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PHYSICAL AND TECHNICAL ENERGY PROBLEMS

INVESTIGATIONS OF WIND SHEAR DISTRIBUTION
ON THE BALTIC SHORE OF LATVIA

V. Bezrukovs!2, A. Zacepins', V1. Bezrukovs?, V. Komashilovs!

nstitute of Physical Energetics, 21 Aizkraukles Str.,
Riga, LV-1006, LATVIA
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The paper presents a review of wind parameter measurement complex-
es and investigation methods used for potential wind energy evaluation. Based
on results of long-term investigations of wind shear distribution regularities
are shown up to 160 m height on the Baltic Sea shore. Distribution of potential
wind energy in Latvia is shown as a map and table of average and average cu-
bic wind speed values. Database of wind parameter measurements is available
at a public website.

Key words: website, wind map, wind shear, wind speed measurement.

1. INTRODUCTION

When designing wind power plants (WPPs), one of the main criteria for evalu-
ating the commercial use of wind energy is availability of reliable information on
the force of wind streams and their distribution in height. Investigations show that
for the countries of the Baltic region it is typical that the wind turbines (WTs) work
inefficiently at the height below 100 m [1]. The results of direct measurements of
the wind speed for corresponding heights at the site of WPP construction are very
valuable while estimating the expected recoupment terms for the relevant WPP de-
veloping projects.

Continuous perfection of the design for wind power generators is conducive to
their operational efficiency, which means shorter recoupment terms for the costs of
building the WPPs. Therefore, in Latvia under wide discussion there are the issues of
attraction of investments — both at the state level and in the business environment —
for WPP building.



2. METHODS OF WIND ENERGY FLOW INVESTIGATION

In most cases, for wind speed measurements the measuring sensors are em-
ployed whose mounting on a 50-60 m high mast is simple enough, or it is possible
to use the masts for cellular communications [2], [3] disposed at a small distance
from the WPP building site. Depending on landscape this distance should not exceed
2-4 km.

Wind energy potential evaluation on height of 24 m was performed using
the Symphonie measurement complex during construction of the first WPP in Ain-
azi (Latvia) in 1994. This WPP consisted of two WTs with power of 600 kW [4].
Later on for wind shear investigations, mobile measurement sensors NRG #40 and
NRG #200 were used for recording of wind speed and wind direction. Sensors were
mounted on 50—60 m high masts in Ventspils district Irbene (site 1) and in Matishi
(site 2) [1].

As a main recorder in the measurement system, LOGGER Symphonie 9200 is
used, which performs recording of wind speed, wind direction and ambient tempera-
ture indicators with interval of 3 seconds. Afterwards the recorder performs averag-
ing of obtained data for 10-min intervals and stores the results on the SD card, which
can be used for further analysis. The unit is powered by two 1.5 V batteries, whose
capacity is enough for 4-5 month of interruptible system operation.

Figures 1 — 5 demonstrate the registration unit LOGGER Symphonie 9200
and sensors for wind speed NRG #40 (S), wind direction NRG #200, temperature
NRG #110s and air pressure NRG BR-20 measurements, which are mounted on
metal mast at a height of 60 m.

Fig. 1. Registration unit LOGGER Symphonie 9200  Fig. 2. Sensors for wind
for recoding data from sensors of wind speed NRG speed NRG #40, vane
#40, vane NRG #200, temperature NRG #110s and NRG #200, which are

air pressure NRG BR-20. mounted on mast.

For wind energy estimation at a height up to 200 m optical remote sensing
complexes with Light Detection and Ranging (LIDAR) technologies ZephlR and
Pentalum SpiDAR were used.

Complex ZephlR (Fig. 6) was installed on the balcony of floor 8 of Ventspils

College building (site 3) located 800 m from sea shore within the framework of FP7
project “NORSEWInD” [5].



Fig. 3. Temperature sensors Fig. 4. Air pressure sensor
NRG #110s. NRG BR-20.

Fig. 5. Installation of the 60-m high mast with ~ Fig. 6. Optical remote sensing complex ZephIR

a measuring complex Symphonie 9200 together ~ for measuring wind speed and direction at a dis-

with sensors on metal 1.8-m long mounting tance up to height of 160 m on five height levels
boom (site 2). (located in Ventspils, site 3).

Figure 7 demonstrates laser measuring complex Pentalum SpiDAR, which
was installed in the territory of Ventspils International Radio Astronomy Centre at
the height of 13.2 m above ground level and at a distance of 2.5 km from the sea
shore on a platform with coordinates N 57°33"12.00” and E 21°51716.00" (site 4).

Fig. 7. Laser measuring complex Pentalum SpiDAR installed on the Baltic Sea shore
at a height of 13.2 m above ground (site 4).
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For the data transmission an optical communication line was employed which
connects the measuring complex with server at Ventspils University College. The
Pentalum SpiDAR performed 5 s measurements of wind speed and direction for ten
height levels: 30, 40, 50, 80, 100, 120, 140, 160, 180 and 200 m. Apart from that, the
records were made for pressure, humidity, and temperature of the air.

3. THE RESULTS OF WIND SHEAR INVESTIGATION

As a result of systematic, long-term measurements and evaluations of wind
energy in Latvia, a huge amount of statistical data was collected for wind shear in-
vestigation on the Baltic Sea shore in Ventspils and Ainazi regions.

From the analysis of the statistical data reported in [5], [6], it follows that the
curve of the average long-term wind speed distribution at height Vg j, is well ap-
proximated by the power law function:

h

)%, (1

Vavg.h = Vavg.ref (href— Ro

where Vipg rer is the value of the average long-term wind speed at the height

of measurement h,.. ¢, i, —height of the forest and & is the approximation coefficient.

Similarly, to approximate the curve of height distribution for the average cu-
bic long-term wind speed values Viy,g cup i the following expression could be used:

)7, @)

h
V. =1V, S ——
avg.cub.h avg.ref (href_ ho

where Vg cup res 18 the value of the average cubic long-term wind speed at
the height of measurement h,.. ¢, and f is the respective approximation coefficient.

Figures 8 and 9 display, respectively, the curves of height h distribution for the
average long-term wind speed values Vg4 5, and the curve of such distribution for
the average cubic long-term wind speed values Vavg,cub,h. For wind shear modelling
up to the height of 190 m expressions (1) and (2) are used on the basis of measure-
ment data and extrapolation coefficients, which for Site 1 can be expressed as equa-
tions (3) and (4) [7]:

Vive = 1.09-(h-10)"* (m/s), )
Vavg. cub = 1.80-(}1_10)0.30’ (4)
and for Site 2 as equations (5), (6):

Vv = 1.06-h*> (m/s), (5)

Vavg.cub = 1-72'h0-29 (m/S) (6)
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Fig. 8. The average long-term wind speed vs. height, Vayg.n = f(h), for the sites 1, where /iy =10 m,
and 2 extrapolated for the height up to 190 m using power law relationship (3), (5).
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Fig. 9. The average long-term wind speed vs. height, Vavg.cup.n = f (1), for the sites 1, where
hy =10 (m), and 2, extrapolated for the height up to 190 m using power law relationships (4) and (6).

4. MAP OF POTENTIAL WIND ENERGY DENSITY IN LATVIA

Since 1945, systematic long-term wind speed measurement results at a height
of 10 m have been stored in the archive of the Latvian Environment, Geology and
Meteorology Centre. There are 24 sites, where wind speed monitoring takes place.

Distribution pattern of the average values of wind speeds in Latvia, obtained
by analysing and summarising those long-term measurements, is presented in pa-
pers [8]-[10] in the form of different maps.

Based on these research materials about wind flow distribution and long-term
wind shear investigations using measurement complexes at height up to 200 m, the
authors developed the wind map shown in Fig. 10. This version of wind map allows
for visual representation of wind speed distribution in Latvia divided into four zones

I, I, IIT and 1V, where different colours correspond to the different wind shear pro-
files.



Fig. 10. Map for visual evaluation of distribution potential wind energy density in Latvia, where
colours show regions with different average wind speed values V,,,, (1/5).

Tables 1 and 2 show average V. ., and averagecubic V. wind speed values
at height of 30, 50, 100, 120, 140 and 160 m.

Value of average wind speed V_is calculated by expression
Vavg = 1/n 212, (V)), (7)

where V. — wind speed value (m/s) for one measurement time (for measurement
complex Symphonie — (3-5) s);

i=1,2,3...n— count of measurements.

Value of average cubic wind speed V ecus is calculated by expressions

Vavg.cub = % 3\/ Z?:l(vi Ti)3 (8)

where V —wind speed value (m/s) for one measurement time;
T, — measurement time (s);
i=1,2,3...n—count of measurements;
T — total measurement time, which is equal to sum of all measurements,

calculated by expression

T =S, T ©)

Table 1

Average Wind Speed Vavg Values for 4 Zones in Latvia at
Heights 7 of 30, 50, 100, 120, 140 and 160 m

Zone h, m 30 50 100 120 140 160
3.6 4.6 6.3 6.8 73 7.7

o 35 4.5 5.7 59 6.3 6.8

1T m/s 34 4.0 4.9 52 5.5 5.7
v 32 3.8 4.7 49 52 54




Table 2

Average Cubic Wind Speed V| e YAIUES for 4 Zones in Latvia at
Heights / of 30, 50, 100, 120, 140 and 160 m

Zone h, m 30 50 100 120 140 160
1 4.7 55 7.1 7.5 7.9 8.2
1I et 4.6 53 6.5 6.9 7.2 7.5
I m/s 4.5 5.1 6 6.3 6.5 6.7
v 4.3 4.9 5.7 6.0 6.2 6.4

Values from Table 2 can be used for evaluation of wind flow energy intensity
and calculation of wind turbine efficiency if installing them at different heights in
different zones [11].

Within the ESF project a publicly available website (https://latwinddata.venta.
1v/) has been developed for detailed visualisation of the collected wind data. Users
can find basic information (average, min, max wind speed values per day) for the
whole measured period, as well as the wind speed distribution curves are shown [12].

This website is dedicated for educational and research purposes allowing users
to derive detailed information of wind parameters easily. In the future, it is planned
to add wind data from other wind measurement devices and systems.

5. CONCLUSIONS

1. Results of long-term wind speed measurements using met masts of 50—60 m with
registration unit LOGGER Symphonie 9200 and LIDAR complexes are present-
ed on the map with four regions I, I, III and IV with different annual average
wind speed values.

2. Results of wind shear measurements that are presented on the map are sum-
marised in tables with values of average and average cubic wind speeds at heights
of 30, 50, 100, 120, 140 and 160 m for each zone.

