stages, the main 
attention is paid to gas temperature growth 
in the compression cylinder. Inlet NG mass 
portion of each compression cycle at the 
boosting stage is significantly larger than 
that at the compression stage that results in 
more intense heating of the heads of com-
pression cylinders. The parameters of cool-
ing fans are chosen by first-order approxi-
mation of overheated surface and by using 
a fan calculator. Inconsistency between the 
theory and the practice turns out to be only 
3 % in ending temperature values (72 °C vs. 
74 °C). In relation to that, we predicted a 

bit lower theoretical value due to a simpli-
fied theoretical model, which accounts the 
temperature equilibrium between the gas 
and thermal bodies. All obtained tempera-
ture data are in a safety region and can be 
corrected in practice by choosing the fans 
of different parameters. A slight rise in tem-
perature of the receiver cylinder at the com-
pression and boosting stages is observed in 
simulation as well as in practice. It causes 
no threats but is the reason why refuelling is 
worth to be a little over-pressured.

At the free flow stage, a well-known 
phenomenon is a rapid temperature 
decrease below zero Celsius degrees. It 
occurs in the donor cylinder due to gas state 
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equations, whereas in the receiver cylin-
der due to acting the Joule-Thomson effect 
within a non-ideal gas. With the particular 
VFA HYGEN+ the parameters are chosen 
so that the hydrate formation line may be 
crossed during a too short period of time to 
create the hydrates. Regarding the receiver 
cylinder, in the first few seconds of filling 
the temperature of gas inside the cylinder is 
usually below zero Celsius degrees. In prac-
tice, we use the mesh filter in the receiver 
inlet to convince that hydrates have not 
formed in this critical location.

The hydraulic boosting stage that is con-
sidered to be an innovation in VFA devices 
comes across the technical problem not to 
damage the hydraulic pump by inlet over-
pressure. This pressure in the first boost-
ing cycle typically is 80–120 bars, which 

is considerably larger than the allowed 
maximal inlet pressure of ca. 50 bars. In the 
particular VFA, it is solved by supplying 
the remaining mid-pressure gas from the 
storage cylinder in a point of time after the 
hydraulic pump starts to fill the compres-
sion cylinder with a working liquid. Thus, 
the remaining gas causes pressure on the 
outlet of hydraulic pump.

We noticed that due to physical reasons 
the boosting stage at too low NG pressure 
in the storage cylinders became inefficient, 
especially, in terms of the consumed elec-
tric power versus the transferred NG mass. 
It occurs only when filling very large tar-
get tanks. With target tanks less than 350 
L refuelling up to full 205 bars is still cost-
effective.

5. CONCLUSIONS

The company from Latvia Hygen Ltd. 
has designed an innovative technology of 
the hydraulic piston employment in natu-
ral gas and biogas compression, allowing 
one to produce various cost-effective and 
convenient high-pressure gas storage and 
vehicle fuelling appliances. When design-
ing an Alpha prototype of a particular gas 
compression and boosting device, it is 
highly important to predict thermodynamic 
characteristics, especially those which indi-
cate possible overheating or frosting. Mat-
lab simulation can give a wide spectrum of 

numerical results, which are in line with 
practice, and helps choose parameters and 
necessary installations to avoid overheating 
or frosting in critical points. Moreover, it is 
possible to perform computer simulation of 
the VFA device for hydrogen enriched natu-
ral gas fuel (HCNG) with different hydro-
gen content [11],  [12]. The use of HCNG 
becomes more and more topical in today’s 
world due to applying hydrogen technolo-
gies to enforce the Paris Agreement on cli-
mate change [13], as stated by the European 
Commission in 2020 [14], [15].

ACKNOWLEDGEMENTS

The research has been supported by 
the European Regional Development Fund 
project “Competence Centre of Mechanical 
Engineering”, contract No.1.2.1.1/18/A/008 

signed between the Competence Centre of 
Mechanical Engineering and the Central 
Finance and Contracting Agency, Research 
No. 3.1 “Additional research and integra-



16

tion of the technology of hydraulic piston, 
aiming to develop and demonstrate eco-
nomically efficient compressed natural gas 
smart commercial vehicle fuelling appli-
ance”. Our special gratitude to Gaspard 
Bouteau, PhD, Research Engineer, who 
conducted research in Engie Lab CRIGEN. 

Scientific co-authorship of the Laboratory 
of Materials for Energy Harvesting and 
Storage, ISSP UL has been supported by 
the Ministry of Economics of the Republic 
of Latvia, project LAGAS No VPP-EM-
INFRA-2018/1-0003.

REFERENCES

1. Directive 2014/94/EU of the European 
Parliament and of the Council of 22 October 
2014 on the deployment of alternative fuels 
infrastructure. Official Journal of European 
Union 2014: L 307/1. 

2. Natural and Renewable Gas: Joint Call to 
Accelerate the Deployment of Refuelling 
Infrastructure. (n.d.). (Accessed 15 
February 2020). Available at https://
www.ngva.eu/medias/joint-call-for-the-
acceleration-of-the-deployment-of-natural-
and-renewable-gas-and-its-refuelling-
infrastructure-across-the-eu-pr/

3. World Intellectual Property Organisation. 
(Accessed 16 February 2020). Available 
at https://patentscope.wipo.int/search/
en/detail.jsf?docId=WO2009035311&_
cid=P11-K6YVV3-37117-1

4. Hygen Ltd., Company from Riga, Latvia. 
(n.d.). (Accessed 18 May 2020). Available 
at http://www.hygengroup.com

5. MathWorks Help Center. (Accessed 10 
March 2020). Available at https://www.
mathworks.com/help/simulink/, https://
www.mathworks.com/help/physmod/
simscape/index.html

6. Kuntz, K.J. (1994). Modeling the fast fill 
process in natural gas vehicle storage 
cylinders. Institute of Gas Technology, 
Chicago, USA, Corpus ID: 108118392. 
Available at https://www.semanticscholar.
org/paper/Modeling-the-fast-fill-process-
in-natural-gas-Kountz/3e40bdba523381ef3
dd5bff7e9036943fb75218d

7. Tarom, N., Mofazzal Hossain, Md., & 

Azar, R. (2018). A New Practical Method 
to Evaluate the Joule–Thomson Coefficient 
for Natural Gases. J. Petrol Explor. Prod. 
Technol., 8, 1169–1181, DOI: 10.1007/
s13202-017-0398-z

8. Maric, I. (2005). The Joule-Thomson Effect 
in Natural Gas Flow-Rate Measurements. 
J. Flow Measurement and Instrumentation, 
16, 387–395, DOI: 10.1016/j.
flowmeasinst.2005.04.006

9. Stego Connect, Inteligent Condition 
Management, Germany (Accessed 10 
March 2020). Available at https://www.
stego-group.com/nc/services/calculation-
tools/cooling-calculation/

10. Dutton, J.C., & Coverdill, R.E. (1997). 
Experiments to Study the Gaseous 
Discharge and Filling of Vessels. Int. J. 
Engineering Education, 13 (2), 123–134.

11. Kahraman, N., Akansu, S.O., & Aydin, 
K. (2009). Investigation of Combustion 
Characteristics and Emissions in a Spark 
Ignition Engine Fuelled with Natural Gas-
Hydrogen Blends. International Journal of 
Hydrogen Energy, 34 (2), 1026–1034.

12. Morrone, B., & Unich., A. (2009). 
Numerical Investigation on the Effects 
of Natural Gas and Hydrogen Blends on 
Engine Combustion. International Journal 
of Hydrogen Energy, 34 (10), 4626–4634.

13. Paris Agreement of Climate Change, 
Council of the European Union (Accessed 
18 May 2020). Available at  https://www.
consilium.europa.eu/en/policies/climate-
change/paris-agreement/



17

14. Communication from the Commission to 
the European Parliament, the Council, the 
European Economic and Social Committee 
and the Committee of the Regions. Powering 
a climate-neutral economy: an EU Strategy 
for Energy System Integration. Available at 
https://op.europa.eu/en/publication-detail/-/
publication/5ba29377-c135-11ea-b3a4-
01aa75ed71a1/

15. Communication from the Commission to 
the European Parliament, the Council, the 
European Economic and Social Committee 
and The Committee of the Regions. A 
hydrogen strategy for climate-neutral 
Europe. Available at https://op.europa.eu/ 
en/publication-detail/-/publication/5602f358-
c136-11ea-b3a4-01aa75ed71a1/



18

LATVIAN JOURNAL OF PHYSICS
AND TECHNICAL SCIENCES

2020, N 5

DOI: 10.2478/lpts-2020-0024

FEATURES OF ELECTRICITY DISTRIBUTION  
USING ENERGY STORAGE IN SOLAR  

PHOTOVOLTAIC STRUCTURE

Y. Veremiichuk1, O. Yarmoliuk1, A. Pustovyi1, 

A. Mahnitko2, I. Zicmane2*, T. Lomane2

1National Technical University of Ukraine  
“Igor Sikorsky Kyiv Polytechnic Institute”, 

37, Prosp. Peremohy, Kyiv, 03056, UKRAINE
2Riga Technical University, Institute of Power Engineering, 

12/1, Azenes Str., Riga, LV-1048, LATVIA
*e-mail: zicmane@eef.rtu.lv

The intensive development of renewable energy, especially solar power and wind power 
plants, poses risks of disrupting the balance reliability of the grid. There is the need to develop 
electricity storage system area, first of all, due to the global tendency to increase the demand 
for electricity and the number of electricity generation from renewable sources. The issue 
of guaranteeing electricity supply to the consumer operating in the autonomous renewable 
source – energy storage device – consumer system is the main criterion when selecting the 
installed capacity of the generator on the basis of renewable sources and energy storage device 
capacity. Also, the application does not allow reducing voltage fluctuations in the renewable 
sources – the consumer system.
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1. INTRODUCTION

The past decade has seen strong growth 
in the deployment of renewable energy 
technologies, with the power sector lead-
ing the way thanks to sharp cost reduc-
tions for solar photovoltaic (PV) and wind 
power. In the Stated Policies Scenario [1], 

nearly 8 500 GW of new power capacity 
is added globally by 2040, of which two-
thirds is renewables. Renewables account 
for the majority of capacity grows in most 
regions. This includes about 80 % of addi-
tions in the European Union and China, but 
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they provide less than half of additions in 
Southeast Asia and the Middle East. Solar 
PV provides the largest share of renewable 
capacity additions in most regions, includ-
ing China and India.

In the Sustainable Development Sce-
nario, renewables account for around 80 % 
of capacity additions in all regions, comple-
mented mainly by nuclear power and car-
bon capture technologies.

Globally, electricity demand is pro-
jected to grow by over 20 % over the next 

decade, but flexibility – the ability of the 
power system to quickly adapt to changes 
in power supply and demand – will grow by 
some 80 %. Flexibility will therefore be the 
cornerstone of future electricity systems. It 
will be met not only by traditional sources 
of flexibility – such as conventional power 
plants and electricity grids – but also by 
new sources of flexibility, including battery 
storage and demand-side response, which 
are projected to grow fast and contribute to 
400 GW by 2040 (Fig. 1).

Fig.1. Installed capacity of utility-scale battery storage systems in the New Policies Scenario, 
2020–2040.

Ukraine has not stayed away from 
world trends. Today, due to the state subsi-
dization of renewable energy sources (RES) 
electricity producers, there is an intensive 
development of RES, which are connected 
to the electricity system at the level of dis-
tribution electricity grids, which leads to a 
gradual transition from a purely centralised 
(big atomic and fossil fuel power stations) 
model of electricity supply to combined 
when part of electricity is generated by dis-
persed sources.

According to the operational data of  
the National Energy Commission “Ukr-
energo”, the total installed capacity was 
53042.50 MW in January 2020; RES capa-

city was 4949.80 MW, and it was distribu-
ted according to generation technologies in 
this ratio (Fig. 2).

The intensive development of renew-
able energy, especially solar power plants 
and wind power plants, poses risks of dis-
rupting the balance reliability of the grid. In 
order to continue the increase of RES share, 
it is necessary to increase the volume of pri-
mary, secondary regulation and substitution 
reserve. 

It is necessary to develop electricity 
storage systems area, first of all, due to the 
global tendency to increase the demand for 
electricity and the number of electricity 
generation from renewable sources.
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With smooth operation, electrical sto-
rage systems will contribute to the stable 
functioning of the grid, reduce network 

imbalances caused by unbalanced loads 
from consumers, and maintain the pace of 
renewable electricity inputs.

TPP GC – energy generating companies of thermal power plants, NPP – nuclear power plants, 
CHP – combined heat and power, HPP – hydro power plants, HPSPP – hydro pumped storage power plants, 

SPP – solar power plants, WPP – wind power plants

Fig. 2. The installed capacity of the integrated distribution system of Ukraine and power of RES equipment [2].