3. Publicly available website has been developed, where users can find basic infor-
mation (average, min, max wind speed values per day) for the whole measured
period, as well as the wind speed distribution curves are shown.
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VEJA VERTIKALA PROFILA SADALIJUMA PETIJUMI
BALTIJAS JURAS KRASTA

V. Bezrukovs, A. Zacepins, V1. Bezrukovs, V. Komasilovs

Kopsavilkums

Raksta ir dots apskats par v&ja parametru mérisanas kompleksiem un izp&tes metodem,

kuri ir izmantoti dazadas vietas Latvija ar mérki novertet véja energijas potencialu. Balstoties
uz ilglaicigiem v&ja vertikala profila sadalfjuma p&tijumiem Baltijas jiras krasta, v&ja atruma
sadaltjuma likumsakaribas ir demonstrétas [1dz 160 metru augstumam. Raksta ir prezenteti
koeficienti, kuri ir lietoti v&ja vertikala profila ekstrapolacijai p&c jaudas likuma. Iesp&jamais
vEja energijas sadalfjums Latvija ir paradits kartes forma un tabula ar vidéjam kubiskam vgja
atruma vertibam. V&ja parametru meriSanas datubaze ir publiski pieejama timekla vietng.
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Solar energy is used not only at low latitudes, where it is available at
large amounts, but also at higher latitudes, where height of sun and irradiance
are significantly lower. On the other hand, the length of day at higher latitudes
is longer in summer than at low latitudes, and also the path of the sun is longer.

The present research deals with seeking for new shapes of solar collec-
tors capable of receiving more solar energy.

For designing and evaluating new shapes of solar collectors, it is neces-
sary to have new methods for simple calculations of energy received from the
sun by surface of any shape and direction. Such a method is explained in the
present paper.

Based on calculations by the proposed method, a new form of solar
collector — a cylindrical collector — has been worked out. This collector is in-
tended for air heating, but main principles can also be used for water heating,
and even for photovoltaics.

A cylindrical collector receives more energy in the morning and eve-
ning than a flat one, but at midday power of both collectors is equal, if effective
areas are equal. Daily energy sum of the cylindrical solar collector is 1.5 times
greater than that of the flat one.

Keywords: air heating, collector, cylindrical, solar energy.
1. INTRODUCTION

Along with other kinds of renewable energy, solar energy has been used not
only at low latitudes, where it is available at large amounts, but also at higher lati-
tudes, where height of the sun and, therefore, irradiance are significantly lower. On
the other hand, the length of the day at higher latitudes is longer in summer than
at low latitudes, and also the path of the sun is longer (for example, at the sixtieth
degree of latitude during the summer solstice it is from 41° to 319°, but the length
of day is 17 h 51 min). Therefore traditional solar devices used in southern countries
are not appropriate in higher latitudes, and new kinds of solar collectors and other
devices must be developed.
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In general, there are two ways to improve solar collectors. The first one is to
seek for new better materials for the absorber and transparent cover for better use of
the received energy. There are very many investigations in this direction (Kadirgan
2006; Siwulski et al. 2005; Hobbi & Siddiqui 2009). But there is also another way —
to improve geometry of the collector to receive more energy. In this direction there
is much less research mainly devoted to tracking systems and concentrators (Chong
& Wong 2009). Traditionally the positioning of the collector and the tilt angle are
understood with the geometry of the collector, but actually also the shape of the
absorber itself can be better than flat. There are only few works, for example, (Ab-
dulhadi & Ghorayeb 2006; Kurtbas & Durmus 2007) dealing with new shapes of
collectors. Traditional flat-plate solar collector is capable of receiving solar energy
approximately from 160° wide angle that corresponds to approximately 10 hours of
work. Energy gain in the morning and evening is small. This problem can be solved
by using the sun tracking flat-plate collector, but such mechanisms are expansive
and moving parts need special maintenance and are not durable against wind. The
present research deals with seeking for new shapes of solar collectors capable of
receiving more solar energy during all day and from all sides.

Traditionally efficiency has been used for characterising a solar collector. Ef-
ficiency is defined as ratio between thermal power produced by the collector to that
received by collector from the sun. But the efficiency really does not characterise
energy gain from the collector. For calculation of the energy gain it is also neces-
sary to know the amount of energy received by the collector that in some situations
(especially when the collector is not flat) can be a rather complicated task. Efficiency
characterises only materials and technologies used in construction of the collector,
but not the geometry and positioning of it. For example, efficiency of a flat-plate
solar collector will be the same when a collector is positioned horizontally or in the
optimal slope, while energy gain can differ 1.4 times (Slama 2009). Hence, efficien-
cy is not usable when we try to get more energy by changing shape and positioning
of the collector, and new ways for characterising the solar collectors must be used.
We suggest using coefficient of proportionality between the energy gain from a solar
collector and the sum of global solar energy at the same period of time.

For designing and evaluating new shapes of solar collectors, it is also neces-
sary to have new methods for simple calculation of energy received from the sun by
surface of any shape and direction. Such method has been proposed in the present
research.

Based on calculations by the offered method, a new form of solar collector —
a cylindrical collector — has been worked out. Such a collector has been made and
measurements of energy production have been carried out. This collector is intended
for heating air, but main principles can be used for water heating as well, and even
for photovoltaics (PV). Cylindrical solar collector has several advantages in com-
parison with the traditional flat-plate one: it receives solar radiation from all sides
during the day, even if the length of day is 17 hours; it does not contain moving parts;
it is more durable against wind than a flat-plate collector.
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2. MATERIALS AND METHODS

2.1. New Method for Calculating Received Energy
2.1.1. Coordinates of the Sun

The first step to calculate energy received by some surface is calculation of
coordinates at which the sun is seen in the sky. Height of the sun and azimuth are
easy to use.

Coordinates of the sun can also be find at some Internet pages (for example,
“http://ssd.jpl.nasa.gov/horizons.cgi,” n.d.), but such a sheet is not convenient for
use in further calculations, formulae are more appropriate.

Therefore, we obtained such formulae from astronomical considerations, us-
ing coordinate transformation formulae between several coordinate systems (Zagars
& Vilks 2005). After few transformations we obtain sinus of the height of the sun:

sin5=(coss-cos;(+sins-sin;(~coss)-cosgo+sin;(-sing-singo,

where ¢ is the height of the sun, s is sidereal time, y is ecliptic length of the sun, ¢ is
slope of the earth axis (23°) and ¢ is latitude of the place. The sidereal time s can be
assumed with good accuracy as

s=((NV-81)-24/36525+1+12+ 1) -7 /12,

where N denotes the day of the year counted from 1 January, ¢ is time within the day
in hours, and 4 is longitude of the place.

The ecliptic length y in the first approximation can be assumed as
N =81

= 2z
365.25

X

It means a full circle in year, but a year in astronomy starts at the spring point.
Then, if we know sind, cosd can be obtained from simple geometrical formula

cosd =+/1—sin?§ .

The trigonometric functions of the azimuth 4 of the sun can be calculated as
follows:

Sins-CcOSy —COSs -Sin ) - COSE

sin 4 = and
1-sin® &
(coss -COS y +sins-sin y ~cosg)~ sing —sin y -sing - cos
cosAd = .
1-sin’ &

More detailed presentation of this method is given in (Pelece 2011). Later also
other authors (Xiaoyan 2012) used a very similar method.



2.1.2. Energy Received by Surface

Solar radiation received by some surface consists of the direct or beam radia-
tion and the diffused one. In general, direct radiation received from the sun on hori-
zontal flat surface can be written as

R=R,-P" -sind,
where R, is solar constant (1367+7 W/m?, from “ISO 9488:1999(E/F) 3.24,”), P is
lucidity of the atmosphere, in our case taken as constant and equal to 0.78 (Pelece
et al. 2010), but m is atmosphere mass — a quantity characterising thickness of the
atmosphere, which solar rays pass through in relative units compared with when the
sun is at the zenith. It has been found (Young 1994) that the mass of the atmosphere

with good accuracy (error 2 % percent at horizon, higher even less) can be expressed
as

- 1.002432-cos” 0 +0.148386- cosO +0.0096467
cos® 0 +0.149864- cos@ +0.0102963- cosd +0.000303978

where @ is zenith angle of the sun, i.e. distance of the sun from the zenith, therefore
cos6f =sino.

If receiving surface is not horizontal and/or is not flat, the main for-
mula is [ =/, -cosa, where I is the intensity of solar radiation received by sur-
face, I, is that on surface perpendicular to sun rays and a is the incidence angle
of solar rays on surface, i.e., angle between sun rays and surface normal. If we
know the height of the sun J, azimuth of the sun 4, slope of the surface (or sur-
face element, if the surface is not flat) f and azimuth of the surface normal B, then
cosa =sin & - cos 8 +cosd -sin 3 - cos(4 — B). As we know sind and cosA, but not
the azimuth 4, we can use formula cos(4 — B)= cos A - cos B +sin A - sin B. Then we
obtain

I=1,-(sind-cosf+cosd-sin B -(cos 4-cosB+sin 4 -sin B)),

where [, =R, - P". For calculation of energy received by some surface within some
time, this value must be integrated by surface (in the case of flat surface it means
multiplying by surface area) and by time. Integrating by time is rather complicated,
because both height and azimuth of the sun depend on time, and so does air mass.
Therefore, numerical integrating can be used.

The other part of the global solar radiation is the diffused one. As several
authors, for example, (Chikh et al. 2012) denote, usually only global radiation has
been measured and therefore the diffused one must be evaluated theoretically. From
several works it follows that the diffused radiation can be in good approximation
considered as constant: Mghouchi et al. (2014) found it is 50 W/m?, Andersen et al.
(2015) found it to be 120 W/m? and Ahwide et al. (2013) found that in summer the
diffused radiation is 100 W/m?. Therefore, we consider the diffused radiation to be
constant and equal to 100 W/m?.
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2.1.3. Effective Area

In some cases, especially if only the total received radiation, not its distribu-
tion, is required, calculations can be even more simplified using the effective area.
The effective area of some surface, independently of its shape and orientation, is
equivalent to the area of its projection on plane perpendicular to solar rays (or area,
at which the receiving surface can be seen in direction of solar rays). Then radiation
received by some surface is

I=1,-S,,
where 7 is the radiation on plane perpendicular to solar rays and can be calculated

I,=R,-P"
as explained in Section 2.1.2, and Sef is the effective area of the receiving surface.

For example, the effective area for a flat-plate collector is S.=S-cosa, where
o 1s the incidence angle of solar rays on surface, and solar radiation received by this
collector is I=Ip* Ser.

2.2. Cylindrical Air-Heating Solar Collector

We suggest a new kind of solar collector — a cylindrical solar collector. The
main idea is that the absorber is cylindrical and receives solar radiation from all
sides. The axis of the cylinder is positioned perpendicularly to the orbital plane of the
earth to ensure perpendicular incidence of sun rays on the absorber.