2. THEORETICAL CALCULATIONS

The use of RES has a number of posi-
tive qualities that ensure their active devel-
opment. In particular we can determine no 
environmental pollution during operation, 
the need for maintenance and others. Along 
with the positive properties, there are a 
number of disadvantages, the main of which 
is the lack of predictability of generation 
volumes as a time function and the impact 
on electricity supply security [3]–[5]. 
However, by integrating an energy storage 
device (ES) into the system of a generating 
set, it can significantly reduce the negative 
impact of the unpredictable generation fac-
tor [6]–[8]. ES application helps accumu-

late surpluses generated by RES and use 
the accumulated energy in times of scarcity 
and / or lack of generation from RES [9].

The issue of guaranteeing electricity 
supply to the consumer operating in the 
autonomous RET-ES-consumer system 
is the main criterion when selecting the 
installed capacity of the generator on the 
basis of RET and ES capacity [10]. Also, 
the application does not allow reducing 
voltage fluctuations in the RET-consumer 
system [11], [12].

Analysing the parameters of modern 
ES, different types of rechargeable batter-
ies (RB), taking into account the specific 
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energy consumption of 30–400 W∙h /kg and 
the number of life cycles of 500–1200, can 
be considered the most suitable for long-
term use in the RES-ES-consumer system. 
One of the ways to solve the problem of 
guaranteed electricity supply is to choose 
ES that allows accumulating all energy 
excess generated by RES and the consumed 
load [13], [14]. An important feature of the 
RES-ES-consumer system is the constant 
presence of excess generation, which can 
be used during periods of scarcity and / 
or absence of RES generation. Determin-
ing the ES parameters to cover the needs 
of the autonomous consumer is important 
enough and at the same time not sufficiently 
elaborated. Therefore, the relevant question 
remains the use of ES in the energy hub 
[15], which has its own RES and interacts 
with the grid under different market condi-
tions [16].

It is necessary to consider that there are 
restrictions that do not allow for the use of 
all 100 % of stored energy in the RB, which 
is due to its type [17].

The charge of each RB can be divided 
into two parts. The first part is the maxi-
mum depth of discharge (MDOD) for a cer-
tain type of RB, which is a relative value 
for most types of modern RB. All RB man-
ufacturers and their equipment technical 
data sheets indicate MDOD as the degree 
of discharge at which the RB operates the 
least number of charge / discharge cycles. 
Though, when the discharge is higher than 
MDOD, the RB wear rate increases. It will 
be logical to state that there is a certain rela-
tive value of the minimum degree of charge 
of the RB, which must be permanently 
stored in the RB MSOC (minimum state of 
charge). Thus, for each individual type of 
RB the following expression can be written:

1=+ MDODMSOC .  (1)

The numerical expression of the energy 
contained in the RB can be determined by 
arithmetically multiplying the value of the 
capacitance RB by the voltage between its 
terminals. Typically, RB is used to deter-
mine the nominal capacity and submit it 
in A∙h. Therefore, it is more convenient to 
operate the battery charge level rather than 
its capacity. Depending on the operating 
modes that are constantly changing (charge 
discharge), the charge value (amount of 
stored energy) changes. Since at each point 
of time we will have different values of the 
electric charge (A∙h), it can be numerically 
expressed by the dimensionless SOC (state 
of charge) ratio of the current charge RB to 
its nominal capacity. Next to the SOC, there 
is a DOD (depth of discharge) ratio of the 
RB discharge to its nominal capacity. That 
is, at any point in time RB can be described 
by the expression:

( ) ( ) 1=+ tDODtSOC .  (2)

From Eq. (2) it follows that a fully 
charged RB corresponds to a value 

( ) 1=tSOC  and ( ) 0=tDOD . Fully dis-
charged RB − ( ) 0=tSOC  and ( ) 1=tDOD .

From the above we can see that there is 
a range of charge levels of the RB in which 
it will work without failure, let us call it 
NRM (normal run mode). NRM is a range 
from full charge RB to MSOC, which can 
be described as follows:

[ ]1;MSOCNRM ∈ .  (3)

In numerical form, NRM can be defined 
as follows:

MDODMSOCNRM =−=1 .  (4)

The change in SOC at successive time 
intervals can be expressed as a dependency:
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 (5)

where )(tARES  – the amount of energy produced by RES,  – the amount of 
energy consumed by the load (the upper indices are applied to DC and AC, respectively), 
ηinv – inverter efficiency, batV  – voltage at terminals of RB array, batC  – RB array capacity.

It should be noted that the selected 
capacity of the RB array in the entire cycle 
of operation, with uninterrupted supply of 
electrical energy to the load, should be in 
the charged state. This statement can be rep-
resented by the expression:

( ) MSOCtSOC =∀ .  (6)

The RB state can be described by the 

dependence of the SOC invariance crite-
rion:

( ) ( )TtSOCtSOC =0 .  (7)

Depending on Eq. (7), the start of the 
RES work period with RB is the beginning 
of the calculation cycle. Taking into account 
Eq. (7), the dependence (5) will be

  (8)

The condition (7), with (8), gives the 
dependence:

  (9)

Dependence (9) makes it possible to 
determine the necessary value for )(tARES  
and to choose the appropriate hardware for 
its implementation according to the con-
sumer’s needs.

Using dependence (9) in this case it is 
possible to determine the number of pho-
tovoltaic panels of a certain type that will 
provide the production of electrical energy 
in volume depending on consumption.

Since it changes randomly, the energy 
accumulated / transmitted by the RB can be 

determined when equality (9) is not fulfilled 
in relation to (7), i.e. an excess / deficit of 
electrical energy produced by RES. The 
energy )(tARES  accumulated / released by 
RB can be determined according to (9) by 
the dependence of:

 (10)

Dependence (10) makes it possible to 
determine the RB capacitance, if it is con-
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stant, by dividing the right and left portions 
of this dependence by batbatCV . However, 
according to the research, it is known that 
depending on the charging current ( )+I  RB 
will have a different capacity; depending on 
the state of charge ( )tSOC , the voltage at 
RB array terminals will vary. The capacity 
of the RB also changes under the influence 
of the ambient temperature and the life-
time − degradation of the active substances 
of the RB.

For further use of dependence (10), it 
is necessary to neglect influencing factors 
on the result of the RB capacitance value 
volatility. Therefore, the capacitance of 
the RB is considered to be the amount of 
energy that RB contains. We will estimate 
the amount of this energy by determining 
the RB charge − )(tQ . 

The amount of energy that an RB array 
contains at any given time can be regarded 
as dependent on the ( )tSOC . In numerical 
terms:

)()( tSOCCtQ bat= .  (11)

In Eq. (8), Cbat means the current value 
of the RB capacitance, which cannot be 
determined during operation.

At each point in time, the RB charge 
will determine the sum of two components: 
RB charge at the start of the operation 

)( 0tQ  and all stored energy in the RB at the 
current time. According to (8) and (10), the 
following dependence can be obtained:

( ) ( ) ∑+=
=

T

i

t

tt bat

bat
V
AtQtQ 0 .  (12)

The value of ( )tQ  according to (12) 
must be greater, which corresponds only to 
the fully charged RB state. Achieving this 
condition is possible by accordingly choos-
ing the value of ( )0tQ .

During the whole period of RES opera-
tion, depending on the produced energy 
volume, the RB charge value according to 
formula (12) may vary from minQ  to maxQ . 
These values can be determined from all the 
calculated value series as follows:

( )( ),minmin tQQ =    ( )( ),maxmax tQQ =    [ ]Ttttt ..., 21= .  (13)

Since the minQ value must be positive 
(subject to a constant charge array RB), the 
minimum charge and the value of the oper-
ating range selected as a result batC  must 
meet the following conditions:

batDODCQ ≥min ,  (14)

batNRMCQQ ≥− minmax .  (15)

Taking into account Eqs. (14) and (15), 
we obtain a two-criterion equation:





 −

≥
MSOC
Q

NRM
QQCbat

minminmax ,max . (16)

The calculation according to depen-
dence (16) can be performed in case of 
existing consumer’s electric load schedule 
and forecast / statistics on RES electric-
ity generation. The calculation should be 
performed for typical periods of RES−RB 
complex use depending on the time of the 
year, working days and days off, etc. Par-
ticular attention should be paid to ensur-
ing that the charge / discharge current RB 
is limited. The value of the RB capacity 
according to the calculation results should 
satisfy all selected periods of the RES−RB 
complex usage.
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3. EXPERIMENTAL RESULTS

Let us calculate the choice of ES power 
for the distribution electrical network area, 

in which the SPP is integrated (Fig. 3).

Fig. 3. An example of distribution electrical network area.

The 110/10 kV electrical substation 
supplies four 10 kV L1–L4 distribution lines, 
the load of which is modelled by the built-in 
random number function in MS Excel soft-
ware.

The calculation carried for ES power 
choice for two scenarios:
• integrated distribution system (IDS) 

sets limits on the possible SPP genera-
tion power flow through a 110/10 kV 
substation;

• IDS sets a load schedule requirement 
for the distribution network area under 
consideration.

Consider a situation where IDS sets a 
limit on the possible flow of excess SPP-
generated power through a substation. Let 
us analytically show this by the following 
expression:

 (17)

where Р1, Р2, Р3, Р4 are the load of the 10 kV 
distribution lines L1, L2, L3 and L4, respec-
tively, kW; РDG is the power generated by 

the SPP integrated into the distribution net-
work, kW.

Under condition (2), for the considered 
area of the distribution network an elec-
tricity accumulator (EA) will accumulate 
undelivered (surplus) electricity SPP with 
the possibility of further release within the 
IDS limit set.

The amount of electricity A  released 
for a certain period of time t∆  into the 
distribution network is calculated by the 
expression:

tPA ii ∆= .  (18)

The total load of the distribution net-
work of 10 kV area and the SPP generation 
schedule, which is integrated into the grid, 
are shown in Fig. 4. The SPP generation 
schedule is taken from the existing station 
and the electricity generated from the grid 
is calculated using Eq. (18).

During the day, the distribution network 
(L1–L4 lines) consumed 20893=SubA  kWh 
and generated  SPP – ADG =17753.03 kWh.
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Fig. 4. Graph plots of total distribution network load and SPP generation for one day.

To obtain the data on the 10 kV substa-
tion busbar load, taking into account the 
generation of SPP that is integrated into the 

distribution network, Eq. (19) is used.

  (19)

Fig. 5. Graph plots of electricity consumption, taking into account the IDS constraints and sufficient 
SPP generation (a – timetable for the IDS limitation on power flow; b – comparative graph of 

electricityconsumption with and without SPP in selected grid area).
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The integration of the SPP into the dis-
tribution network area under consideration 
(Fig. 3) has a significant impact on the 
10 kV substation busbar load. In the absence 
of SES, the amount of electricity released 
from the 10 kV substation busbar into the 
network per day was 20893 kW·h, and with 
the appearance of the SPP – 7578.23 kW·h.

Taking into account the IDS constraints 
and sufficient SPP generation, which from 
10.00 to 17.00 can completely satisfy the 
electricity needs of the distribution net-
work area, there is possibility and neces-
sity of generated electricity accumulation 
from SPP. Graphically, it is demonstrated in 
Fig. 5. 

The total amount of accumulated elec-
tricity in EA will be 4174.756 kW·h per 
day.

In the presented case, when the IDS 
establishes a restriction on the possible 
power flow (excess of SPP generated 

power) through the substation, the EA 
power should be selected based on the data 
obtained on the total accumulated electric-
ity per day. In this situation, the EA power 
should not be less than 4174.756 kW·h, this 
value is brought to the nearest standard – 
4200 kW·h.

Let us consider the second scenario, in 
which the IDS sets a load schedule require-
ment for the distribution network area 
(Fig. 3).

The minimum value of electrical load is
1.540min =P  kW and accordingly the max-

imum value is 1.1160max =P  kW. The total 
amount of electricity released by the 10 kV 
substation busbar should be 20816.5 kW·h 
per day.

In order to comply with the established 
load schedule (Fig. 6), the 10 kV substation 
busbar, which is the power supply point for 
the four lines and the SPP, EA must be inte-
grated into the SPP structure.

Fig. 6. Combined load and generation schedule for the distribution network area.

We calculate the load at time moment 
on EA terminals by Eq. (20).

 (20)

Taking into account the limitation on 

electricity consumption from the 10 kV 
substation busbar (Fig. 6), Fig. 7 shows the 
“charge-discharge” process of an electric 
drive for balancing in the selected distribu-
tion network area.
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Fig. 7. EA charge and discharge process (a – power; b – electricity amount).

Figure 7a demonstrates both positive 
and negative power values. Positive val-
ues reflect the EA charge process due to the 
appearance of excess power, and negative 
values reflect the EA discharge process due 
to the system power lack.

After analysing the given data and 
the EA work schedule, its charge and dis-
charge are 5.1428maxmax == ÀQ  kW·h, 

5.184minmin −== ÀQ  kW·h.
Based on the values of charge and 

discharge, it is possible to calculate the 
required EA power using Eq. (16):

As a result of the calculation, the optimum 
EA standard power can be selected: 

AEA = 1800 kW·h.  

The various renewable energy sources 
that use energy storage in their structure can 
be considered the integrated power systems 
for expanding the network node in the elec-
tricity grid. Developing and implementing 
approaches to optimize the functioning of 
such energy hubs are a promising project in 
the context of sustainable development of 
Ukraine’s energy sector.
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4. CONCLUSIONS

The use of renewable energy sources 
in the grid imposes certain features on IDS 
operation, in part of electricity consumption 
mode formation and can be implemented 
using probabilistic prediction methods and 
algorithms of artificial neural networks.