In our case it is an air heating solar collector, but such form of the absorber
can be used for water heating as well, and even for photovoltaics. Our cylindrical
air heating solar collector (Fig. 1, Fig. 2) consists of two coaxial cylinders: the inner
cylinder is made of black-painted metal (galvanized 0.5 mm thick steel sheet coated
with black mat silicon colour), and the outer one is made out of a transparent 1 mm
thick PET material coated with UV-protective film.

Fig. 1. Cylindrical solar collector.
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Such construction forms two spaces — the inner one inside the metallic cylin-
der, and the space between the metallic cylinder and the transparent one — where air
can be heated. Diameter of the inner cylinder is 0.59 m, the outer 0.67 m, the length
of both cylinders is 1.3 m.

Both cylinders are mounted on one axis positioned at South — North direction
and the Northern end is lifted at 90° angle minus height of the sun at midday (pointed
to the Polar star) to ensure perpendicular striking of solar beams to the collector sur-
face all day long. Ends of the cylinders are closed with metal discs, covered with 3
cm thick Rockwool heat insulation from inside. There are openings in the discs for
inflow of cold air and outflow of heated air. These openings are positioned so that
inflow is at the bottom of the lower end of the cylinder and outflow is at the top of
the upper end of the cylinder. Such positions allow convection-provided flow of air
without a fan. All of these openings consist of two channels and a valve, allowing
the use of heated air from the inner cylinder and from the space between the metallic
cylinder and the transparent one, either together or separately.

Fig. 2. Structure of cylindrical solar collector: 1 — axis, 2 — inner cylinder — absorber, 3 — outer trans-
parent cylinder, 4 — thermoinsulation at ends, 5 — inflow opening, 6 — outflow opening.

An electrical fan was used to increase the air flow through the collector and,
therefore, also its efficiency. For autonomy, the fan was powered from solar energy
(photovoltaic). Such an approach can also ensure almost constant temperature of
heated air due to decrease in air flow when intensity of solar radiation decreases,
which in other cases can be ensured by using complicated automatics.

The temperature of inflowing and outflowing air was measured with data log-
ger HOBO-HO08-007-02 after every 2 minutes. The total air flow was measured using
flowmeter Lutron YK-2001TM. Then the energy outcome from the collector O can
be calculated: Q =c - m - AT, where c is specific heat of the air, m is mass of the heat-
ed air and 47 is the difference between inflowing and outflowing air temperatures.
The mass of heated air can be obtained: m=p-V'/ (R -T- u) , where p is air pressure,
V'is volume, R is universal gas constant and u is molecular weight of air. The volume
is product of flow rate with cross-sectional area of the tube and time. The fan we used
ensured velocity of air flow of 4 m/s at clear sun conditions, which for air inflow and
outflow channels (diameter equal to 8 cm) gave air flow of 0.02 m?/s or 72 m*h.
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For the evaluation of the proportionality between energy gain from the col-
lector and solar energy, the global solar energy was measured using ISO 1-st class
Kipp&Zonen piranometer CMP 6 (positioned horizontally). Measurements were
taken automatically after every 5 minutes.

3. RESULTS AND DISCUSSION

3.1. Calculated Daily Course of Power of Cylindrical Solar Collector

The daily course of power of cylindrical solar collector was calculated using
methodology explained in Section 2.1.2 and compared with that of a flat plate col-
lector positioned at the slope corresponding to maximum power at midday. Results
are shown in Fig. 3.

As it was expected, cylindrical collector received more energy in the morn-
ing and evening than a flat one, but at midday power of both collectors was equal, if
effective areas were equal. Daily energy sum of the cylindrical solar collector is 1.5
times greater than that of the flat one. Of course, real surface area of this cylindrical
collector is larger than that of the flat one, but for the flat collector it is necessary to
insulate back-side, while the cylindrical collector does not require it. Also the space
occupied by the collector can be an important factor to decide in favour of the cy-
lindrical one.
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Fig. 3. Daily course of power of cylindrical (a) and flat (b) solar collectors.

3.2. Temperature of Heated Air

Measured temperature of outflowing air from a cylindrical solar collector
gives similar results as calculations. Daily course of temperature of heated air to-
gether with intensity of global solar radiation at almost clear day (3 August 2015)
is shown in Fig. 4.
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Fig. 4. Daily course of temperature of air heated with cylindrical solar collector at almost clear day
(3 August 2015): a — solar radiation, W-m™; b — temperature of ambient air, °C; ¢ — temperature of
heated air, °C.

As seen from Fig. 4, temperature of the heated air reached 35 °C soon after
sunrise and remained almost constant during the day. Air flow under such sunny
conditions was constant and equal to 4 m/s or 72 m’/h. It resulted in daily mean
power of the space between absorber and transparent coating 214 W, and of the
space inside the absorber 192 W. In these measurements air flew through both these
spaces; therefore, total daily mean power of the collector was 406 W. Such power is
sufficient for drying of agricultural production. Similar results were also obtained at
a partly cloudy day (Fig. 5).

Figure 5 shows daily course of temperature of the heated air together with the
intensity of solar radiation at a partly cloudy day of 9 August 2015.

In this case, the temperature of heated air is even higher than at clear day, but
this can be explained with accumulating of the warm air in the collector when the
solar energy powered fan does not work due to clouds. This, in turn, means that such
a fan powered by solar energy can be used instead of complicated automatics for

ensuring approximately constant temperature of the heated air under partly cloudy
conditions.

45 1400
40 - 1200
35

- 1000

v g

30 5

E 25 - 80 7

) o

%20 - - 600 3

=

S 15 - =

- 400 §
10 +—— e —— ——
@ - 200
5 4 e 2000 v yuynm 1S ¥ OB
0 | ‘ ‘ 0
6:00:00 12:00:00 18:00:00

Time
Fig. 5. Daily course of temperature of air heated with cylindrical solar collector at a partly cloudy day

(9 July 2015): a — solar radiation, W-m’z; b — temperature of ambient air, °C; ¢ — temperature of heated
y p p
air, °C.
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Another interesting fact (Fig. 5) is that when clouds appear, solar energy
among the clouds is higher than that of a clear day. It means that we receive not only
direct radiation, but also radiation reflected from clouds, which, in general, is in the
other direction than the direct one. Therefore, the cylindrical solar collector, which
receives energy from all sides, has additional advantages in comparison with the flat
one.

3.3. Daily Energy Gain from Cylindrical Solar Collector

In order to predict energy gain from a solar collector if global solar energy is
known, the relevance between these two values must be studied (Pelece & Ziemelis
2012). Figure 6 shows a plot of dependence of daily energy gain from the cylindrical
solar collector on daily sum of global (the direct radiation together with the diffused
one) solar energy on 3-26 July 2015.

The graph shows direct proportionality between these values. Slope of linear
trendline is the coefficient of proportionality, in this case 0.48, with coefficient of
determination R?>= 0.78. These measurements were performed using only the space
between the absorber cylinder and the transparent one (inner space of the absorber
cylinder was closed from both ends). Similar results were obtained when only the
inner space of the cylinder was used (space between absorber and transparent cov-
er was closed). In this case, coefficient of proportionality was 0.52 with R*= 0.86.
Maximal coefficient of proportionality by using both spaces together was obtained, it
was 0.63. In this case also the scattering of data was the smallest one — R* was 0.93.
Such value of coefficient of proportionality means approximately 12 MJ or 3.3 kWh
of energy at medium cloudy day in August, or heater with 500 W power during the
day. Such power is sufficient for drying of agricultural production.
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Fig. 6. Dependence of daily energy sums produced by cylindrical solar collector on those of global
solar energy, 3-26 July 2015.

Large value of the coefficient of determination means that the coefficient of
proportionality is only slightly dependent on solar radiation, cloudiness and other
circumstances. Global solar energy depends on cloudiness, but the effectiveness of
its use in a cylindrical solar collector is not affected by it.
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4. CONCLUSIONS

There is a new simple method for calculation of received solar energy pro-
posed in the present research. This method is mainly based on astronomical con-
siderations on how to describe position of the sun in the sky. This method allows
calculating the direct solar energy received by surface of any shape and position
under clear-sky conditions, taking into account also atmosphere mass. It may be
widely used for finding the best positioning of a traditional flat-plate solar collector
(or photovoltaic) as well as for developing of new shapes of solar devices.

There is a new form of solar collector developed using this method — a cy-
lindrical solar collector. The main advantage of such a collector is the possibility to
receive solar energy from all sides and during all day, even if the length of day is 17
hours. This possibility can be compared to the sun tracking collector, but the cylin-
drical collector does not contain moving parts. Average power output of such an air-
heating collector (diameter of 0.6 m and length of 1.3 m) is 500 W, or daily energy
sum is 6 to 15 MJ (or 1.7 to 4.2 kWh) in August in Latvia. Such power is sufficient
for drying of agricultural production. An air-heating collector has been considered
in this article, but main ideas can also be used for water-heating collectors and even
for photovoltaics.

REFERENCES

1. Abdulhadi, M.. and Ghorayeb, F. (2006). A self-tractable solar collector. International
Journal of Sustainable Energy, 25(2), 63—78.

2. Ahwide, F., Spena, A., and El-Kafrawy, A. (2013). Correlation for the average daily dif-
fuse fraction with clearness index and estimation of beam solar radiation and possible
sunshine hours fraction in Sabha, Ghdames and Tripoli — Libya. APCBEE Procedia, 5,
208-220.

3. Andersen, E. et al. (2015). Measurements of the angular distribution of diffuse irradi-

ance. Energy Procedia, 70, 729-736.
. http://ssd.jpl.nasa.gov/horizons.cgi.

5. ISO 9488:1999(E/F) 3.24.

Chikh, M., Mahrane, A., and Haddadi, M. (2012). Modeling the diffuse part of the global
solar radiation in Algeria. Energy Procedia, 18, 1068—1075.

7. Chong, K.K., and Wong, C.W. (2009). General formula for on-axis sun-tracking system
and its application in improving tracking accuracy of solar collector. Solar Energy, 83,
298-305.

8. Hobbi, A., and Siddiqui, K. (2009). Optimal design of a forced circulation solar water
heating system for a residental unit in cold climate using TRNSYS. Solar Energy, 83,
700-714.

9. Young, A.T. (1994). Air mass and refraction. Applied Optics, 33, 1108-1110.

10. Kadirgan, F. (2006). Electrochemical nano-coating processes in solar energy systems.
Hindawi Publishing Corporation International Journal of Photoenergy, (Article 1D
84891), 1-5.

11. Kurtbas, I., and Durmus, A. (2007). A comparison of a new type conical solar collector

with a flat-plate solar collector. e-Journal of New World Sciences Academy, 2 (Article
Number A0028 ISSN 1306-3111).

20



12. Meclouch, R.F., and Brahim, A. B. (2008). A global solar radiation model for the design
of solar energy systems. Asian Journal of Scientific Research, 1(3), 231-238.

13. Mghouchi, Y. et al. (2014). New model to estimate and evaluate the solar radiation. /n-
ternational Journal of Sustainable Built Environment, 3(2), 225-234. Available at: http://
www.sciencedirect.com/science/article/pii/S221260901400051X.

14. Pelece, 1., Vanags, M., and Migla, L. (2010). Evaluation of atmospheric lucidity and dif-
fused radiation. Latvian Journal of Physics and Technical Sciences, 6, 40—46.

15. Pelece, 1., and Ziemelis, 1. (2012). Water heating effectiveness of semi-spherical solar
collector. In Proceedings of International Scientific Conference “Renewable Energy and
Energy Efficiency”. LLU, ISBN 978-9984-48-070-1, 185-188.

16. Siwulski, S., Nocun, M., and Gruszka, B. (2005). Glassy coating for solar energy conver-
sion. Optica Applicata, 35(4).

17. Slama, R. B. (2009). Incidental solar radiation according to the solar collector slope —

Horizontal measurements conversion on an inclined panel laws. The Open Renewable
Energy Journal, 2, 52-58.

18. Zagars, J., and Vilks, 1. (2005). Astronomija augstskolam, Riga, Latvia: LU.

CILINDRISKA GAISA SILDISANAS SAULES KOLEKTORA
TEORETISKIE UN EKSPERIMENTALIE PETIJUMI

I. Pelece, P. Sipkovs

Kopsavilkums

Saules energija tick izmantota ne tikai dienvidu zemés, kur ta ir piecejama
lielos daudzumos, bet arT lielakos platuma grados, kur saules augstums un starojuma
intensitate ir daudz mazaki. No otras puses, vasara lielakos platuma grados ir garaka
diena, neka dienvidos, un arT saules cels ir garaks.

Sis darbs veltits p&tfjumiem par jaunam saules kolektoru konstrukcijam, kuras
sp€j sanemt vairak saules energijas.

Jaunu saules kolektoru formu projekt€Sanai un novértésanai ir nepiecieSamas
ari jaunas virsmas sanemtas saules energijas aprékinu metodes. Metode ir aprakstita
Saja darba.

Balstoties uz piedavatas metodes aprékiniem, jaunas formas saules kolektors -
cilindrisks kolektors - ir izstradats. Sis kolektors ir paredzéts gaisa sildiSanai, bet var
tikt izmantots arT tidens sildiSanai, ka ar fotoelementiem.

Cilindrisks kolektors no rita un vakara sanem vairak energijas neka plakans
kolektors, bet pusdienas laika kolektoru jauda ir vienada, ja efektivie laukumi ir
vienadi. Tegtitas energijas dienas summa no cilindriska saules kolektora ir 1,5 reizes
lielaka neka no plakanajam.

19.04.2016.
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The present article deals with one of the alternative forms of energy —
sea wave energy potential in the Latvian Exclusice Economic Zone (EEZ).
Results have been achieved using a new method — VEVPP. Calculations have
been performed using the data on wave parameters over the past five years
(2010-2014). We have also considered wave energy potential in the Gulf of
Riga. The conclusions have been drawn on the recommended methodology
for the sea wave potential and power calculations for wave-power plant pre-
design stage.

Keywords: Latvian EEZ, renewable energy, sea wave potential, wave
energy, wave energy distribution of time wave energy directional distribution.

1. INTRODUCTION

Up till now, sea waves are an untapped source of energy in Latvia. Wave
energy is a renewable resource, which is increasingly used worldwide. Its volume
can be estimated between 80,000TWh and 8,000TWh [1]. Several authors believe
that wave energy could also become one of the most promising energy sources for
electricity generation in our country [2], [3]. For wave energy to be captured and
transformed, wave power stations are required. Technical solutions that determine
whether they will be profitable are dependent on specific local conditions. To find
them, an objective assessment of wave energy potential is required. The following
factors are essential for this assessment:

1. The potential amount of energy;
2. Wave expansion in different directions;
3. Wave energy variability over time.
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To meet this challenge, the following is required:

1. Wave output parameter data of the maritime area of interest;
2. An optimal wave energy calculation method;
3. The calculation of results and their analysis and evaluation.

2. THE MAIN CHARACTERISTICS OF SEA WAVES

Sea waves along the Latvian coast of the Baltic are irregular. Wave height,
period and wave propagation direction are random variables. Choosing sufficiently
short intervals and a small enough surface on the sea, for example, Im x Im we can
assume that this parameter (wave height, period and direction of spread) change can
be described by means of probability theory as a stationary random process. In this
case, calculating the energy potential is the most appropriate wave frequency' power
density spectrum S (f), [4]. The spectrum of our case is characterized by the follow-
ing parameters:

H — characteristic wave height = H  (m);

T — average wave period (zero crossing) = T (s)*;

T’ — the wave period, which corresponds to the maximum energy of the spec-
trum;

0 yiq — average angle of wave propagation direction.

Characteristic wave height — swh (significant wave height) wave param-
eters in meters, which characterize irregular wave water surface fluctuations and
determine the energy density spectrum. swh is used in a variety of wave energy and
power calculations in deep, medium and shallow water. Elsewhere this parameter
is represented by the H . Historically, the characteristic wave height is the average
wave height of 1/3 of the maximum wave period examined (see Fig. 1) [5].
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Fig. 1. Definition of characteristic wave height illustration [5].

It is believed that the characteristic wave height H is shown more precisely by
H ,thanby H,  [6,p.11-1-88(5)]. H , is obtained by processing the power density
spectrum S(f) according to the expression:

- =1°s( 1)dr (1)

where: m  — the 0-th spectral moment, random variable or variate 0-th moment is
constant, the determined auxiliary value uses different variant values, including H ,
the calculation being:

23



H,o=4Jm, )

Average wave period 7 — wave parameters in seconds characterized by ir-
regular wave water surface fluctuations and by the energy density spectrum. Since it
is less than or equal to the energy wave period T, wave energy and power evaluation
are used in calculations.

T — wave power density spectrum average energy periods, the energy density
range of -1 and 0 consecutive moments linking the relationship 7, =m_/m,

m, or k — the spectral moments — is defined as:

0

me= | f*S(f)df 3)
7-0

K-th order spectral moment is a specific constant determining the shape char-
acteristics of the set of points applied in the mechanics and statistics (probability
distributions and spectra) (m, mechanics — the sum of mass = center of mass, m, —
rotational inertia), where k can be: -4 -3, ...,0, 1,2, 3, 4

Main wave direction mwd (mean wave direction) — wave parameter in de-
grees, which is characterized by irregular wave water surface fluctuations and energy
directional spectrum. It is used in areas with real or notional receiver lines for wave
energy potential evaluation. This is the direction which the waves come from in any
prevailing wave period (DPD) [7]. Output data mwd is assigned as the azimuth.

3. DESCRIPTION OF THE FIRST DATA USED IN CALCULATIONS

The following criteria were used to select Control Points:

1. Seaarea “4” (see Fig. 2) — the eastern Baltic Latvian exclusive economic
area (EEA) waters are 216 km long and 95 km wide;

2. South-western and western winds in this area are prevailing [8]; [13], and
therefore the direction of the waves is an important source of wave energys;

3. South-western and western winds are also prevailing in the eastern part of
the Gulf of Riga — so it was decided to expand the project’s initial task of
examining the wave potential not only in maritime area “4”, but also in
maritime area “B” (see Fig. 3);

4. Area “B” — the eastern part of the Gulf of Riga could be a potential wave
energy source;

5. We chose six control points in the Baltic Sea area “4” by the Latvian
coast, and one point of the Gulf of Riga opposite Salacgriva — area “B”;

6. The selected Control Point coordinates and their existing depths are
shown in Table 1, and the visual location on the map in Fig. 3;

7. Most of the waves will not be longer than 70 m. This means that the mini-
mum depth is 17.5m, as up to 95 % of the wave energy is dispersed in the
layer between the water surface and depth equal to a quarter of the wave
length [9], [10].
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Table 1
Coordinates and Depth of Chosen Control Points

Control point No. Coordinates Debth, m
1 56.060, 20.898 24
2 56.503, 20.810 18
3 57.048, 21.234 24
4 57.421, 21.381 56
5 57.645, 21.601 21
6 57.746, 24.184 31
7 56.400, 20.810 24
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Fig. 2. lllustration of distribution of Control Points.

It is possible to indirectly determine statistical data of wave parameters in
areas such as the Baltic Sea EEZ Latvian west coast, where measurements have not
been made in sufficient quantity and quality to allow for the assessment of the en-
ergy potential of the region. It is based on data on wind direction and strength, and
the corresponding processing algorithm adjustment points where the comparison of
results with direct measurements are possible [14]. We use data based on the Danish
Meteorological Institute (DMI) wave model adjusted to the program SWAN. They
are received by using a special modelling program, processing satellite data on wind
direction and speed as well as satellite data on wave height. Since we do not have
local technical resources, which provide the data for the spectrum parameter adjust-
ment, we will use wave energy density spectrum characteristic parameters [10]. They
are H_(swh), T. and MWD data collected over the previous five years (2010-2014).

For the wave energy potential calculation we will use the raw data from seven
Control Points (see Fig. 2). The basic data of the calculation are the sea wave en-
ergy density spectrum characteristic parameters of the seven Control Points at given
depths for every hour of 24 hours a day, every day of the month and every month —
12 months of the year, every year, for five consecutive years (2010-2014). Assuming
that the meteorological and hydrological conditions in our chosen area are sufficient-
ly homogeneous, the calculated results can be related to the adjoining sea +/- Skm.
DMI data are in increments of about 10 km [6].

From the wave start / input data, it is evident that the mwd values are reviewed
every 1° in the 360° spectrum. Moreover, this parameter indicates only the dominant,
but not all wave directions each hour.
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4. METHOD OF CALCULATION CHOSEN

The simplest method is to calculate the specific wave power and wave energy
at separate points in the area [2], [3].

The following method: a defined wave receiver line is drawn in the sea (a
straight line segment or several segments at shallow angles) [10], and the entire
energy flow calculated through a vertical plane passing through the line receivers
in one direction. Each wave direction energy flow and the direction of wave energy
during the distance unit would fall cos 8 times, where 0 — the angle at which the wave
front forms with the defined receiver line.

The whole border of the area serves as the vertical surface receiver across the
whole depth of energy release. Cumulative flow of energy per year (TWh) is deter-
mined by the average wave power P, (kW/ m) or wave of energy flow through the
surface — EPRI (Electric Power Research Institute) methodology [16].