The use of energy storage will allow 
RES entities to comply with IDS require-
ments regarding electricity losses, which 
will, as a result, meet the operational safety 
standards of the electricity grids.

Using the procedure of the opti-
mal capacity calculating for the complex 
“renewable source-battery”, for each sce-
nario EA optimal power allows provid-
ing the optimum quality of electricity. The 
simulation also found that the load sched-
ule constraints for the PV distribution area 
required less energy storage than the restric-
tion on the possible power flow.
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The 694–790 MHz band (700 MHz) known also as the second digital dividend was allo-
cated to the mobile radiocommunication service on a primary basis in Region 1 and identified 
to International Mobile Telecommunications by the World Radiocommunication Conference 
2012 (WRC-12). The designation of mobile service in Europe and other countries of Region 1 
in 700 MHz band was obtained after the World Radiocommunication Conference 2015 (WRC-
15). Administrations of Region 1 will be able to plan and use these frequencies for mobile 
networks, including IMT. The goal of this study is to estimate the electromagnetic compat-
ibility of Digital Video Broadcasting – Terrestrial (DVB-T/DVB-T2) and LTE (Long Term 
Evolution) technology operating both in 700 MHz band. The study assumes frequency divi-
sion duplex (FDD) channel arrangement of 703–733 MHz (for uplink) and of 758–788 MHz 
(for downlink). 

The model contains two parts: a DVB-T/DVB-T2 system and LTE mobile broadband 
network. Co-channel scenario is considered in this paper, and possible impact of DVB-T/
DVB-T2 on LTE base stations (receivers) is also investigated. The Monte Carlo simulations 
within SEAMCAT software and the Minimum Coupling Loss (MCL) method are used for 
interference investigation. The coordination trigger field strength value predetermined by 
GE06 Agreement is also used in this study. The Monte Carlo method presents more relaxed 
electromagnetic compatibility scenario in comparison with the MCL method. For SEAMCAT 
simulations, ITU-R P.1546-5 radio propagation model is used. 

The obtained results present the required minimum separation distance between DVB-T/
DVB-T2 and LTE networks in the 694–790 MHz in order to provide the necessary perfor-
mance of LTE mobile network.

Keywords: 4G, 5G, DVB-T/T2, DTTB, electromagnetic compatibility, IMT, interference, 
LTE, mobile communication, Monte Carlo, NR, SEAMCAT. 
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1. INTRODUCTION

The World Radiocommunication Con-
ference 2012 approved Resolution 232 
(WRC-12) relating to the allocation of the 
694–790 MHz frequency band (700 MHz) 
to the mobile radiocommunication service in 
Region 1 on a co-primary status with other 
primary services and identified the band to 
International Mobile Telecommunications 
(IMT) [1]. 

According to Resolution 232 (WRC-
12), ITU-R has to study the compatibility 
between the mobile service and other ser-
vices currently allocated in the 694–790 MHz 
[2]. The frequency band can be utilised only 
after all mandatory electromagnetic compat-
ibility studies have been finished. This study 
provides the estimation of electromagnetic 
compatibility of Digital Video Broadcasting 
– Terrestrial (DVB-T and DVB-T2) operat-
ing in the 700 MHz band and LTE700. The 
study identifies the necessary minimum 
separation distance between these systems in 
the 700 MHz band to maintain the minimum 
performance level of the LTE700 base sta-
tions (BS). 

Three different ways of investigation are 
used in this paper for electromagnetic com-
patibility evaluation: the Minimum Coupling 
Loss (MCL) method, calculations of a coor-
dination trigger field strength value prede-
termined by GE06 Agreement, and Monte 
Carlo simulations method using SEAMCAT.

The authors have identified that studies 
on estimation of compatibility of DVB-T/
T2 and LTE700 are performed within the 
JTG-4-5-6-7 study group of ITU-R [3]. The 

studies in [3] present co-channel interference 
calculation results from Digital Terrestrial 
Television Broadcasting (DTTB) transmit-
ters and GE06 Plan entries installed into IMT 
uplink. For protection of receivers of base 
stations, the I/N criteria were used in these 
studies. The studies demonstrate that cou-
pling distances of up to 427 km and 269 km 
for High Power and Medium Power DTTB 
transmitters, respectively, would be required 
to keep safe the IMT base station receiver 
for 99 % time at a target I/N of –6 dB and 
with no additional discrimination by cross-
polarization or receiving antenna directivity.

Unlike the aforementioned studies, 
the present research  is based on the MCL 
method, Monte Carlo method, and a coordi-
nation trigger field strength value predeter-
mined by GE06 Agreement. Different values 
of e.r.p. (Effective Radiated Power), frequen-
cies, compatibility evaluation methodologies 
etc. were used in the studies [3]. This paper 
involves important contribution of compat-
ibility evaluation of DVB-T/T2 and LTE700 
operating in the 694–790 MHz. Evolved 
versions of LTE are planned to be used as a 
basis for development of 5G mobile services 
and networks in 700 MHz band.

The paper is organised as follows. The 
second section is devoted to the technical 
characteristics of LTE/LTE-A and DVB-T/
DVB-T2. The third section describes the 
interference scenario. The fourth section is 
dedicated to the compatibility analysis and 
results. In the last section conclusions are 
drawn.

2. TECHNICAL CHARACTERISTICS

This study provides an assumption of a 
frequency division duplex (FDD) channel 

arrangement of 2×30 MHz: 703–733 MHz 
for uplink and of 758–788 MHz for down-
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link [4], [5].
For 5G NR (New Radio) non-AAS 

(non-Active Antenna Systems), the 3GPP 
defined transmit and receive characteris-
tics for UE (User Equipment) and BS (Base 
Station) (TS38.101-1 and TS 38.104) that 
are generally comparable to those defined 
for LTE (TS36.101 and TS 36.104). Taking 
into account that in-band and out-of-band 

e.i.r.p. (Equivalent Isotropically Radiated 
Power) of the NR signal transmitted by the 
NR non-AAS base station does not exceed 
the limits, which apply to LTE carrier, the 
NR signal does not create more interference 
to other services in the same band or to 
adjacent band services than an LTE signal 
using the same bandwidth and transmitting 
at the same power [6].

A. Parameters of LTE/LTE-A

The LTE/LTE-A parameters used in this 
study are derived from inputs to JTG 4-5-
6-7 task group from WP5D working group 
for IMT (LTE700) [7] and ITU-R Report 

M.2292-0 [8].
Mobile service (LTE700) base station 

parameters used in this study are given in 
Table 1.

Table 1. Characteristics of LTE Base Station

Parameter Value

Transmitting (Tx) frequency 763 MHz

Receiving (Rx) frequency 708 MHz

Channel bandwidth 10 MHz

Signal bandwidth 9 MHz

Maximum output power 46 dBm

e.i.r.p. 58 dBm

Antenna height 30 m

Antenna gain 15 dBi

Base station antenna pattern
3GPP Tri-sector antenna  

(60º)
Feeder loss 3 dB

Antenna downtilt 3º

Receiver noise figure NF=5 dB

Cell size/radius
8 km  

(rural environment)
Sectorization 3 sectors

Antenna polarization ± 45º

Reference sensitivity –101.5 dBm

Noise floor
10·log10(k·T0·B) + NF =  

–99.4 dBm
I/N –6 dB

Receiver blocking mask Table 7.6.1.1-1 of 3GPP TS 36.104 (V14.3.0)

The main parameters of LTE user equip- ment are provided in Table 2. 
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Table 2. Characteristics of LTE User Equipment

Parameter Value
Transmitting (Tx) frequency 708 MHz
Receiving (Rx) frequency 763 MHz
Channel bandwidth 10 MHz
Maximum output power, e.i.r.p 23 dBm
Antenna height 1.5 m
Antenna gain –3 dBi
Body loss 4 dB
Receiver noise figure NF=9 dB
Reference sensitivity –95.5 dBm
Number of active LTE UE per BS cell 3

B. Parameters of DVB-T/DVB-T2

The DVB-T and DVB-T2 character-
istics used in this study are derived from 
inputs to JTG 4-5-6-7 task group from 

WP6A working group for DTTB [9]. The 
DVB-T and DVB-T2 parameters used in 
this paper are provided in Table 3.

Table 3. Characteristics of DVB-T / DVB-T2

Parameter Value

Transmitter power e.r.p.
200 kW (High Power)
5 kW (Medium Power)

Transmit power e.i.r.p.
85.15 dBm (High Power)

69.15 dBm (Medium Power)
Tx/Rx frequency 706 MHz (TV channel 50)
Bandwidth 8 MHz

Signal bandwidth
7.6 MHz for DVB-T

7.77 MHz for DVB-T2

Tx antenna height
300 m (High Power) 

150 m (Medium Power)
Tx antenna gain 0 dBi
Rx antenna gain (including feeder loss) 9.15 dBi
Rx antenna height 10 m

Antenna downtilt
1º (High Power)

1.6º (Medium Power)
Feeder loss 4 dB
Rx antenna pattern Horizontal: omnidirectional BT.419
Rx sensitivity 
(Pmin at the receiver input)

–77.17 dBm for DVB-T
–79.07 dBm for DVB-T2

Rx noise level
–98.16 dBm for DVB-T

–99.07 dBm for DVB-T2

DVB-T coverage range
 70.53 km (High Power)

32.11 km (Medium Power)
(using P.1546-4 with 10 m clutter)

Receiver noise figure (NF)
7 dB for DVB-T

6 dB for DVB-T2
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In this study, I/N= –6 dB protection cri-
teria are used to investigate the interference 

from DVB-T/T2 transmitters to LTE base 
station receivers (uplink).

3. INTERFERENCE SCENARIO

It is assumed that LTE700 network 
works in a 10 MHz channel (BS Rx fre-
quencies between 703 MHz and 713 MHz). 
DVB-T/T2 station operates in TV channel 
50 (frequencies between 702 MHz and 710 
MHz). Co-channel interference case is pre-
sented in Fig. 1.

LTE700 
UE 10 
MHz 

channel

DVB-T/T2 
in 50 

channel

f, MHz
703 713710702

Fig.1. Interference scenario model in the  
frequency plane.

The interference scenario where 
DVB-T/T2 transmitter interferes LTE700 
receiving stations (uplink) in a co-channel 

is evaluated in this paper. Simulation sce-
nario in SEAMCAT is given in Fig. 2.

DVB-T/T2 
cell radius LTE700 cellular network

Separation 
distance

Fig. 2. SEAMCAT simulation scenario.

This contribution focuses on a scenario 
as shown in figure above: DVB-T/T2 trans-
mitter interference into mobile service BS 
receivers. In our simulations, we address 
the case where LTE700 receiving BSs (cel-
lular network) are randomly located at the 
DTTB cell edge in a rural environment.

4. COMPATIBILITY ANALYSIS AND RESULTS

According to Ericsson paper [8], LTE 
will explicate in a way of providing cov-
erage for mobile users. 5G networks will 

comprise LTE access based on Orthogonal 
Frequency Division Multiplexing (OFDM) 
along with new radio interfaces.

A. MCL Method Calculation Results

For initial estimation of compatibil-
ity, MCL calculations are used. The mini-
mum path loss of MCL method, LReq_path_loss, 
between the interfering DVB-T/T2 trans-

mitter (It) and the victim LTE700 base sta-
tion receiver (Vr) to secure that there is no 
harmful interference is derived from

  (1)

where  – e.i.r.p. of the interfering DVB-T/T2 transmitter (dBm); GBS_Rx – vic-
tim LTE700 base station receiver antenna gain (dBi). In these MCL calculations, DVB-T/
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T2 Tx frequency is 706 MHz. The interference strength at the LTE700 base station receiver, 
 , is derrived from

  (2)

where  – noise power at the LTE700 base station receiver ; I/N – interference to noise 
ratio.

  (3)

where Pn – receiver noise input power (dBW); NF – receiver noise figure (dB); k – 
Boltzmanns’s constant (k=1.38×10–23 J/K); T0 – absolute temperature T0 =290 K; B – receiver 
noise bandwidth (7×106 Hz for a 10 MHz LTE700 channel). The minimum path loss between 
the DVB-T/T2 (High Power) and the LTE700 base station receiver is

  (4)

The path loss value is converted into a 
coupling distance using the ITU-R Recom-
mendation P.1546-5. The allowable inter-
ference level emitted by interfering DVB-T/

T2 transmitter, , at 
LTE700 base station receiver is derived 
from

  (5)

The maximum allowable interference 
level emitted by interfering DVB-T / DVB-

T2, , 
at LTE700 base station receiver is

  (6)

The calculated minimum protection 
distance (using ITU-R Recommenda-
tion P.1546-5), , 
between DVB-T/DVB-T2 transmitter and 
the victim receiving LTE700 base station 
is about 484 km (for T: 10 %; L: 50 %, at  

30 m receiving antenna height). 
The maximum allowable inter-

ference level emitted by interfer-
ing DVB-T/DVB-T2 transmitter, 

, 
at LTE700 base station receiver is
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  (7)

The calculated minimum protection  
(coupling) distance, dsep_req_DTTB_Medium_Power_BS, 
between DVB-T/DVB-T2 transmitter and 
the victim LTE700 base station receiver is 
about 298 km (for T: 10 %; L: 50 %, at 30 
m receiving antenna height).

According to MCL calculations, the 

minimum separation distance needed 
between DVB-T/T2 and LTE BS receivers 
in the 694–790 MHz band to provide neces-
sary performance of the LTE700 BS is 484 
km (for High Power DTTB transmitter) and 
298 km (for Medium Power DTTB trans-
mitter). 

B. Calculation Results of Coordination Trigger Field Strength Value 
Method Predetermined by GE06 Agreement 

The protection of mobile service BSs 
against DTTB is defined in the GE06 Agree-
ment, and the protected field strength value 
used in this paper complies with the GE06 

Agreement. The ITU-R Recommendation 
P.1546-5 (using flat terrain) is used in this 
estimation. Calculation results are provided 
in Table 4. 

Table 4. Calculation Results

Parameter Value
DTTB Tx/ BS Rx frequency 706 MHz (TV channel 57) / 708 MHz
Transmitting DTTB station height 300 m (High Power), and 150 m (Medium Power)
Receiving LTE BS height 30 m
Coordination trigger field strength 
value predetermined by GE06 
Agreement for protection of the 
mobile service base stations

14.6 dBμV/m at 20 m (or 18.3 dBμV/m at 30 m) in a 8 MHz reference 
bandwidth (BS corresponds to generic case, code NB ) using ITU-R 

Recommendation P.1546-5 (T: 10 %; L: 50 %) [10]

DTTB Tx power e.i.r.p.
85.15 dBm (High Power), and
69.15 dBm (Medium Power)

DTTB system type DVB-T/T2 High Power transmitter
DVB-T/T2 Medium Power  

transmitter
Calculated separation distance 
between DTTB Tx and LTE BS Rx

422 km 252 km

The calculation results present that the 
needed coupling distance between DVB-T/
DVB-T2 and LTE700 base station receiv-

ers must be more than about 422 km for 
DVB-T/T2 High Power case and 252 km 
for DVB-T/T2 Medium Power case.

C. Monte Carlo Method Calculation Results

SEAMCAT simulation results dem-
onstrate the required coupling distance 
between the DVB-T/T2 Tx and LTE BS 
Rx according to the protection criteria I/
N= –6 dB defined for LTE BS receivers. 
In our study, the probability of interfer-

ence (PoI) is assumed to be less than 5 % 
to ensure a sufficient protection level. For 
SEAMCAT simulations, 200 000 events are 
used. Results of Monte Carlo simulations 
are given in Table 5. 
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Table 5. Results of SEAMCAT Simulations

Separation distance 
between DVB-T/T2 Tx 

and LTE BS Rx, km 

Probability of inter-
ference (PoI), % 

for DVB-T/T2 High 
Power case

Separation distance 
between DVB-T/T2 Tx 

and LTE BS Rx, km 

Probability of interference 
(PoI), % for DVB-T/T2 Medium 

Power case

154 100.0 68 100.0
300 49.72 94 98.35
400 17.34 150 56.47
459 4.97 278 4.97
472 3.29 300 1.81

The simulation results demonstrate that 
the separation distance required has to be 
more than approximately 459 km regarding 

DVB-T/T2 High Power case and 278 km 
regarding DVB-T/T2 Medium Power case.

5. CONCLUSION

The paper has addressed a leading prob-
lem – coexistence requirements for the LTE 
and DVB-T/T2 deployment in the 700 MHz 
band in co-channel scenario between neigh-
bouring countries.

Electromagnetic compatibility between 
DVB-T/T2 transmitter and LTE BS receiv-
ers has been estimated using three different 
methods: the MCL method, calculations of 
a coordination trigger field strength value 
predetermined by GE06 Agreement for 
single interferer scenario of DTTB station, 
and Monte Carlo simulations method using 
SEAMCAT.

According to MCL calculations, the 
minimum required separation distance 
between DVB-T/T2 and LTE BS receivers 
in the 694–790 MHz band to provide the 
necessary performance level of the LTE700 
system is 484 km for High Power DTTB 
transmitter and 298 km for Medium Power 
DTTB transmitter.

According to the calculation results of 
coordination trigger field strength predeter-
mined by GE06 Agreement, the required 
coupling distance is about 422 km for High 
Power DTTB transmitter and 252 km for 

Medium Power DTTB transmitter.
The SEAMCAT simulations demon-

strate that the needed coupling distance 
has to be more than approximately 459 km 
regarding DVB-T/T2 High Power case 
and 278 km regarding DVB-T/T2 Medium 
Power case under condition that the prob-
ability of interference (PoI) less than 5 % is 
considered as a sufficient protection level.

The Monte Carlo method contributes to 
a more relaxed electromagnetic compatibil-
ity scenario in comparison with the MCL 
method. Applying different kinds of miti-
gation techniques, it is possible to improve 
electromagnetic compatibility of DVB-T/
T2 and mobile service (LTE) systems used 
in neighbouring countries.

Since 5G NR non-AAS base station 
does not create more interference to other 
services in the same band or to adjacent 
band services than an LTE signal, the 
acquired results of this paper are also valid 
for 5G NR system.

These electromagnetic compatibility 
evaluation results can be used by National 
Regulatory Authorities (NRAs), mobile 
radiocommunication operators, equipment 
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manufacturers and other involved parties 
when planning broadcasting and mobile 

service networks in the 700 MHz frequency 
band.
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The successful implementation of smart metering in the European Union (hereinafter – 
EU) depends on criteria that are mostly determined by the Member States themselves. These 
criteria cover the regulatory framework and legislation necessary for the establishment and 
functioning of the smart metering system, the fulfilment of technical and commercial condi-
tions, as well as the security of data collection, archiving and use. The introduction of the smart 
metering in different Member States has started at different times. In Latvia, its reference point 
was 2004, when the goal was set to maximise the use of telemetry in the natural gas metering. 
Currently, in the Latvian natural gas distribution system about 85 % of all consumption data 
are automatically processed.

One of the most important components of the smart natural gas metering is natural gas 
commercial metering devices (hereinafter – smart meters). They differ in both the principle 
and type of operation. Depending on the technology used, the metering range changes, and 
thus the accuracy of the measurements.

The article addresses some issues of further successful implementation of smart metering 
in the Latvian natural gas sector, as well as the measurement accuracy for smart natural gas 
meters.

Keywords: Consumption data, distribution system, measurement accuracy, natural gas, 
natural gas flow, smart natural gas meters.
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1. INTRODUCTION

The natural gas smart metering cannot 
be implemented without a proper techni-
cal infrastructure, where one of the most 
important elements is smart natural gas 
meters themselves. They are rather different 
in both principle of operation and techno-
logical design. Depending on the technol-
ogy used, the metering range and thus the 
accuracy of the measurements may differ. 

By the end of 2020, the EU countries 
are expected to invest around 45 billion 
euro (hereinafter – EUR) in installation of 
around 45 million smart natural gas meters 
and almost 200 million smart electricity 
meters. At the same time, it is estimated 
that around 40 % of the natural gas con-
sumers and 75 % of electricity consumers 
in the EU will be using smart electricity 
and gas metering devices in their house-
hold, businesses or public buildings. In 
most EU Member States, full replacement 
of mechanical electricity meters has already 
been implemented or is planned for the 
nearest future (3–5 years), but implemen-
tation of the smart natural gas metering in 
all segments of consumption is expected in 
just a few countries, for example, Italy and 
Finland [1].

Estimated costs of smart gas meters vary 
slightly across the EU as well, but on aver-
age the installation of such a device costs 
around 200–250 EUR per user and saves 
a total of 160 and 309 EUR, respectively, 
in the natural gas and electricity sectors. 

In terms of energy saving, smart metering 
can help to save up to 3 % of energy, which 
other would be wasted [2].

When the smart natural gas metering 
system is installed, the basic distribution 
costs consist of:
• one-time capital costs (including design, 

development and testing of the system);
• operating costs (including operation of 

the system and provision of data trans-
mission, for example, with the usage of 
a SIM card and GSM communication).

Additionally, one-time capital and oper-
ating costs can be subdivided into the fol-
lowing expense categories:
• price of a smart meter;
• installation costs of a smart meter at the 

consumer’s premises;
• communication system costs;
• IT system costs;
• system adaptation costs;
• maintenance and operating costs;
• data transmission costs;
• administrative expenses [3].

In Latvia, the Regulation of the Cabinet 
of Ministers No. 665 “Regulations on Met-
rological Requirements for Gas Consump-
tion Meters and Volume Correctors” (here-
inafter – Regulation No. 665) determines 
the minimum conditions for the natural gas 
flow, which apply to all types of natural gas 
meters, including the smart ones.

Table 1. The Natural Gas Flow Requirements

Class Qmax/Qmin Qmax/Qt Qr/Qmax

1.5 > 150 > 10 1.2

1.0 > 20 > 5 1.2

According to Regulation No. 665, the 
term “minimum flow” (Qmin) means the flow 

at which the natural gas meter provides 
readings that meet the requirements for 
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maximum permissible error (hereinafter – 
MPE), while the term “maximum flow” 
(Qmax) means the flow, at which the natural 
gas meter provides readings that meet the 
requirements for the MPE. The term “tran-
sient flow” (Qt) is also used to refer to a 
flow between the maximum and minimum 
flow and at which the flow range is divided 
into two zones: the upper and the lower. 
Each zone has its own MPE. Additionally, 
the term “congestion flow” (Qr) is applied 

to the highest flow at which the natural gas 
meter operates satisfactorily [4].

Regulation No. 665 also determines that 
MPE for the natural gas meters depends on 
their accuracy class. If a natural gas meter 
is intended to be used in the individual con-
sumption sector, Class 1.5 shall be used for 
measurements, but if the Qmax / Qmin ratio is 
equal to or greater than 150, Class 1.0 shall 
be used. 

Table 2. Maximum Permissible Error Depending on the Accuracy Class of a Smart Gas Meter

Class 1.5 1.0

Qmin ≤ Q < Qt 3 % 2 %

Qt ≤ Q ≤ Qmax 1.5 % 1 %

Figure 1 shows that different minimum 
and maximum flow measurement limits 
are allowed for different natural gas meters 
(including smart metering devices), and 
these limits are overlapping. In addition, 
there are other criteria that affect the accu-
racy of the natural gas metering (pressure 
losses, natural gas flow fluctuations, lower 
flow limits etc.) [4].

Fig. 1. Range of use of different natural gas meters.

In Latvia, the duration of the inspec-
tion period of the natural gas meters is set 

to be reasonable (5 years) and it protects 
the interests of the consumers; however, 
due to possible metering errors, the natural 
gas losses may increase. According to Para-
graphs 26 and 27 of Decision No. 1/12 of 
the Council of the Public Utilities Commis-
sion of 6 August 2020 “Methodology for 
Calculating Natural Gas Distribution Sys-
tem Service Tariffs”, distribution system 
operation costs are calculated according to a 
formula that includes technological process 
provision and natural gas loss costs, as well 
as the forecasted natural gas consumption 
for technological needs. These additional 
requirements oblige the natural gas distri-
bution system operator (hereinafter – SSO) 
to assess the future usefulness of the older 
diaphragm (membrane) natural gas meters 
in the household sector [5]. At the same 
time, the necessity of control measurements 
in apartment buildings should be evaluated 
in order to determine the difference between 
the actual consumption numbers and those 
declared by individual consumers.
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2. CHARACTERISTICS OF SMART METERING AND  
USE OF DIFFERENT TYPES OF NATURAL GAS METERS

The introduction of smart metering in 
the EU Member States has started at differ-
ent times. In comparison to smart electricity 
metering, the deployment of smart natural 
gas meters was and still is much slower. 
Although benefits of the smart metering 
system in the natural gas sector are obvi-
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 [6].

The smart meter communication system 
for data exchange consists of the following 
elements:
• a smart meter that performs the function 

of data registration and transmission;
• a data collector that receives and sends 

information from / to all meters con-
nected to the system and installed in a 
particular area;

• communication systems (GSM, GPRS, 
etc.);

• information management systems [3].

Article 9 (2) of Directive 2012/27/EU 

provides that, when EU Member States 
implement smart metering and smart meters 
for natural gas and/or electricity consump-
tion, in accordance with Directives 2009/72 
/ EC and 2009/73 / EC, they shall:
• ensure that the metering systems pro-

vide to final customers information on 
actual time of use and that the objec-
tives of energy efficiency and benefits 
for final customers are fully taken into 
account when establishing the mini-
mum functionalities of the meters and 
the obligations imposed on market par-
ticipants;

• ensure the security of the smart meters 
and data communication, and the pri-
vacy of final customers, in compliance 
with relevant Union data protection and 
privacy legislation;

• require that appropriate advice and 
information be given to customers at 
the time of installation of smart meters, 
in particular about their full potential 
with regard to meter reading manage-
ment and the monitoring of energy con-
sumption [7].