These methods have some obvious shortcomings:

1. Assessment of the potential energy depends on the relative receiver line
placement, because it determines the angle 6, on which it depends, as to
how much the energy potential assessment decreases;

2. It is an energy assessment of the potential of the notional receiver lines
and so there is no energy assessment of the potential of the area, as it does
not allow for the possibility that the receivers’ mutual positions could be
changed, which would be a normal strategy in the case of an increase in
perceptible energy, when receivers would automatically reorientate or be
reorientated to working position;

3. Even assuming the direction of wave energy distribution spectrum can
be described as a narrowband spectrum, angle mwd does not describe the
amount of all incoming energy, but only part of the amount;

4. If you use the border area method, problems in evaluating wave energy
arise due to wind changes in this area.

In order to mitigate these shortcomings in the assessment of wave energy, we
offer the wave energy direction baseline projection (VEVPP) method.

1. On the energy spectrum by integrating the frequency range [0; «], we cal-
culate the average wave energy density J , of time interval of 1m? field:

pg(Hmy)’ _ pg(Hs)’
16 16

oa =gl S(£)df = pgmy = @)
0

where: p — sea water density s, kg/ m?; g — gravity acceleration, m/ s%; f— wave fre-
quency, Hz; S(f) — wave energy spectrum function; m,— Oth spectral moment;

H = H - characteristic wave height, m; The wave phase velocity — ¢, in
deep water:
Cg = Cf , (5)

where: ¢, —wave phase velocity; T — average wave period T (zero crossing); as
mentioned above, it is replaced by T (s).
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The wave average power in a Im wide wavefront or wave energy flow through

the vertical plane perpendicular to the wave direction of movement is expressed as:
Pvid = Jvid "Cq (6)
Consequently, irregular wave energy, crossing the plane perpendicular to the

direction of movement of the wave, in a time interval on a 1m wide wavefront is
expressed as:

E=Py, (7

According to (7), specific calculations of wave energy are performed in each
of the 6 selected control points at n (time) intervals.

2. The Baltic Sea area “4” is perpendicular to 8§ traditional wind and wave
axes (PVxx where: xx = (N, NE, E, SE, S, SW, W and NW). We set baselines perpen-
dicular to the direction. Thus, we have 4 lines which intersect each other at one point
and cross the border area from 4-way baseline segments BNyy where yy = (N-S, E-W,
NE-SW, SE-NW) (Fig. 3).
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Fig. 3. Basic wave direction sea area “4 " base line segments [11].

3. On line segment BNyy we construct and fix perpendicular control point
Km, where m = (1, 2, 3, 4, 5, 7) projections Km o, Km o, Km, o, Kmg .
4. We introduce a selective mwd directional filter at control points to assess

specific wave energy directional distribution.
IF (mwd;, PV XXmin, PV XXmax) = 1, if PVXXpin < mwd; < PVXXax; (8)

IF (mwd;, PVxXpmin, PV XXmax)=0, if mwd; > PV XXy OF 9
PVxXpin =mwd;. ©)

5. Thus, the summation of wave energy direction (7) during time interval Az in
each of the control points by sector accounts for mutually non-duplicative direction
of wave energy.
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2
E,(KmPVxx)=At '% 5 IF(mwdi,PVxxmin,PVxxmax )(Tei(Hsi)Z) (10)
T i=1

where: PVxx — one of the axes xx = (N, NE, E, SE, S, SW, W, NW); PVxx, . — the key
sector PVxx minimum limit; PVxx _— the key sector PVxx ceiling; H, — charac-
teristic wave height of i-th time interval 4¢; T ,— i-th mean energy period of wave
energy density spectrum; PVxx sector size is equal to PVxx - PVxx =45°, (see
blue lines in Fig. 3).

In addition, the following summation of the direction of various wave energy
by sectors reduces the errors that arise from the assumption that all the energy inter-
val of time At point is associated with only one wave direction MWD.

As a result, we obtain the wave’s specific energy assessment in xx (Ws), n in-
tervals At (4t = 1 hour, or 3600°s) in eight basic sectors at each Control Point, which
are attributed to the direction of the base cut-off point projection Km xx.

If the resulting energy is measured in kWh, then inserting 4=3600 / 1000,
p=1003kgm?, g=9.81m/s? and = 3.14 rad cumulative energy can be expressed as:
. n
By sy 480,32 /10° - 5 IF (mwd, PVxx, i, PV ) -(Ti(Hsi)Z) (11)
i=1
This equation characterizes control point Km wave energy potential of the key
PVxx projection point intervals of any specific baselines PNyy, where the number

n may be the time interval of one month = 672h, if the month has 28 days, or one
month = 744H if the month has 31 days.

One year Energy potential of Control Points K -th for a Im wide wave
front E, is calculated as:

: 12
Eq ey = Zl(En,m,xx,yy) (12)
n=
6. Thus, knowing basic sectors PV specific energy values En(KmX J» con-
trol projection points Km _, to get direction PV __ specific energy curve, which corre-
sponds to the base line segment, we execute the function approximation. Comparing
different approximation method results, including fourth and fifth grade interpola-
tion curves, we chose the horde method, which simplified the following specific
energy integration process, without sacrificing the accuracy of the results.

This method consists of replacing points of some specific energy wave func-
tion with a straight length cutline of the polygon and the amounts in each direction
of the basic line projection segment AL(K7 , K5 ).

7. Directional control baseline projection of corresponding energy can be cal-
culated by integrating the distance within the projection of the specific energy func-

tion. Thus, the integration process reduces the expression to the trapezoidal method
[14] used:

Exoy(KLKS)="% E(AL(mm+1)xx)=

m=1
m+1=5 F ; (13)
_ %SEn(Km)Jrfn(Kerl)-AL(m,m+1)xx
m=l1
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where: m — control point projection Km__sequence number (1, 2, 3, 4, 5, 7); m+1—
control point projection Km+/ sequence number; AL(m,m+1) — the distance be-
tween the projection points to the direction of the base, taking into account the base-
line azimuth and control coordinates (see Table 1).

8. Knowing the wave energy potential of the control area with the checkpoints
K1; K2; K3; K4; K5 and K7, which mark the control projection of the direction of
the baselines (see Fig. 4), and knowing that the control area also represents a sig-
nificant share of the test area “4 ” as well as taking into account the assumption that
the wave energy distribution in time and space is uniformly distributed, we are able
to evaluate each of the key PVxx amounts of energy, increasing in proportion to the
direction of the baseline segment PNyy and control the projection pieces which total
L (K1, K5) yy ratio.

9. The sum of 8 wave energy potential projections is the total wave energy
potential per month / year.
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Fig. 4. The average annual wave energy direction projection of Baltic Sea Area “4”.

10. Since the VEVPP method includes calculations related to the outcomes of
several control point placements in the plane, to evaluate the result we used a simpler
method of wave energy assessment, defined in one of the selected control points (K7,
the specific energy average volume over one year is close to the average of the test
control group) specific energy in a special way related to the whole area. Their many
time intervals - Az component En(n, 0 ) are graded and summated using mwd through
eight basic PVxx (xx = N, NE, E, SE, S, SW, W, NW) 45° sectors, gaining 8 average
specific energy E ,xx components. Each component is multiplied by one of the cor-
responding four—base line piece lengths PN [ thus obtaining an approximate area of
energy height-directional distribution assessment Eg7(PVxx,PNyy) (yy = N-S, NE-
SW, E-W,NW-SE). Summarizing, we obtain comparative average energy potential
assessment over one year in Latvia’s EEZ.
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5. RESULTS OF LATVIA’S EEZ WAVE POTENTIAL CALCULATIONS

1. When using two methods — Z, and VEVPP, results were obtained for wave
energy potential of Latvia’s EEZ in the Baltic Sea area “4” (see Fig. 2) in accor-
dance with 6.46 TWh / year and 6.51 TWh / year.

2. Using the wave energy direction distribution calculation method of receiver
conventional directional line segment, the following results were obtained:
a) Average annual wave energy directional distribution in the reporting
period;
b) The average amount of monthly breakdown of wave energy direction for
each year during the reporting period;
¢) The directional distribution of annual average wave energy volume;

d) The directional distribution of annual average wave specific energy in the
reporting period (examples of control points K5, K6 and K7, Fig. 8).

3. The calculations were made in 7 control points during the period of 2010-
2014:

a) Hourly interval wave specific energy;
b) Monthly wave specific energy (examples of K5, K6 and K7 — Fig. 9);
¢) The annual average specific wave energy (see Fig. 5).

=== F2010
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Fig. 5. Baltic Sea wave energy specific potential (2010-2014) points N /-N19 (kWh/m).

By summarizing the specific potential of the data on a monthly basis as well
as by interpolating these results, the evaluation of the specific energy potential points
NI-N19 was obtained (Fig. 6).
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Fig. 6. Monthly average (2010-2014) of specific energy potential points N/-N19 (kWh/ m).
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Fig. 8 Monthly breakdown of specific energy (kWh/ m) at Control Points K5, K6 and K7.

6. CONCLUSIONS

1. The amount of wave energy in 1m wide waves in the Gulf of Riga is about
3 times less than the corresponding figure for the Baltic Sea Latvian EEZ.

It is considered that the main causes are wave formation distances and ice

formation conditions.

comes from the South West — West and North West axes.

3. The complicated energy direction distribution points to the fact that po-
tential SWPS placement will depend on the receiver’s functioning angle

range.
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4. Calculating the Baltic Sea Region wave energy potential using
VEVPP method the result is 6.51 TWh / year. Using comparative evalua-
tion obtained by the method based on different control point principles of
location, it is on average 6.46 TWh / year (- 0.77 %). The results are close
which means that the new method of wave energy distribution assessment
is plausible. Wave energy direction projection method compared to tradi-
tional methods more evenly and fully accounts for the different directions
of energy in the area.
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VILNU ENERGIJAS POTENCIALS LATVIJAS EEZ
J. Berins, J. Berins, J. Kalnacs, A. Kalnacs

Kopsavilkums

Raksts ir par vienu no atjaunojamas energijas veidiem, kur§ nerada bitisku
piesarnojumu — jiras vilnu energiju. Konkrétak, par §is energijas potencialu Lat-
vijas EEZ (ekskluziva ekonomikas zona). Ta noskaidroSanai lietota jauna metode.
Aprekinu veiksSanai ir lietoti piecu gadu (2010. — 2014.) dati — vilpu augstumi, pe-
riodi un virzieni. Apskatits arT vilnu energijas potenciala aprékins Rigas Juras lict.
Izdariti secinajumi par ieteicamo metodiku vilnu spekstaciju pirms-projektesanas
potenciala un jaudu aprékiniem.
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The paper considers a survey of the research procedures and results
due to invariant control method application perspective for operation qual-
ity advancement in several technological plants (wastewater biological treat-
ment tanks and water steam production boilers), which operate under influence
of organised and random disturbances. A specified subject of research is the
simulation model of the multi-link invariant control system for steam pressure
stabilisation in a steam boiler by preemptive compensation of steam load and
feed water flow impact on output parameter (steam pressure), developed in
MATLAB/SIMULINK. Simulation block-diagram of the steam boiler invari-
ant control system, containing closed loop PID control circuit and open loop
DPC circuit, has been composed on the basis of the designed mathematical
model of the system components, disturbance compensation algorithms, and
operational equation of the invariant control system. Comparative response of
the steam boiler, operating under influence of fluctuating disturbances, with
conventional PID control and using PID-DPC control with disturbance com-
pensation controller DPC, has been investigated. Simulation results of invari-
ant PID — DPC control system show that output parameter of the steam boiler -
pressure remains practically constant under fluctuating disturbances due to a
high-speed response of DPC controller.

Keywords: controller, disturbance, invariant control, simulation model,
steam boiler, technological plant, wastewater aeration.

1. INTRODUCTION

It is crucially important to have an appropriate option of technological pro-
cesses and plant automatic control method and technical solution. It allows reducing
operation costs due to minimisation of energy consumption, as well as increasing
process stability and overall quality using an optimally selected control strategy. A
topicality of urban environment is waste processing, including industrial and com-
munal wastewater treatment, which accounts for a large part of municipality budget.

Wastewater cleaning is provided by biologically active sludge — a complex set
of live cells, bacteria and microbes, which consume the waste. In order to facilitate
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metabolism, oxygen must be supplied and dissolved in the wastewater. Wastewater
cleaning quality is controlled indirectly — by measuring oxygen concentration in wa-
ter at the exit from cleaning facilities. Oxygen is supplied to the aeration tank using
air blowers driven by variable-frequency electric motors. Thus, the inverter output
frequency is the response to the dissolved oxygen concentration measured at the aer-
ation tank exit [1]. As a wastewater aeration system is the main energy consumer —
up to 80 % of wastewater processing plant, high control parameter level substantially
increases the energy consumption and total expenses.

The main task of aerator control system is to keep dissolved oxygen con-
centration high enough — usually around 2g-m™ [1], [2]. Major perturbation that
has direct impact on oxygen concentration over all aeration tank volume is variable
wastewater afflux, and waste concentration in incoming wastewater. Research shows
that wastewater concentration is affected by a precipitation level, and people’s daily
and weekly activity (variation is more than 200 %) [2], and wastewater afflux fluc-
tuates by more than 40 % on a daily basis, and by 50 % on a monthly basis (mean
monthly wastewater afflux for a town with 7000 inhabitants fluctuates from 800 m?
(December) to 1600 m? (April) [3]).

If the dissolved oxygen concentration is too low, sludge metabolism stops, and
wastewater is not cleaned. If low oxygen concentration occurs often and for long
time, active sludge components die. It can take 3—6 months to restart a wastewater
cleaning process. As this is a risk factor which has very strong negative impact,
wastewater plant operators usually keep the dissolved oxygen concentration much
higher than necessary — between 3 and 4g-m. Such extremely high set points tre-
mendously increase energy consumption and generate additional expenses.

PID controllers are widely used for wastewater aeration process automation,
but the research shows low control quality and inability to respond adequately to
both main perturbation variations because of several variables to be controlled [1],
[2]. This is also the reason of keeping high dissolved oxygen concentration set points
at the aeration tank exit. Simulation and experimental research have proven that an
invariant control system can keep dissolved oxygen concentration near the set point
with fluctuation less than + 3% [4], and it reduces the energy consumption by more
than 30 % without any additional investments.

The additional challenges for wastewater aeration automatic control system
designers are fluctuating inertia and sensitivity of the wastewater aeration tank [4].
Aeration tank inertia is between 40 and 90 minutes, depending on afflux and aera-
tion tank size, sensitivity changes with waste concentration and waste composition.
Adaptive PID-DPC control system, the parameters of which are correctly calculated
according to the invariant control principle, cancels out the impact of perturbations —
fluctuating waste concentration and afflux [1], [2].

The other technological facilities with high impact of disturbances are the
steam boilers as the energy conversion units, which transform the combustion en-
ergy of fuel into steam heat and mechanical power. High pressure steam boilers are
applied in cogeneration plants. Low pressure steam is used for technological needs
and autonomous heating of food production enterprises.

Main tasks of the steam boiler design, operation and automatic control are as
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follows: 1) to minimise heat losses from the furnace and boiler room using econo-
mizers, increasing heat resistance and fuel combustion efficiency, as well as opti-
mising heat load control; 2) to reduce flue gas emissions using emission reduction
facilities and applying burners optimal control; 3) to continuously measure, analyse
and control inner technological parameters — steam pressure and temperature, drum
water level and temperature, as well as main disturbances — feed water flow and
steam flow that have direct impact on output parameters.

Conventional PID control is still the current tool for the steam boiler control
[5]. The main control loop with only PID controller cannot eliminate an impact of
disturbances efficiently enough because of delayed response to variable steam ex-
penditure and feed water flow.

To increase operation stability and process control quality of the steam boilers
and power plants, wide investigations of long-range control methods have recently
been made: an active disturbance rejection control method, using multi-variable ro-
bust controllers with robustness against uncertainties and disturbances [5], [6]; an
adaptive PID & Fuzzy logic control for transient process optimisation [7]; an auto-
matic reservation to compensate extreme overloads [8].

New approaches on the subject of development of the heat power unit-tur-
bine control technology are complex control using linear hybrid automata [9] and
invariance of multi-variable control [10]. General concept of steam boiler control
improvement by active disturbance rejection is invariant control. Main advantages
of this control method are verified in the simulation model of steam boiler output
variable (steam pressure) control, invariant to steam flow [11].

The basic task of the given research is to develop and investigate the math-
ematical and simulation model of disturbance invariant PID-DPC control system for
steam boiler, insensitive to variations of steam load and feed water flow.

2. RESEARCH SUBJECT AND METHODS

Research subject is the model of two-disturbance invariant control system of
the steam boiler VAPOR TTK-70 with closed loop control link of steam pressure
p(t), open loop control link of steam expenditure ¢ (z) and open loop control link of
feed water supply ¢, (7) as the main disturbances of steam pressure.

The algorithms of the disturbance preemptive compensation (DPC) controller
are compiled according to the invariant control principle in strong correlation with
the algorithms of steam boiler and power supply unit, as well as steam flow and feed
water flow impact on steam pressure. The transfer functions and operational equa-
tions of the steam boiler control system components are composed using mathemati-
cal analyses and operator mathematics.

For simplicity, heat transfer in the steam boiler is analysed as a process, where
steam pressure changes uniformly with time, not position. Then the transient process
can be described by the ordinary differential equations. Simplified linear model of
steam boiler is used for no-load mode (¢ (?) = 0 and g, () = 0), as well as linear mod-
els of disturbances impact for a limited area of their changes.

Technical parameters of steam boiler VAPOR TTK-70 are as follows: heat
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power — 2 MW, rated steam capacity — 50 kg- min’'; max steam pressure — 10 bar;
drum water capacity — 7700 kg; steam temperature — 184 °C; feed water temperature
—90 °C; OILON burner GKP- 250M — (0.37-2.6) MW.

A functional block-diagram of invariant PID-DPC control system is shown in
Fig. 1. Main control loop consists of the PID controller, the frequency converter and
the actuator for power flow regulation, the controllable technological plant and the
sensitive transducer for output parameter measurement and conversion.

To realise an invariance of the output parameter control, apart from variations
of main disturbances D1 and D2, the disturbance controller DPC is introduced. Ac-
cording to measurement results of disturbance D1 and D2, the controller DPC pro-
duces output signal X, for preemptive activation of frequency converter. Thereby, an
actuator corrects the regulation impact — power flow in time and eliminates an output
parameter change.

Input
signal __ Error |Closed loop | Xmc___ Xmc +Xpe X,
PID Frequency Actuator
converter
controller
Xpe
Output
signal
Openloop (— Tn
DPC
controller Ty, k—
D,
Output Controlable D;
L {  Output parameter Technological D;
transducer plant T
Regulation impact

Fig. I. Functional block-diagram of invariant PID — DPC control system: X — main control
signal;Xp . — preemptive control signal; X —frequency converter output signal; D , D, , D, — distur-

bances; T, T, - transducers for main disturbances measurement.

3. MATHEMATICAL AND SIMULATION MODELS

The conventional algorithm of the PID controller, available in SIMULINK,
is used. All constants of PID controller are tuned automatically during simulation
process (Fig. 2). For no-load mode (¢,= 0, ¢, = 0) the steam boiler is considered to be
two component volume (water + steam) unit with constant sensitivity and response
parameters. In that case the transient process of pressure alteration can be described
by second-order transfer function:

Gyp(5)=1lgp PO()- O () =gy Ky [T, Ty 57 +(T, Ty )-s+177, (1)
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where O (s), p,(s) — Laplace transforms of furnace heat flow and steam pressure at
no-load mode; 7, = 0.93 — efficiency factor of the boiler, using economizer; K, =
11.5 bar- MW — transfer coefficient of steam boiler at ideal no-load mode; 7, = 5
min, 7 = 19 min — time constants of water and steam volumes.

Variable steam expenditure ¢ as a load has a directly negative effect on steam
pressure in the boiler. Load growth causes pressure decrease for transient volume
qus. This can be described by the following second order transfer function:

G, (5)=4p,(5)- 4y () =Ky [ty Tpgrs” + (s +Tp) s +117, )

where ¢ (s), Ap (s) - Laplace transforms of steam flow and steam pressure
change; K =0.135 bar-min-kg!— transfer coefficient of steam flow impact on steam
pressure; 7, =5 min, T w7 min — dead time and time constant of steam flow.

Feed water flow ¢, is regulated by frequency controlled centrifugal pumps
in correlation with the steam expenditure and causes additional change of common
steam pressure in the boiler for transient volume quw that can be described by the
following second order transfer function:

-1 2 -1
Gy =M (8)- 4, () =Kys - [Tg Tpn -~ + (T + 1) - s+11 7, (3)

where ¢, (s), quw(s) — Laplace transforms of feed water flow and steam pressure
change; K, =0.038 bar-min-kg"' — transfer coefficient of feed water flow impact on
steam pressure; 7 = 2 min, T P 7 min — dead time and time constant of feed water
flow impact.

The heat power actuator consists of frequency converter; servomechanism
with servomotor and feedback for stability improvement, gas and air valves; and
furnace. According to the block-diagram (Fig. 2), the transfer function of the actuator
input-output link for transient process simulation is compiled:

GO=06) i) =K, (K, +K ) K HE K, K" s+ =K, T+, (4)

where i (s), Qf(s) — Laplace transforms of actuator input signal and furnace heat flow;
K =2.5 HzzmA™' - transfer coefficient of frequency converter; K,=4.5 mA rad’'—
transfer coefficient of servomechanism feedback; K = 0.063 radians - min™' - Hz"' -
speed coefficient of servomotor; ng= 2.5 m* min'-rad ! — transfer coefficient of gas
valve; K =24 m* min'-rad”' — transfer coefficient of air valve; K =0.043 MW-m
*-min — transfer coefficient of furnace; K = 0.24 MW-mA™" — transfer coefficient of
actuator; 7 = 1.4 min — time constant of actuator response.