Fig. 2. The principal scheme of smart metering system  
(smart meters, convertors, data collectors, data transmitters, and data processing software).
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In absence of strict requirements for 
the choice of technical equipment and soft-
ware, there is a situation where four data 
reading systems with different makeup and 
functionality coexist in the EU Member 
States, which at some extent hinders effec-
tive, comprehensive development of the 
smart natural gas metering. There are also 
no requirements set for external power sup-
ply to smart metering devices in high gas 
consumption facilities, where big amounts 
of data need to be read and transmitted  
several times a day.

Fig. 3. Principle scheme of the natural gas smart 
metering system, JSC “Gaso”.  

For Latvia, a reference point for smart 
gas metering was 2004, when the goal was 
set to maximise the use of telemetry in the 
natural gas sector. Currently, in the Latvian 
natural gas distribution system about 85 % 
of all consumption data are automatically 
processed. Data transmission is carried out 
via GSM communication system by insert-
ing a SIM card into the data transmission 
device. Around 3,100 pressure and tem-
perature correctors have been installed in 
the Latvian natural gas supply system, of 
which 510 are equipped with telemetry. 
However, according to technical and func-
tional parameters, uniform requirements for 
the smart meters for the natural gas in Lat-

via 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 consumption 
in a specific period of time. 

The EEL also stipulates that the system 
operator, when installing a smart commer-
cial metering device, must provide energy 
consumers with information on the pos-
sibilities of the meter management and 
energy consumption monitoring [8]. The 
requirements for the protection of personal 
data in the EU derive from Regulation (EU) 
2016/679 of the European Parliament and 
of the Council of 27 April 2016 on the pro-
tection of natural 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 Protec-
tion Regulation), which Latvia had enforced 
by the Personal Data Processing Law. The 
law, inter alia, provides that SSOs, as data 
controllers or processors, must also guaran-
tee data security of the smart metering sys-
tem and energy consumers [9].

Diaphragm (membrane) natural gas 
meters, which can also be equipped with a 
data transmission module, 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 nat-
ural gas meters are preferred. 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 [10]. Ideally, turbine meters 
should operate under stable and constant 
conditions of the natural gas flow in order 
to avoid pulsations and thus metering inac-
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curacies. If the flow of natural gas changes 
or is stopped altogether, the mechanism will 
continue to rotate for some time; thus, the 
metering inaccuracies are almost inevitable 
[11]. 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 technological 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 [12].

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 [13]. 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-
ardized without temperature and pressure 
correction, microthermal meters adjust 
metering specification to these factors auto-
matically [14]. 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. 

Fig. 4. Influence of pressure changes on metering errors of different type natural gas meters. 

Studies have been carried out over the 
past decade in several European countries, 
including Italy, to determine the longevity 
of different types of the natural gas meters 
and variations in metering errors as the 
equipment ages and the degree of physical 
wear and tear increases.

One Italian study surveyed 402 dia-
phragm natural gas meters with different 
service life (up to 50 years old). As a result, 
it was concluded that the observed tendency 

of the natural gas metering deviation was 
in favour of gas consumers. At a minimum 
flow, the average metering error is close 
to zero or almost always with a negative 
tendency, maintaining an upward trend in 
favour of the gas consumer, as the service 
life of the meter increases [15].
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Fig. 5. The observed tendency of the natural gas metering deviation. 

Another study, also from Italy, analysed 
dynamics of metering errors for diaphragm 
natural gas meters manufactured between 
1965 and 2006. As a result of this study, it 
was confirmed that minimal metering errors 
appeared at a minimum flow, with a ten-
dency to increase with age.

When comparing several types of smart 
natural gas meters according to the techni-
cal parameters of flow measurement, the 
best technical parameters refer to individual 
ultrasonic and microthermal meters with a 
wider measuring range, as well as the pos-

sibility to perform satisfactory at low mini-
mum flows. However, external factors, such 
as installation location (outdoor or indoor), 
temperature, volumes of the gas flows, and 
other conditions may affect the technical 
parameters (operating temperature, bat-
tery life, etc.) or materials of the metering 
devices. Plastic parts of the meters wear out 
sooner at high flow volumes and pressure 
than metallic ones; thus, metallic parts can 
be manipulated externally – for instance, 
affected by magnets.

3. METERING ERRORS AND THEIR CORRECTION

The natural gas meter measures natural 
gas flow parameters under ideal conditions, 
but more precisely the amount of natural 
gas can only be determined at a certain tem-
perature and pressure regime. 

A temperature and pressure corrector 
that adjusts the metering data according to 
standard conditions (conditions at a natural 
gas pressure of 101,325 kPa and a tempera-
ture of 20 °C) can be used in three ways:
• determining the volume under cer-

tain standard conditions according to 
Charles’ law;

• according to the ideal gas law, deter-
mining the volume at a certain standard 
temperature and pressure;

• on the basis of known real natural gas 
parameters, determining the volume 
under standard conditions.

The maximum permissible error of the 
natural gas meter increases as the conversion 
complexity grows, given that in the former 
case the operation is the simplest, and in the 
latter – the most complex [16]. Thus, a cor-
rection factor is determined that adjusts the 
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listed natural gas volume. For example, if at 
a temperature of 18 °C the correction coef-
ficient is 0.99308 and the measured volume 
of the natural gas is 1000 m3, then the cal-
culated volume will be 993.08 nm3. On the 
other hand, as the temperature increases to 
22 °C, the coefficient increases to 1.00692 
and, accordingly, for the same measured 
volume, the calculated volume of the natu-
ral gas comes up to 1006.92 nm3. Thus, a 
temperature change of 1 °C affects the mea-
sured volume by 0.346 % [17].

Meters with a built-in temperature 
compensating element would significantly 
reduce the possibility of metering errors. 
Such meters should also be used indoors, as 

the temperature and pressure at the location 
of the natural gas meter often differ from 
the standard temperature. For example, 
pressure, unlike standard conditions, can 
cause a meter mismatch of up to 1.97 % 
[17]. Problems with installation depth of 
the temperature sensor shell also might 
occur, and at a consumption of almost 8000 
nm3, the difference between the installation 
depth of the shell can cause losses of more 
than 500 EUR [17]. However, choosing a 
new ultrasonic or microthermal natural gas 
meter with the integrated communication 
module, temperature corrector and shut-off 
valve solves the problem of possible shell 
installation depth manipulations.

4. SMART METER USE AND ITS ADVANTAGES  

The benefits of smart natural gas meters 
can be divided into several categories:

1. based on the technical parameters of 
equipment:
• more accurate, dynamic and safe 

natural gas metering;
• efficient management of a meter 

by receiving a system alarm signal 
(temperature, manipulation, battery, 
air in a pipe);

• remote reading of a meter;
• possibility to choose different com-

munication solutions for data trans-
fer (mobile, radio, optical cable or 
wireless technologies).

2. based on the efficient use in the natural 
gas systems:
• remote automatic reading of 

data saves the system operator’s 
resources by reducing the need for 
physical inspection (reading, inter-
ruptions of the natural gas supply, 
verification of the physical condi-
tion of the equipment, etc.);

• efficient and quick identification of 
the natural gas leaks or other tech-
nical problems in the gas pipelines 
[18];

• reduction of unlawful natural gas 
use, with is easily identifiable by 
examining atypical loads, which do 
not correspond to the historical or 
most recent consumption profiles;

• by fulfilling the obligations speci-
fied in Regulation of the Cabinet 
of Ministers No. 78 “Regulations 
on Trade and Use of Natural Gas” 
(hereinafter – Regulation No. 78), it 
is possible to improve system bal-
ancing forecast with more and more 
accurate consumption data [19];

• improved customer service (appli-
cations, consumption data analysis, 
immediate consumption control and 
data reading);

• the received data allows the opera-
tor to segment and profile custom-
ers according to their consumption 
specifications;  
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• possibility to remotely and quickly 
cut off the supply of natural gas 
without entering the property. 
According to Regulation No. 78, 
DSO is entitled to suspend the sup-
ply of the natural gas in cases of 
non-settlement or termination of the 
supply agreement;

• more convenient system manage-
ment in case of major accident, 
crisis or state emergency, includ-
ing fulfilment of the obligation of 
the system operator to restrict gas 
supply specified in Regulation of 
the Cabinet of Ministers No. 312  
“Procedures for the Supply of 
Energy Users and the Sale of Fuel 
during the Energy Crisis and in the 

Event of a State Emergency”. Avai-
lability of more accurate data about 
the system allows for more accurate 
calculation of system losses in the 
above-mentioned cases, too [20];

• installation of the smart metering 
system at gas metering checkpoints.

3. based on energy efficiency and comfort 
of the natural gas consumers:
• convenient and accurate informa-

tion about consumed natural gas, 
which can be obtained electroni-
cally;

• permanent information on natural 
gas consumption allows consumers 
to re-examine their consumption 
habits and adjust them to save finan-
cial and energy resources.

5. CONCLUSIONS

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 more effective 
evaluation and planning of the natural gas 
supply system development in various 
regions of Latvia and other EU countries. 
It also may contribute to the achievement 
of energy efficiency and system security 
targets [21]–[23], which ensure sustainable 
economic development and prevention of 
further climate change.

More attention should be paid to studies 
on usefulness of wider implementation of 
natural gas metering in Latvia. It is neces-
sary to evaluate benefits that can be archived 
from different viewpoints, such as technical, 
economic, operational, administration, etc. 
Currently, neither in Latvia, nor in the EU 
as a whole, unified technical requirements 
for smart natural gas meters and guidelines 
for their operation have been developed and 

legally established, which to some extent 
hinders the overall pace of effective energy 
consumption. It is necessary to re-evaluate 
the link between smart metering of natural 
gas and variations in legal ownership of 
these meters in Latvia. It should be done 
to reduce bureaucratic and legal obstacles 
that prevent full implementation and use of 
smart natural gas metering.

Different types of the natural gas meters 
(including those that can be equipped with 
telemetry) have different minimum and 
maximum flow limits, and these limits 
overlap. In addition, accuracy of natural gas 
measuring may be affected by other factors, 
such as pressure losses and natural gas flow 
fluctuations.

When comparing several types of smart 
meters according to the technical param-
eters of flow measurement, the best results 
are demonstrated by individual ultrasonic 
and microthermal natural gas meters with a 
wider measuring range, as well as the possi-
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bility to enhance very low minimum flows.
Meters with a built-in temperature 

compensating element would significantly 
reduce the possibility of metering errors. 
Such meters should also be used indoors, as 
the temperature and pressure at the location 
of the natural gas meter often differ from 
the standard temperature.

The use of new ultrasonic or microther-
mal smart meters with the integrated com-
munication module, temperature corrector 
and shut-off valve solves the problem of 
shell installation depth manipulations.

In Latvia, the duration of the meter 
inspection period is set to be reasonable 
and it protects the interests of consumers; 
however, due to metering errors, natural 

gas losses may increase between verifica-
tion events. To avoid this situation in the 
individual consumption sector, it would be 
desirable to assess:
• future replacement of older diaphragm 

natural gas meters;
• opportunity to carry out more exten-

sive inventory of the natural gas use in 
apartment buildings in order to pinpoint 
the difference between the actual and 
declared natural gas consumption;

• opportunity to replace multiple single 
unit (flat) natural gas meters with one 
single smart meter in apartment build-
ings as it is done in several EU coun-
tries, for example, Finland.
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The scope of the Nordtest method is to evaluate the moisture buffer value (MBV) of 
materials exposed to indoor air. The test is intended to simulate daily variations with relative 
humidity (RH) between 75 % during 8 hours and 33 % during 16 hours.

The specimens follow a recipe that consists of waste paper, glue and water. Specimens 
made of paper plaster were covered with different colours.

The results of the experiment showed that the type of paint used and the number of layers 
applied affected the MBV. Natural colours have a better moisture permeability than chemical 
paints, but the number of natural colour layers affects the MBV. The higher the number of lay-
ers, the lower the MBV.
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1. INTRODUCTION

In moderate to cold climates, people 
usually spend about 90 % of their time in 
enclosed spaces, so the indoor climate is a 
crucial factor of well-being [1]. The mois-
ture buffering value (MBV) has been stud-
ied by several authors [2], [3], [4], [5]. The 
results of earlier laboratory studies about 
the interior plaster made of waste paper 

have shown that the MBV of paper plas-
ter is excellent (MBV>2.0 = “excellent”) 
regardless of the type of paper [6], paper 
with clay [7], [8] or of the technology used 
to shred the paper [9].

The MBVs of waste paper of reusable 
materials [6] and MBVs of different clay 
plasters [10] have been studied. The effects 
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of coating on the clay plaster hygroscopic-
ity and water vapour permeability have also 
been researched [11]. However, the effects 
of coating on the hygroscopic abilities of 
paper plaster have not been studied.

Thickness of layer and water vapour 
transmission properties could be very differ-

ent [12]. Water vapour transmission rate of 
casein paint and egg tempera (1-layer paint) 
were recorded as paints with  “high” water 
vapour transmission rate (>150 g/(m2d), 
while linseed oil paint acted as “medium” 
(15–150 g/(m2d).