Main task of the steam boiler control system is to ensure perfect compensation
of the physical impact of variable steam expenditure g, (?) and feed water flow g, (1)
on steam pressure p () by using the disturbance preemptive compensation controller,
which operates according to the invariant control principle.

The mathematical model of steam boiler invariant control system, containing
a steam pressure closed loop PID control circuit and steam flow, and feed water flow
open loop DPC control circuits, is the following operational equation:
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- (%)
HK,G () G5) Go9)~Go9)) 4 HK, -Gofs) Gs)-Gyls) +D)

where g (s), q,(s) — Laplace transforms of main disturbances (steam flow and feed
water flow); K, K, =02 mA -kg!-min — transfer coefficients of steam and feed wa-
ter flowmeters; G (s), G, (s) — unknown transfer functions of steam and feed water
disturbances controller.

In conformity with the invariant control principle, the following conditions
of the process invariance can been formulated: if K, - G,(s)- G,(s)-G,,(s)—G,(s)=0 and
K. G (9)-G,(5)-G,(s)—G,,(s)=0, then the disturbances ¢_(z) and ¢, () do not affect
the transient process in the steam boiler.

Considering that T <0.1T,, the algorithms of the disturbance (steam expendi-
ture and feed water flow) preemptive compensation controller DPC should be com-
posed according to such transfer functions:

G(9)=G,(5)- (K- G,(5)- G(9))" =0245-(130-5* +25-5+1)-(35-5" +12-5+1)" (6)
G(9)=G,(5)-(K - G()-Gys)) *0071:(130-54+25-5+1)- 35-5*+1 2:5+1)" (7)

The transfer functions (6), (7) describe conditions of disturbance impact on
steam boiler preemptive compensation. The block-diagram is compiled in SIMU-
LINK for the steam boiler control system simulation and transient process com-
parative analysis of conventional PID control model and invariant PID-DPC control
model with disturbance controller (Fig. 2).

The main closed loop control circuit consists of the following models: a “PID
Controller” model with limited output (+ 20mA), auto-tuning of control circuit pa-
rameters and activated Wind-up function for transient process optimisation; an actu-
ator model for heat power supply regulation with operation algorithm (4) (“Convert-
er”, “Servomotor” with “Feedback” to improve the control stability; “Air Valve” and
“Gas Valve” for gas mixture flow regulation on “Furnace”); a “Steam boiler” model
composed as a subsystem with operation algorithms of heat flow regulation effect
(1), steam flow disturbance effect (2) and feed water flow disturbance effect (3) on
steam pressure; a ‘“‘Pressure transducer” for steam pressure continuous measurement.

For simulation of heat flow effect on steam pressure an open access — free ac-
cess SIMULINK model of the steam boiler transfer function (1) is compiled, using
closed loop circuits with integrators and math operation blocks that make possible
to enter the model parameters — process sensitivity and dynamics indices (transfer
coefficients and time constants) during all the simulation time.

Main advantage of open access structure is a possibility to make an adaptive
self-tuning model for adequate simulation of non-stationary technological process if
sensitivity and dynamics indices of the technological unit are not constant, but vary
with disturbances substantially [12].

39



Feadback
PID Controller

45 }'
H :_ FID(s)] . ‘ ) Coaverter Servomotor
| * 1/
. 25 0.063 = |/
ol " s
lo, mA |

& & Disturbance Wellowmeller
Y Steam flow

trolle
by \ 9 b s 4 builder

i
Rated | Outl Inlle | SMewmelter
pressure L
02 Ouil
| Water
Outd [u11—4| Converter pump
Prassure Steam boiler - .
transducer yter ko
Water supply, kg/min .
Inl P Air Gas |

Ouil Steam expenditure,kg/min valve valve,

-'
L=

po, bar

ol I
4 Pressure Tn2fe T2,min
p(), bar Pressure Hse time constant
In3 19
| T1,min
Delay time
+ Ouz  Indq= :
Ks, bar/A W
Sensitivity factor
In5| 1L5
Efficiency
.
b Out3
Heat supply, Gas mixture,

In7} | .
| Furnace

— MW '—I m3 min
0.043
)

Fig. 2. Simulation block-diagram of steam boiler PID — DPC control system.

po =f(t)bar
peiit)bar

=Ty, kg/min

Q=N0.MW

To perform constant, linear, pulse case and randomly changing components
of steam flow q(t) (kg/min), as a load and main disturbance of the steam boiler, a
“Steam flow builder” model is applied.

The simulation model of the “Disturbance Controller” DPC is performed ac-
cording to algorithms (6), (7) as coupled second order differential filters. Steam flow
and feed water flow are measured by “S — flowmeter” and “W — flowmeter”. To mi-
nimise disturbance on steam pressure, the feed water flow to steam boiler has been
delivered continuously in close correlation with steam expenditure flow, applying
“Water pump” with frequency “Converter” controlled asynchronous electrical drive,
whose productivity rate is 1.25 kg'min'-Hz''.

4. SIMULATION PROCEDURES AND RESULTS

Simulation comparative results of the steam boiler conventional PID control
system and invariant PID — DPC control system are presented in Fig. 3. To search for
a wide spectrum of steam flow ¢ (7), as a load on steam boiler, influence on the steam
pressure p(t), the simulation time should be long enough because of high steam pres-
sure transient process time (¢, > 4T = 4-19 = 76 min).

Simulation is started at no-load mode with zero disturbances (steam load
q(t) = 0 and feed water flow g (7) = 0). Afterwards, the transient steam pressure
reaches set point — 6 bar and becomes stable, the linear growing load (rise ramp 3.3
kg min?) from zero to rated value - 50 kg-min is activated. To search for steam
boiler reaction on steam flow large and fast perturbations, a linear growing over-
load (+40 % of rated value) and linear changing under load (-40 % of rated value)
are added. After 100 minutes from the start, a random component with amplitude
+ 10 % of rated value and frequency 0.5 min" is added (g (?) in Fig. 3).
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Simulated response of steam pressure p(t) change in the steam boiler feedback
control system with optimally tuned PID controller shows that the overshoot of the
steam pressure run up process is below 10 % and response time does not exceed
20 minutes. Under fast growing load from zero to rated value, the steam pressure
response curve has the maximum deviation up to 50 %. Under linear and step case
load variations (+ 40 % of rated value) p(?) maximum deviations reach up to =25 %
of rated value (p,(t) in Fig. 3). It testifies that the feedback control system with PID
controller is sufficiently stable and fast in operation under no-load or constant load
conditions, but operation quality is insufficient under substantially variable load.
Due to response inertia of PID controller, the heat power regulation is delayed and
therefore is not efficient enough (Q, (?) in Fig. 3) and disturbance rejection is too late
that cause great deviations of control parameter p, (t).

Activation of steam pressure p(?) main disturbance (steam expenditure as a
load of the steam boiler) compensation link of the Disturbance controller (“Out
2” in Fig. 2), operation algorithm of which (6) is compiled in accordance with the
invariance conditions, shows that maximum deviation of rated steam pressure (6
bar) decreases from 50 % to 14 % in comparison with only PID control (p,(?) in Fig.
3). Disturbance impact on the steam pressure is substantially eliminated by efficient
regulation of the heat power flow (Q, (?) in Fig. 3).
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Fig. 3. Transient characteristics of the steam pressure p (t)(bar) and heat flow Q(z) (MW) control
model under randomly varying steam flow ¢ (2) (kg/min) and water flow g, (2) (kg/min): p, (7),
0,(1) — PID control; p, (1), O,(t) — (PID + DPC) control invariant to g (2) ; p,() — (PID + DPC) control
invariant to (q(9)+q () ); p, O, q,— rated values of main technological variables.
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Simulated response of steam pressure invariant PID-DPC control system with
two disturbance (g (2)+q, (1)) preemptive compensation controller, the parameters of
which are calculated and tuned according to the invariant control algorithms (6, 7),
shows that the process parameter p(?) remains practically constant under any type
of steam expenditure — constant, steady changing, pulse or randomly fluctuating (p,
(t) in Fig. 3). If the steam flow deviates by + 25 % from the rated value, deviations
of the steam pressure do not increase by £ 3 % of set point value. High quality of
steam pressure stabilisation is reached due to fast and synchronous compensation of
disturbance impact on control transient process.

5. CONCLUSIONS

1. The research proves that stability and high quality operations of the techno-
logical processes with randomly variable perturbations (wastewater biological clean-
ing, steam production, etc.) can be realised using invariant control system with major
disturbance impact preemptive compensation on control object output parameters.

2. A steam boiler invariant PID-DPC control system with disturbances pre-
emptive compensation controller, the algorithm and parameters of which are cor-
rectly compiled according to the invariant control principle, cancels out the impact
of main external disturbances — the fluctuating steam expenditure g (?) and the feed
water flow changes g (2) on the steam boiler output variable — steam pressure p(z).

3. Simulations show that for steam boiler feedback control system with only
PID controller and optimally tuned parameters the maximum deviation of the control
variable — steam pressure p() is up to 50 % under linear growing rate of steam ex-
penditure from no-load to rated value, showing overall unacceptable control quality
and inability to compensate fast variable disturbances.

4. Simulation results make possible to forecast that introducing in practice the
invariant PID-DPC control system with disturbances g (?) and ¢ () preemptive com-
pensation controller, the fluctuations of boiler steam pressure p(z) do not exceed + 3
% of rated value because of high sensitivity of disturbance controller and high-speed
response of systems actuator to disturbances.