2. METHOD AND EQUIPMENT

To distinguish the moisture buffering 
abilities of plaster, the Nordtest method for 
determining the MBV of composite sys-
tems open to indoor climate was used [3]. 
The temperature was 23±0.5 °C through-
out the experiment. Firstly, the specimens 
were kept in an environment with relative 
humidity (RH) at 50±5 % until an equilib-
rium (the change in the specimen mass is 
under 1 % during two weighings performed 
every 24 hours) was achieved. Then relative 
humidity was increased by 75 % for 8 hours 
and decreased by 33 % for 16 hours. The 
cycle was repeated until the average change 
in mass Δm (g) during three consecutive 
cycles was within 5 %.

The Nordtest protocol formula for 
MBVpractical [g/(m2·%RH)] calculations:

 
  (1)

where mmin/max is moisture mass (min and 
max) in the final sample (g or kg); A is 
exposed area (m2); φ high/low is high/low RH 
(75–33) levels applied in the measurement.

According to the Nordtest method, 
specimens need to be weighed five times 

during one cycle [3]. We weighed speci-
mens two times per cycle as the data from 
only two weighings were needed to calcu-
late the MBV (Eq. (1)).

The equipment included the climate 
chamber RUMED 4101 affording RH 
20...95 % with an accuracy of ±2–3 % and 
temperature of 0…60 °C with an accu-
racy of ±0.5 °C; Memmert Incubator Oven 
INB200 with temperature range from +30 
°C (however, at least 5 °C above ambient) 
up to +70 °C and digital balance Kern 
PLT 1200-3A with an accuracy of 0.001 
g. Climate chamber method was used at an 
environment temperature of 23±0.5 °C.

To evaluate the effect of moisture buff-
ering to the room borders, daily hygro-
scopic inertia of the room [Ih,d, g/(m3%RH)] 
defined by Ramos and others [13], [14] 
could be calculated:
 

  (2)

where MBVobj, MBVi – moisture buffering 
value of objects and elements; Si – the sur-
face of an element i m2; ach – air exchange 
rate h-1; V – room volume m3; tg – vapour 
production period, h.

3. SPECIMENS AND COLOURS

The specimens were made according to 
the recipe that contains waste paper (news-

paper paper), glue (methylcellulose pro-
duced by Henkel) and water. After drying 
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the specimens were covered with paint.
Two different groups of specimens were 

made. The first group was used to study the 
effects of different paints on the MBV and 
the second group – to study the effects of 
different numbers of paint layers on the 
MBV.

The total number of specimens in the 
first group was 24 (3 x 8). Seven different 
colours were used to paint the specimens 
(casein primer, casein paint, tinted casein 
colour, linseed oil paint, egg oil tempera, 
clay paint and alkyd paint Akrit 7). The 
specimens were covered with two layers of 
paint (Fig. 1, Table 1).

Group 1 of specimens. Unpainted 
specimens.

Groups 2–4 of specimens. Casein 
paint is a natural interior colour with long 
traditions and is a suitable finish for natu-
ral plasters in a dry indoor environment. 
Casein colours enable water vapour to 
move through the plastered surfaces. All 
three casein colours (primer, white and 
tinted colour) were made of fat-free curd, 
borax (sodium tetraborate (Na2B4O7)) and 
water. Casein primer is used to prime the 
surface. White casein paint is achieved by 
adding chalk (calcium carbonate (CaCO3)) 
to the primer and different tones by adding 
coloured soils to the primer, which has been 
previously whitened by chalk.

Casein primer (Group 2 of specimens): 
10g borax (sodium tetraborate (Na2B4O7)) + 
30ml water (temp 70 °C) + 250g curd (fat-
free), promote casein hydrolysis + 1l water.

Casein paint (Group 3 of specimens): 
10g borax + 30ml water (temp 70 °C) + 
250g curd (fat-free), promote casein hydro-
lysis + 1l water + 400g chalk (calcium car-
bonate (CaCO3)).

Tinted casein paint (Group 4 of speci-
mens): 10g borax (sodium tetraborate 
(Na2B4O7)) + 30ml water (temp 70 °C) + 
250g curd (fat-free), promote casein hydro-
lysis + 1l water + 400g chalk (calcium car-

bonate (CaCO3)) + yellow synthetic iron 
oxide (ferric oxide yellow) (Fe2O3).

Group 5 of specimens. Linseed oil 
paint is absorbed deep into the surface; 
hence, it has very permanent traits as it fills 
the pores on the surface and does not form a 
membrane on it. Linseed oil paint is used to 
cover wooden parts. Linseed oil produced 
by Kemet RV Ltd, which has a cold-pressed 
oil made of linseed as a binder, was used.

Group 6 of specimens. Egg oil tem-
pera is a glaze paint, which has raw egg 
and linseed oil as binders, water as a dis-
solvent and pigments are added for tinting. 
Out of all the natural paints, egg oil tem-
pera is one of the most washable and wear-
proof colours, which is also suitable to use 
in humid rooms. Suitable surfaces include 
wood and plastered surfaces. Egg oil tem-
pera was made using equal parts (volume) 
of water, linseed oil (by Kemet RV Ltd) and 
raw eggs.

Group 7 of specimens. The surface of 
clay colour is rough; it has a lot of pores and 
does not tolerate mechanical stress. Clay 
paint can be used on all mineral and water-
absorbing surfaces. Clay colour was made 
of clay finishing plaster by OÜ Saviuku-
maja. It consists of clay, sand (grain size 0-2 
mm) and fibres of Typha stem. X-ray dif-
fraction analysis was used to determine the 
mineralogical composition (% of mass) of 
the clay plaster mixture (< 0.2 mm): quartz 
45.6, k-feldspar 6.6, plagioclase 7.9, chlo-
rite 1.5, illite/illite-smectite 20.9, kaolinite 
4.1, calcite 8.5, dolomite 4.0, hematite 0.5 
and amphibole 0.5 wt%  [15]. Clay paint 
was made by mixing 500 g of clay finishing 
plaster mixture (fraction 0.25) with 250 g 
of water.

Group 8 of specimens. Alkyd paint 
Akrit 7 is a water-based acrylate paint 
(produced by Eskaro Group AB Sweden) 
intended to be used indoors as a finishing 
product in dry rooms and rooms with ele-
vated humidity.
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Fig. 1. Examples of specimen groups: 
1 – unpainted, 2 – casein primer, 3 – casein paint, 4 – tinted casein colour,  

5 – linseed oil paint, 6 – egg oil tempera, 7 – clay colour,  
8 – alkyd paint Akrit 7.

Table 1. Colours

Plaster group  
number Colour No. of painted  

layers Paper (g) Glue (g)
Glue/water

No. of
samples

1 control Unpainted 0 500 20/1000 3

2 Casein primer 2 500 20/1000 3

3 Casein paint 2 500 20/1000 3

4 Tinted casein paint 2 500 20/1000 3

5 Linseed oil paint 2 500 20/1000 3

6 Egg oil tempera 2 500 20/1000 3

7 Clay paint 2 500 20/1000 3

8 Alkyd paint Akrit 7 2 500 20/1000 3

The second experiment focused on the 
effects of the natural colour thickness (num-
ber of layers) on the MBV.  Two colours 
were used to paint the specimens: casein 
colour and clay colour. The total number of 
specimens was 60 (3 x 20). The specimens 
were covered with casein colour once, twice 

or, 5, 10, 15 and 20 times (Fig. 2, Table 2) 
and with clay colour once, twice, or 3, 4, 
5, and 6 times (Fig. 3, Table 2). After each 
layer was painted, the specimens were left 
to dry. The experiment included the so-
called control group, which consisted of 
unpainted specimens.
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Fig. 2. Examples of specimen groups 2–7. Specimens covered with casein colour and  
the number of paint layers.

Fig. 3. Examples of specimen groups 8–13. Specimens covered with clay colour and  
the number of paint layers.

Table 2. Paint Layers

Plaster 
group  
number

Colour
No. of paint 

layers
Paper (g)

Glue (g)
Glue/water

No. of
samples

1 control Unpainted 0 500 20/1000 3
2 Casein paint 1 500 20/1000 3
3 Casein paint 2 500 20/1000 3
4 Casein paint 5 500 20/1000 3
5 Casein paint 10 500 20/1000 3
6 Casein paint 15 500 20/1000 3
7 Casein paint 20 500 20/1000 3
8 Clay paint 1 500 20/1000 3
9 Clay paint 2 500 20/1000 3
10 Clay paint 3 500 20/1000 3
11 Clay paint 4 500 20/1000 3
12 Clay paint 5 500 20/1000 3
13 Clay paint 6 500 20/1000 3
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4. RESULTS

Results achieved with the Nordtest 
method describe the moisture absorption 
and desorption of painted paper plaster sur-
faces and it is expressed with an index MBV.  
The change in relative moisture in actual liv-
ing spaces is described by MBVpractical [16]. 
As a result of changing relative humidity 

in cycles, the weight of the specimens also 
changed in cycles (see Fig. 4). According 
to the MBV [g/(m2·%RH)@8/16h], materi-
als can be classified as follows: negligible 
(0–0.2), limited (0.2–0.5), moderate (0.5–
1.0), good (1.0–2.0), and excellent (2.0–) 
[10].

Fig. 4. Changes in specimen weight (only weight change) in the final cycles (plaster group 7).  
The change in moisture cycles (RH 33 % and RH 75 %) in the climate chamber is  

portrayed by a solid line (Fig. 6, Table 4).

The results of the experiment with  
different colours showed that the MBV  
was highest (2.88 g/(m2·%RH)@8/16h)  
for unpainted paper plaster (plaster group 
1). All the MBVs of paint covered speci-
mens were lower (Fig. 5, Table 3). The 
MBVs of specimens that were covered with 
casein colour (plaster groups 2, 3, 4) and 
clay colour (plaster group 7) were a little 
lower than the unpainted paper plaster spec-
imens. 

Their MBV was higher than 2.0 [g/
(m2·%RH)@8/16h] (excellent). Specimens 
painted with egg oil tempera also had MBV 
higher than 2.0 [g/(m2·%RH)@8/16h] 
(excellent). However, the MBV of speci-
mens covered with linseed oil colour was 
smaller than 2.0 [g/(m2·%RH)@8/16h] 
(good) and the specimens painted with alkyd 
paint Akrit 7 (plaster group 8) had MBV 
smaller than 1.0 [g/(m2·%RH)@8/16h] 
(moderate) (Fig. 5, Table 3).

Table 3. MBV of Speciments

Plaster group number MBV
[g/(m2·%RH)@8/16h]

MBV
classification Ih,d, g/(m3%RH)

1 2.88 excellent* 0.51
4 2.70 excellent* 0.48
2 2.63 excellent* 0.47
7 2.61 excellent* 0.46
3 2.42 excellent* 0.43
6 2.34 excellent* 0.41
5 1.96 good* 0.35
8 0.59 moderate* 0.10

*negligible (0–0.2), limited (0.2–0.5), moderate (0.5–1.0), good (1.0–2.0), excellent (2.0–).
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Fig. 5. MBV of specimens: 1 – unpainted, 2 – casein primer, 3 – casein paint, 4 – tinted casein colour,  
5 – linseed oil colour, 6 – egg oil tempera, 7 – clay colour, 8 – alkyd paint Akrit 7.

The results of the experiment study-
ing the effects of paint layers on the MBV 
showed that the more the layers, the lower 
the MBV (Fig. 6, Tabel 4).

Example: If we take a living room (walls) 
with measurements 5·4·2.6 m (windows and 

doors approx. 4 m2), where ventilation rate 
according to energy efficiency requirements 
is 0.42 l/(sm2), (air change 0.58 h-1 and time 
8 hours), it is possible to calculate (Eq. (2)) 
the results of hygrothermal inertia index of 
the room (Tables 3 and 4).

Fig. 6. MBV of mixtures: 1 – unpainted, 2–7 casein paint, 8–13 clay paint.

Table 4. MBV of Mixtures

Plaster group 
number

No. of paint 
layers

MBV
[g/(m2·%RH)@8/16h]

MBV
classification Ih,d, g/(m3%RH)

1 control 0 2.88 excellent* 0.51
2 1 2.70 excellent* 0.48
3 2 2.26 excellent* 0.40
4 5 2.20 excellent* 0.39
5 10 1.61 good* 0.28
6 15 1.43 good* 0.25
7 20 1.43 good* 0.25
8 1 2.69 excellent* 0.48
9 2 2.63 excellent* 0.47
10 3 2.58 excellent* 0.46
11 4 2.55 excellent* 0.45
12 5 2.49 excellent* 0.44
13 6 2.44 excellent* 0.43

*negligible (0–0.2), limited (0.2–0.5), moderate (0.5–1.0) good (1.0–2.0), excellent (2.0–).
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5. CONCLUSION AND DISCUSSION

Our experiment showed that:
• The MBV of paper plaster was affected 

when covered with paint. Unpainted 
paper plaster had the MBV of 2.88 g/
(m2·%RH)@8/16h. All the MBVs of 
paint covered paper plasters were under 
2.70 g/(m2·%RH)@8/16h.

• Colours had a different impact on the 
MBV of paper plaster. Out of all the 
natural colours, casein and clay colours 
inhibited the MBV the least. Their 
MBVs stayed within 2.70–2.42 g/
(m2·%RH)@8/16h.

• MBVs of all casein colours (casein 
primer, casein paint, tinted casein 
colour) were different from each other 
but stayed between 2.70 and 2.42 g/
(m2·%RH)@8/16h. Tinted casein 
colour had the highest MBV of 2.70 
g/(m2·%RH)@8/16h. It was followed 
by casein primer with MBV of 2.63 
g/(m2·%RH)@8/16h and casein paint 
with MBV of 2.42 g/(m2·%RH)@8/16h.

• MBV of paper plaster decreased signifi-
cantly as the number of casein colour 
layers increased. MBV was 2.70 g/
(m2·%RH)@8/16h with one layer of 
colour, 2.20 after 10 layers and 1.43 g/
(m2·%RH)@8/16h after 20 layers had 
been applied.

• From the colours containing oil, linseed 
oil paint was the one that inhibited the 
MBV of paper plaster and it was 2.61 g/
(m2·%RH)@8/16h.

• MBV of egg oil tempera covered 
paper plaster was the lowest at 0.59 g/
(m2·%RH)@8/16h.

• The effect of clay colour on the MBV 
was notable. When the MBV of 
unpainted paper plaster was 2.88 g/
(m2·%RH)@8/16h, then the MBV of 
clay colour covered specimens was 
2.63 g/(m2·%RH)@8/16h.

• The number of layers (1–6) was influ-
ential for clay colour covered specimen. 
The MBV decreased with each added 
layer of clay colour. When the MBV of 
paper plaster with one layer of colour 
was 2.69 g/(m2·%RH)@8/16h, then 
after six layers the MBV was 2.44 g/
(m2·%RH)@8/16h.

Literature states [17] that casein colour 
does not inhibit the movement of water 
vapour through the plaster surface. How-
ever, our experiment showed that the MBV 
depended, firstly, on the composition of 
casein colour and, secondly, on the number 
of paint layers.

If a pigment is added to tone white 
casein colour, which is made with chalk, 
then the MBV is affected. At the same time, 
it should be taken into consideration that 
different pigments have a different chemical 
composition; thus, they can have both posi-
tive and negative effects on the MBV. It is 
necessary to study how different pigments 
affect the MBV of a tinted casein colour. 
This, in particular, is important as the chem-
ical reactions between paper plaster (cellu-
lose) and paint may affect the MBV. Also 
when making paper plaster, the cellulose 
hydrogen (H) is replaced by methyl (CH3) 
radicals; hence, the possibility to form 
hydrogen bonds decreases.

Priming wall surfaces is a common 
method used to decrease painting costs. 
Primers are cheap because they have no 
pigment. Casein primer is intended to be 
used on walls with casein paint. Our experi-
ment showed that the MBV was higher for 
the wall surface covered with casein primer 
than with only casein paint. Therefore, 
we recommend using casein primer as the 
first layer when painting paper plaster with 
casein colours. In the future, the effects of 
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different combinations of casein primer and 
casein paints on the MBV should be studied.

It cannot unequivocally be said that 
casein colour enables the water vapour to 
move through surfaces as the previously 
mentioned literature states because the 
MBV of paper plastered surfaces decreases 
when the walls are repeatedly covered with 
casein colour (whitened during renovation). 
As new casein paint is directly added on top 
of the old casein colour layer, it should be 
taken into consideration that continuously 
adding paint layers will decrease the MBV 
of the wall surface. 

Applying paper plaster does not require 
specific skills on the contrary to the appli-
cation of clay plaster, and, therefore, it is 
executable by anyone. If the intent is to 
achieve a wall that replicates clay plaster, 
a good solution is to paint paper plastered 
walls with clay colour. However, it should 
be considered that each added layer of clay 
colour decreases the MBV of that wall. 
The same effect occurs when painting with 
casein paint.

Linseed oil and egg oil tempera both 
contain linseed oil. Linseed oil is absorbed 
deep into the surface and fills the pores; 
thus, the paper plaster covered with linseed 
oil has a lower MBV than the one covered 
with egg oil tempera. However, egg oil tem-
pera is wearproof and washable and also 
suitable for humid spaces.

Calculation of daily hygroscopic iner-

tia gives us information about the influence 
of MBV on the room together with venti-
lation and service area. Sample calculation 
was made for a case when ventilation is 
according to energy performance require-
ments [0.42 l(/sm2)] and the whole wall area 
is acting. By using this calculation, every-
body can find a suitable solution for differ-
ent materials, ventilation rates, service areas 
and time to reduce peaks of RH variation. 

Our experiments showed that the MBV 
of paper plastered and painted wall sur-
faces depended on the chosen colour and 
the number of applied layers of that colour. 
Further research should entail the study of 
other hygroscopic abilities of painted paper 
plaster. In addition to the MBV and the den-
sities of materials studied in the research, 
the behaviour of other parameters should 
also be examined. Further research should 
also start to observe other moisture proper-
ties. The method described in the standard 
“EVS-EN ISO 12571:2013 Hygrothermal 
performance of building materials and prod-
ucts – Determination of hygroscopic sorp-
tion properties” [18] is used to study the 
sorption of water vapour when determining 
the hygroscopicity of porous materials. To 
study the conductivity of water vapour, the 
method from “EVS-EN ISO 12572:2016 
Hygrothermal performance of building 
materials and products – Determination of 
water vapour transmission properties – Cup 
method” [19] was used.
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The authors perform a comparative analysis of the efficiency of two types of low-power 
wind energy conversion systems with horizontal and vertical axis in the meteorological condi-
tions of Latvia. The analysis is based on long-term wind speed measurements over the period 
of two years conducted by a network of 22 observation stations at the height of 10 m above 
the ground. The study shows that in the conditions of Latvia wind turbines with a horizontal 
axis are expected to work with greater efficiency than similar installations with a vertical axis. 
The paper presents the models of the spatial distribution of average wind speed, Weibull wind 
speed frequency distribution parameters and the values of the expected operational efficiency 
for small wind turbine generators. The modelling results are presented in the form of colour 
contour maps. Overall, the results of the study can serve as a tool for forecasting annual energy 
production and for estimating the feasibility of commercial use of wind energy at the height of 
10 m in the territory of Latvia.

Keywords: Annual Energy Production, map, Small Wind Turbine Generator, wind energy, 
wind speed at the height of 10 m.   
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1. INTRODUCTION

Due to the lack of significant reserves 
of fossil fuels in Latvia, the national econ-
omy considerably relies on energy import. 
The dependence of the country’s economy 
on external supplies leads to the fact that 
the state is interested in supporting power 
stations using locally available natural 
resources and renewable energy sources 
[1]–[6].

Wind currents reaching the Latvian ter-
ritory from the direction of the Baltic Sea 
represent a source of renewable energy, 
which can be used to produce electricity on 
an industrial scale. Therefore, studies aimed 
at estimating the expected efficiency of 
wind energy conversion systems (WECS) 
depending on their location in the territory 
of the country are highly relevant.

There is a number of publications 
devoted to the evaluation of the potential 
and the distribution of the wind energy 
resource in the territory of Latvia [7], [8]. 
However, modern meteorological equip-
ment performing physical wind speed 
measurements simultaneously in differ-
ent regions of the country provides a more 
reliable basis for estimating average wind 
speed and the spatial distribution of wind 
energy potential over the land surface. 

The authors of the current study per-
form an assessment of the expected effi-
ciency of low-power wind generators in the 
wind conditions typical of Latvia. A distinc-
tive feature of these generators is that they 
transform the energy that wind carries at 
an altitude of 10–20 m above the ground 
surface. In most cases, a Small Wind Tur-
bine Generator (SWTG) is used to power 
an autonomous load or serve as a backup 
power source at rural installations, the 
operation of which does not entirely depend 
on the power grid connection. Forecast-

ing the efficiency of work and determining 
the Annual Energy Production (AEP) of 
the SWTG can be done only on the basis 
of long-term measurements of wind speed. 
However, the need to perform these mea-
surements and calculate the AEP creates a 
problem for small households. Therefore, 
the authors of this study propose to use 
historical records of long-term measure-
ments of wind speeds that are available in 
the archive of the national meteorological 
observation service for forecasting the effi-
ciency of low-power wind generators.

The study is based on wind speed mea-
surements over the period of two years from 
1 January 2015 to 31 December 2016 [9]. 
All wind speed measurements were per-
formed with 1 min increments at the height 
of 10 m above the ground using certified 
measuring sensors installed at 22 stations 
of the National Hydrometeorological and 
Climatological Service of the Latvian Envi-
ronment, Geology and Meteorology Center 
(LEGMC). 

Based on the available wind speed mea-
surements, data specific indicators of wind 
energy that characterise the wind flow in 
this region are derived and an estimation of 
the average (AEP) for potential wind power 
plants is performed [10], [11].

The study of the SWTG performance 
is based on the power curves of two types 
of SWTG: Horizontal Axis Wind Turbines 
(HAWT) with rated power of 0.75, 2.5, 5.0, 
20.0 kW and Vertical Axis Wind Turbines 
(VAWT) with 0.75, 2.5, 6.0 kW.

Based on the results of wind speed mea-
surements and the estimation of the SWTG 
performance in the territory of Latvia, the 
models of the spatial distribution of aver-
aged wind speed and wind energy density in 
the form of colour contour maps with a 1x1 



63

km resolution were created. The contour 
maps identify the areas beyond which the 
measured values change with a certain step.

The developed models of the spatial 
distribution of the value of capacity fac-
tor characterising the effectiveness of the 
SWTG can serve as a convenient tool and 
reference material for analysing the feasi-
bility of the SWTG application in various 
regions of Latvia. The obtained results 
allow estimating the prospects of com-
mercial use of wind energy at the height of  
10 m.

The rest of the paper is structured as fol-
lows: Section 2 provides the model of the 
spatial distribution of wind energy resource 
in Latvia. Section 3 presents the power 
curves of the selected SWTG. Section 4 is 
devoted to spatial distribution modelling 
of the efficiency of SWTG in Latvia. Sec-
tion 5 provides the summary of the results, 
discusses their implications and makes 
conclusions on the prospects of estimating 
the SWTG efficiency at the height of 10 m 
above the ground.

2. THE SPATIAL DISTRIBUTION OF WIND ENERGY RESOURCE

Due to the cyclical nature of wind flows 
and nonlinear relationship between wind 
speed and energy it carries, wind energy 
potential assessment that takes into consid-
eration only average wind speed values can 
be misleading.

The estimation of the average wind 
speed value for the period of measurements 
from 1 January 2015 to 31 December 2016 
at each measurement site is performed in 
line with Eq. 1:

1
1 n

iavg iV V
n == ∑

,
 (1)

where iV  – average wind speed with 1 min 
increments, m/s; n  – the number of mea-
surements for the entire period; i  – the 
number of a measurement interval 1, 2, 3 
… n.

The value of the average energy density 
that the air flow carries over an area of 1 m2 
is calculated from Eq. 2 [12]:

3
.

1
2avg avg cubP Vρ= ,  (2)

where ρ  – air density (1.23 kg/m3 for stan-
dard condition at the sea level and tempera-
ture 15 °C); 3

.avg cubV  – average cubic wind 
speed, m/s.

Average cubic wind speed can be calcu-
lated based on actual wind speed measure-
ments according to Eq. 3:

33 1.
1 n

iavg cub iV V
n == ∑  ,  (3)

where iV  – average wind speed for 1 min 
measurement interval, m/s; n – the number 
of measurements for the entire measure-
ment period; i – the number of a measure-
ment interval 1, 2, 3 … n. 

As can be inferred from Eq. (2), the 
amount of energy carried by the wind is 
proportional to the value of the average 
cubic wind speed (see Eq. 3). At the same 
time, the classification of the territory of 
Latvia into five categories according to 
the level of the average cubic wind speed 
makes it is possible to estimate the poten-
tial of the wind energy resource available in 
these regions. 
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Assuming that the maximum value of 
the average energy density, which the wind 
carries on the shore of the Baltic Sea, is 
taken as 1.0, then the values of the average 
energy density in relative units for each sta-
tion will be determined by Eq. 4:

3
' . .

. 3
. .max

avg cub i
avg i

avg cub

V
P

V
= , (4)

where 3
. .maxavg cubV  – average cubic wind 

speed at Ventspils station situated on the 
shore of the Baltic Sea; 3

. .avg cub iV  – average 
cubic velocity at each of the 22 stations;  
i – observation station 1, 2, 3 … 22.

By interpolating the obtained values, 
it is possible to create a map of the spatial 
distribution of the average density of wind 
energy '

.avg iP   in the territory of Latvia in 
relative units, which is shown in Fig. 1.

Fig. 1. Model of the spatial distribution of the average  
wind energy density in relative units P'avg at the height of 10 m 

above the ground in the territory of Latvia.

Based on the model of the spatial distri-
bution of the average wind energy density 
in Fig. 1, it is possible to identify regions, 

where SWTG with mast height of 10–20 m 
would have the highest efficiency.

3. POWER CURVE OF SWTG

Based on the results of wind speed 
analysis, it is possible to make a forecast 
with respect to the SWTG performance in 
the territory of Latvia. The current study 
considers two types of WECS: HWAT with 

rated power of 0.75, 2.5, 5.0, 20.0 kW and 
VAWT with 0.75, 2.5, 6.0 kW, which can 
operate at the height of 10 m. The two types 
of generators are shown in Figs. 2 and 3, 
respectively.
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Fig. 2. Horizontal Axis Wind Turbine (HAWT)  
0.75 kW.

Fig. 3. Vertical Axis Wind Turbine (VAWT) 
Darrieus H-type 0.75 kW.

The main technical and design charac-
teristics of the SWTG are summarised in 
Table 1. The provided information is in line 

with the models presented in the Catalogue 
of the European Urban Wind Turbine Man-
ufacturers [13].

Table 1. Technical Characteristics of HAWT and VAWT Darrieus  
H-Type SWTG with Rated Power of 0.75, 2.5, 5.0, 20.0 kW and 0.75, 2.5, 6.0 kW 

Turbine 
type

Rated power,  
kW

Rotor height,  
m

Rotor diameter, 
m

Rated wind speed, 
m/s

VAWT

0.75 1.50 1.50 14.0

2.50 2.88 1.99 14.0

6.0 5.00 3.30 14.0

HAWT

0.75

–

2.40 12.0

2.50 5.00 11.0

5.0 5.40 11.0

20.0 8.00 12.5

The efficiency of a WECS depends on 
the aerodynamic properties of the wind 
turbine and the wind type prevailing in the 
region. Therefore, it is of interest to evalu-
ate the advantages of using both convec-
tor types in the specific conditions of the 
Latvian landscape. For comparison, Fig. 4 
shows the power curves of HAWT 0.75,  
2.5 kW and VAWT 0.75, 2.5 kW. 

From the analysis of the power curves, it 
follows that a distinctive feature of HAWT 

generators is a steep power curve leading 
to a higher starting torque. At the same 
time, as it can be seen from Table 1 and 
Fig. 4, the rated wind speed for VAWT type  
generators reaches 14 m/s, while for HAWT 
the rated speed is 11–12.5 m/s. It means that  
the operating range of the considered 
VAWT type generators is between 3 and 14 
m/s while for HAWT type generators it is 
between 2 and 11–12.5 m/s.
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Fig. 4. Power curves P(V) of HAWT 0.75, 2.5 kW and VAWT 0.75, 2.5 kW Darrieus H-type.

4. MODELLING THE EFFICIENCY OF SWTG

The nature of the wind is characterised 
by cyclic changes in the flow speed and the 
duration of its gusts. On top of it, in various 
regions, wind fluctuations have characteris-
tic features that are determined by the land-
scape and geographic proximity to the sea.

The study of wind properties is typi-
cally based on the analysis of wind speed 
measurement results obtained over a 
long period of time [14]. Methodological 
approach foresees grouping the measure-
ment results into bins, which correspond 

to the selected speed intervals with a cer-
tain step. For each bin, the total recurrence 
time of this rate is determined, which can be 
expressed as a percentage of the total mea-
surement time. 

For the analysis of wind speed distribu-
tion, the most often used approximation is 
Weibull probability density function. This 
function is considered to be a good approxi-
mation of the wind speed frequency distri-
bution and is described as follows:

1
( ) exp

k kk V VF V
c c c

−     = −    
     

     for 0V >  ,  (5)

where c – scale factor; k  – shape factor; V – wind speed, m/s. 
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Parameters of the Weibull wind speed 
frequency distribution functions were esti-
mated using the Maximum Likelihood 
Method for 22 stations [15]. The maximum 
likelihood estimator is found by maximis-
ing the likelihood function and was cal-
culated using functions from the package 
MASS of R language [16]. 

Once the distribution parameters are 
estimated, it is necessary to perform a good-
ness of fit test, which checks the conformity 
between observations and theoretical distri-
bution. This is done by applying the Kol-
mogorov-Smirnov test, which measures the 
maximum distance between the empirical 
and the fitted distribution functions. 

The hypothesis that the two distribu-
tions are equal is rejected if the distance 
exceeds a certain critical value [15]. Fol-
lowing the estimation of the parameters 
of the fitted distribution, it is necessary to 
assess critical values by applying the boot-
strap procedure [17]. Hypothesis was not 
rejected for any of the stations at 5 % sig-

nificance level, thus confirming the appli-
cability of the Weibull distribution for the 
average wind speed data.

The way, how properties of the wind 
flow differ across various regions of the 
country can be represented in the form of 
a spatial distribution map of Weibull dis-
tribution function parameters, as shown 
in Figs. 5 and 6. The Weibull distribution 
parameter values depend on regional topog-
raphy and site proximity to the Baltic Sea 
and the Gulf of Riga. 

The scale parameter values c (Fig. 5), 
which stretch or shrink the distribution, are 
decreasing with the distance from the sea, 
indicating that coastal stations have wider 
probability density functions. The spatial 
distribution of the shape parameter values k 
(Fig. 6) is influenced by topography as the 
lowest values are observed in the highlands. 
Overall, the shape parameter k values vary 
from 1.6 to 2.1, indicating that the density 
function has a positively skewed bell shape.

Fig. 5. Model of the spatial distribution values of the scale parameter c of  
Weibull wind speed probability density at the height of  

10 m above the ground.
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Fig. 6. Model of the spatial distribution values of the shape parameter k  
of Weibull wind speed probability density at the height of  

10 m above the ground.

The parameters с and k presented in the 
form of contour maps allow estimating the 
frequency characteristics of the wind speed 
distribution for any point in the territory 
of Latvia at an altitude of 10 m above the 
ground using Eq. 5. This greatly simpli-
fies the assessment of the amount of wind 
energy that can be produced when choosing 
the location for the SWTG installation.

The values obtained using Eq. (1), (2), 
(4) and the values of the parameters of the 
Weibull wind speed frequency distribution 
function calculated on the basis of measure-
ments at the meteorological observation sta-
tion in Ainazi, Daugavpils, Priekuli, Saldus 
and Ventspils for the measurement period 
from 1 January 2015 to 31 December 2016 
are given in Table 2.

Table 2. The Values of Parameters с and k of the Weibull Wind Speed Frequency Distribution Function, 
Average Wind Speed Vavg , Vavg.cub and Wind Energy Density in Relative Units P'avg.i  for the Selected 
Meteorological Observation Stations 

Stations
Measurement results

c k Vavg Vavg.cub P'avg.i

Ainazi 4.3 2.0 3.8 4.7 0.66
Daugavpils 2.8 1.6 2.5 3.3 0.23
Priekuli 3.9 1.8 3.4 4.5 0.58
Saldus 3.4 1.8 3.0 3.9 0.38
Ventspils 4.6 1.7 4.1 5.4 1.00

The amount of power produced by a 
wind power converter in a certain period is 
determined as follows:

1( ) ( ( ) ( ))n
i i iW V P V F V== ⋅∑  ,  (6)

where (𝑉𝑖) – generator power curve value 
for wind speed 𝑉𝑖; F(𝑉𝑖) – Weibull fre-

quency distribution function value for wind 
speeds 𝑉𝑖.

Weibull wind speed frequency distri-
bution function F(V), corresponding to the 
wind type observed in Ventspils region, is 
presented in Fig. 7 along with the power 
curve Р(V) for HAWT 2.5 kW. In Fig. 7 
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the area, represented by Eq. 6, corresponds 
to the AEP of HAWT 2.5 kW in Ventspils 
region equal to W = 4.6 MWh. Functions 
P(𝑉) and F(𝑉) were used in the form of dis-
crete bins with 1.0 m/s step length. Wind 
speed for the i-th step is determined as fol-
lows:

iV V i= ∆ ⋅  ,  (7)

where Δ𝑉 – bin size 1 m/s; 𝑖 – 1, 2…𝑛.

The efficiency of WECS is charac-
terised by the capacity factor Ce, which is 
defined as a ratio of the estimated value of 
W to the potential value of the energy pro-
duced by the generator Wr, assuming that 
it operates at the rated capacity during the 
entire period under consideration. Thus, in 
order to calculate the value of the capacity 
factor, the following expression is used:

100(%)e
r

WC
W

= ⋅ .   (8)

Fig. 7. Wind speed frequency distribution function F(V), the power curve Р(V)  
for HAWT 2.5 kW and the value of AEP W = 4.6 MWh, corresponding to  

wind type at Ventspils meteorological observation station.

The results of the SWTG operational 
efficiency forecasts depending on the type 
of wind turbine, rated generator power 
and the location of its installation for the 

selected meteorological observation sta-
tions (Ainazi, Daugavpils, Priekuli, Saldus 
and Ventspils) are summarised in Table 3.

Table 3. Capacity Factor Ce, for HAWT and VAWT Type of the SWTG with Rated Power of 0.75, 2.5, 5.0, 
20.0 kW and 0.75, 2.5, 6.0 kW at the Selected Meteorological Observation Stations

Stations
Capacity factor Ce, %

HAWT VAWT
0.75 kW 2.5 kW 5.0 kW 20.0 kW 0.75 kW 2.5 kW 6.0 kW

Ainazi 9.89 16.77 11.27 5.94 4.56 3.07 3.41

Daugavpils 3.08 5,53 3.84 1.87 1.60 0.67 1.10

Priekuli 8.06 13.67 9.25 4.88 3.79 2,49 2.82

Saldus 5.08 8.91 6.11 3.02 2.46 1.24 1.76

Ventspils 13.33 21.24 14.56 8.49 6.45 5.24 4.96
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The summary of the estimates of capa-
city factor Ce for generators of HAWT and 
VAWT type in Ventspils region are pre-
sented in Fig. 8. The comparison shows that 
regardless of the type, the efficiency of the 
wind turbine operation decreases with the 
increasing its rated power. The results of the 
study suggest that the generators of HAWT 
type, at the height of at least 10 m above 

the ground, are more suitable for operat-
ing in wind conditions of Latvia compared 
to VAWT type generators. Moreover, it is 
expected that among the wind energy con-
verters of HAWT type considered in the 
study, generator with the rated power of  
2.5 kW will tend to operate with the highest 
efficiency.

Fig. 8. Forecasted values of capacity factor Ce and AEP for HAWT generators with  
rated power of 0.75, 2.5, 5.0, 20.0 kW and VAWT Darrieus H-type 0.75, 2.5, 6.0 kW  

for Ventspils site.

The efficiency of WECS in the territory 
of Latvia can be represented as a model of 
the spatial distribution of the capacity factor 
Ce in relative units. Taking the maximum 
value of the capacity factor Ce max to serve as 
the basis, the relative capacity factor C´e for 
each meteorological observation station can 
be determined from Eq. 9:

'

max

e i
e i

e

C
C C=  ,  (9)

where Ce max – value of the capacity fac-
tor corresponding to the performance of 
HAWT 2.5 kW wind power converter for 
the type of wind observed at Ventspils sta-
tion; Ce i – value of the capacity factor cor-
responding to the efficiency of the HAWT 
2.5 kW type generator for the wind type at 
each of the 22 stations.

In this case, the maximum value of the 
capacity factor corresponds to the SWTG 
of HAWT type with rated power of 2.5 kW, 
technical characteristics of which are sum-
marised in Table 1, operating in the meteo-
rological conditions observed at Ventspils 
observation station.

The developed model of the spatial dis-
tribution of factor  in relative units is pre-
sented in the form of a color contour map 
in Fig. 9. The figure identifies areas within 
which HAWT 2.5 kW is expected to work 
with the certain level of efficiency relative 
to the one projected for Ventspils region. 
Thus, the results of the presented study can 
serve as a tool for estimating and forecast-
ing the feasibility of the commercial use of 
small wind turbine generators at the altitude 
of 10 m in the territory of Latvia.
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Fig. 9. Model of the spatial distribution of the relative capacity factor  for  
HAWT type generator with rated power of 2.5 kW at the height of  

10 m above the ground.

5. CONCLUSIONS

The national network of 22 meteoro-
logical stations in Latvia provides a unique 
opportunity for compiling the map of the 
spatial distribution of wind energy potential 
in the country at the height of 10 m above 
the ground.

The study presented the spatial distribu-
tion models of average wind speed, para-
meters of Weibull wind speed distribution, 
relative wind energy density and operational 
efficiency of the SWTG at the height of  
10 m above the ground. The spatial models 
were presented in the form of colour con-
tour maps.

The study provided the comparative 

analysis of two SWTG types: HAWT type 
with rated power of 0.75, 2.5, 5.0, 20.0 kW 
and VAWT Darrieus H-type with rated 
power of 0.75, 2.5, 6.0 kW. The results of the 
comparison suggest that HAWT type gene-
rators with rated power of 2.5 kW would 
tend to perform better than other WECS 
under consideration in terms of efficiency 
in Latvian meteorological conditions.

The results of the study can serve as a 
tool for forecasting AEP and estimating the 
feasibility of the commercial use of wind 
energy at the height of 10 m in the territory 
of Latvia.   
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