5. The developed methodology of invariant control system modelling and de-
sign for wastewater aeration and water steam production plants can be successfully
applied to other technological processes and plants to be characterised by high influ-
ence of organised and randomly varying disturbances.
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TEHNOLOGISKO IEKARTU INVARIANTA VADIBA GALVENO
PERTURBACIJU IESPAIDA APSTEIDZOSAI KOMPENSACIJAI

A. Sniders, A. Laizans, T. Komass

Kopsavilkums

Raksta piedavats parskats par p&tijumu rezultatiem, kas apliecina invariantas
vadibas metodes prieksrocibas tehnologisko iekartu, uz kuram iedarbojas butiskas
organiz€tas un stohastiskas perturbacijas ka, piemé&ram, notekiidenu biologiskas
attiriSanas aerotenki un tvaika katli partikas produktu apstradei ar tvaiku, darbibas
procesu vadibas kvalitates un energoefektivitates uzlabosanai. Ka specifisks izp&tes
objekts apskatits tvaika katla daudz-kontiiru invariantas vadibas sistémas simulacijas
modelis MATLAB/SIMULINK vide. Sistéema sastav no slégtas cilpas vadibas
kontiira ar tradicionalo PID kontrolleri un tvaika spiediena mé&riSanas parveidotaju
atgriezeniskaja sait€, un perturbaciju (tvaika paterina slodzes un pievadita tdens
plusmas) iespaida apsteidzosas kompensacijas val&jas cilpas konttriem ar divkanalu
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kontrolleri DPC, kur$ apsteidzosi aktivizé tvaika katla energétisko iekartu, tiklidz
mainas kada no perturbacijam, un tada veida savlaicigi novers spiediena izmainu
tvaika katla. PID kontrolleris reag€ uz perturbacijam novéloti, péc tam kad vadibas
objekta jau notikusas biitiskas izmainas, un bez DPC kontrollera atbalsta nespgj
nodroSinat atbilstoSu tvaika spiediena stabilitati pie straujas tvaika paterina izmainas.
DPC kontrollera darbibas algoritmi sastaditi atbilstosi invariances prasibam cies$a
korelacija ar vadibas objekta un energétiskas izpildiekartas darbibas algoritmiem,
to jutibas un reakcijas laika parametriem. Simulacijas rezultati apliecina, ka patei-
coties DPC kontrollera adekvatai reakcijai gan uz organizétam, gan stohastiskam
perturbacijam, to iespaids uz vadibas objekta stabiliz§jamo izejas parametru tiek
savlaicigi kompensé&ts ar energétiskas iekartas apsteidzosu, paatrinatu ierosinasanu,
apejot galveno PID vadibas kontiiru.
11.05.2016.

44



LATVIAN JOURNAL OF PHYSICS AND TECHNICAL SCIENCES
2016, N 3

DOI: 10.1515/1pts-2016-0020

INFLUENCE OF VOLTAGE DIPS ON THE OPERATION OF BRUSHLESS
EXCITER SYSTEM OF SYNCHRONOUS MACHINES

A. Fedotov', A. Leonov!, G. Vagapov!, A. Mutule?

'Kazan State Powering Engineering University
51 Krasnoselskaya Str., Kazan, RUSSIA
2 Institute of Physical Energetics, 21 Aizkraukles Str., Riga, LV-1006, LATVIA

This paper presents a mathematical model with continuous variables
for brushless exciter system of synchronous machines, containing the thyristor
elements. Discrete Laplace transform is used for transition from a mathemati-
cal model of a system with variable structure in continuous variables to equa-
tion finite difference with permanent structure. Then inverse transition is made
to a mathematical model in continuous variables with permanent structure.

Keywords: discrete transformation, exciter system, mathematical mod-
el, semiconductor thyristor, synchronous motor.

1. INTRODUCTION

This paper covers some issues of the development of a mathematical model
of the synchronous machine in continuous variables taking into account the work of
thyristor elements in exciter and ensuring adequate representation of electromag-
netic processes based on the methods of converting the system from variable struc-
ture to permanent structure presented in various applications to electromechanical
systems in [3]-[9].

Usually modern synchronous machines (SMs) are equipped with brushless
exciter systems. They can be generators, as well as motors providing operation of
respective technological mechanisms in the industrial plants of petrochemical com-
plex, steel industry, in the system of thermal power plants for own needs. Short faults
in distribution electrical networks of 110-220 kV cause voltage dips on sections
6—10 kV of distribution switchgear of substations, to which SMs are connected [1]
in the distribution grids of 110-220 kV. Exciter system of SMs is powered through
transformers from the same sections, which reduces their ability to the field forcing
and it can lead to loss of synchronism and disconnection by the relay protection from
the grid. It is necessary to have the appropriate mathematical model in order to as-
sess stability reserve of SM depending on the depth of voltage dips. The problem of
the exciter system includes thyristor elements: controlled (static exciter) and uncon-
trolled (rotating exciter) thyristors, conditional on variable structure of differential
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equations, describe electromagnetic transient processes in SM [2]. In this case, any
criteria estimation of stability reserve SM does not apply during short interruption of
power supply (SIPS).

2. MATERIALS AND METHODS
2.1.  Mathematical Model of SM with Variable Structure

A circuit diagram of the exciter system of SM is shown in Fig. 1, where VD1 —
the controlled rectifier pre exciter, VD2 — the uncontrolled rectifier of exciter, lo-
cated on the rotor of SM; resistance R1, R2, R3 and thyristors T1, T2 provide field
discharge in emergency modes of SM. The switch Q is used to protect the SM and
delivers its connection to the electricity grid.

The following assumptions are accepted for developing the mathematical
model: the original equations of SM base on Park-Gorev model [10] with equiv-
alenting damper contours of one winding longitudinal axis and one winding in the
transverse axis, axis d outstrips axis q.

Assembled on the three-phase bridge configuration thyristors of managed con-
verter are considered to be ideal and they operate in the native mode. Native mode
is mode with alternate conduction of two and three thyristors. Angle a of natural
opening of thyristors is calculated from zero of corresponding phase EMF. Generally
accepted notation [10] is saved in equations of synchronous machine. “Step” system
of coordinates is used taking into account the work of thyristors. Thyristors of both
converters are considered operational simultaneously (simultaneous opening of ap-
propriate thyristors), taking into account that angle o, of natural opening of thyristors
depends on the phase of the EMF of grid 0.4 kV. The superscript “g” in the notation
is used for parameters of exciter. Park—Gorev equation for SM will have the form:

6-10 KV 0.4 kV
—_— S —
g g g
7 U3
i —_—
7 VD2 \ A
R3 . AN AN A
RI R2
M 1L
AN NN

Fig. 1. Schematic diagram of the brushless exciter synchronous machine.
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We write the equation of the relation between the excitation winding and

- \/gu[";’(m) sin(e(m) - Tc/3)+ \/gqu(m) cos(e(m) - Tc/3)= u(fm) .

exciter SM. For this equation of voltage balance for the excitation circuit of syn-
chronous motor at the side of the exciter, local transformation on the m-recurrence
interval is used. We consider one recurrence interval converter, including switching
interval. The following voltage balance equation is valid in the stepping coordinate
system, associated with switching thyristors, inside the recurrence interval converter
within the length of phase commutation y.

3

It will be equation considering the first two systems of equations (2) and the

third equation of (1).
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j@ [ (m) \/_Wg(’") s1n(9(’”) n/3)+ \/g\yi(’") cos(e(m) - TE/3)]=

=318 [zf(m) sin(G('") —TE/3) ;8(m) cos(e(m) —TE/3)] r zf‘m). @

The following relations link currents with each other

i8 = ( 2/«/_)[(m)sm(6(m) n/3)+z sin(e(m)+n/3)],
iqg(m) = (2/«/5)[1'(?"%05 (G(m) —n/3)+iy(m)c0s (G(m)+n/3)],
+1"%;

g(m) ( 2/\/_) (’”)sm(e“”) TE/3)
iqg(m) =(2/«/§)i(f")cos (G(m) —n/3),

0 clal” +y{"; al” +n/3]

0 efal™; ol
)

b

Wherein

) A 100,

where «, — the angle of control of converter VD2 (Fig. 1).
The following equation is also true in the switching interval obtained based on
balance voltage in the switching circuit:

\/Euf(m) sin(e(m) + n/3)— \/gug(m) cos(O(m) - n/3)= 0.

It takes the following form after substituting voltage from (3)

i [ﬁwﬁ(”’) sin(e(”’) + TC/3)— ﬁwg(”’)cos (9(”’) + TC/3)]=

(6)
= —\/_r [ g(m) s1n(9(”') + TC/3)— i8(Mcos (9(”’) + TC/3)]

We introduce the following notation for the flux linkage:
w o = x,i0" +[ X, + x5 +x8 —(xdg —x¢ )0052(0(’”) 71/3)] j(m
—3x, sin (0 — 7 /3)i2 ™ — 3, sin (0 — 7 /3)ig™ +

g g
x§+x

+/3x%) COS(Q(m) —71/3)1'{‘;(’”) -7 ! +(x§ —xj)coszew) =0

48



2 2 ) )
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The obtained expressions allow writing differential equation concerning the
flux linkage using (5) and (6):

d (m)
l// — rl-‘(im) wy/ (m) u{(jm);
de,
(m)
dl// — (m) +wy/(m) u((]m);
de.
dv/(m)
= (rf +2r )}’”) +7 l(’”),
do.
( ) (m) (m) (m) (m)
M =0 with 0€ [l +y";al +h™}
dl//(m)
= rgi}’”)-i-ngi;’”),
do.
Qe[a(’”);a(’”)+y(’”)l (7)
(m)
dl// y _ «(m),
= haha's
de,
(m)
vy .
d@ - rlqllq ’
g(m)
dyy 5780 4 80
= V/ 7 +M/
do,
g(m)
dy i 2 j2(m)
= hadha
do. ’
g(m)
dl/jlq = p&jEm
dgc lg”1q

The voltage u® 7 of exciter is not determined in (7). The voltages u, and U,
are determined after writing the equations of electric grid external to SM.

2.2. The Dynamic Characteristics of the External Converter Pre-exciter

Voltage balance equation will be the following for single-phase thyristor con-
verter VD1 (Fig. 1), in the transition process [2], [7], [9] in the range of its repeat-
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ability
di§ di¥
; S : ¥
uj‘; :uC(O)—rCZJ‘Z—xC%—K(O){rczf—xCE , (7a)
where U, — the mains voltage, power supply converter pre-exciter;
7. and x. —active and inductive resistance of power supply converter
pre-exciter, respectively;
i;{%' — switching current, wherein if (o) = _2ij€ (o) iyg (o +7)=0:
K()=1(6 —a)—1(6 — o —v) —a key step function;
10 —a), 1(6—o —7y) —asingle function.

According to [11], local integral transformation (LIT) function f(0) on T- th

interval discretization [ot o + h(’”)] is determined in the following way

Fm) = h(l—m) f £(6)d0 )

a+h™
According to (8), LIT collates the continuous function of its discrete average
value at a predetermined interval.
If in the grid of 0.4 kV the supply voltage of converter does not change in the
transitional process on the side of a high voltage, it can be taken as u . (0)=E,sin 0 .

Applying LIT for (7) on the m-th interval of borders [ o + «t], we obtain

ig(m) _ Xe A& ©)

VA

2F 2x. r
gim) _ “&=¢ R =) c Y
Ufs = ncosoc rclfs (n ch

In (9) subscript “s” means the average value of a variable interval of discreti-
zation, subscript “/” applies to the value of the variable at the starting point of the
interval.

It can be written using a linear approximation of the current

g(m) _ gm) _ L\ e(m) 10
in =iy 2Alﬂ . (10)

The dynamic external characteristic of converter in discrete variables is ob-
tained after substituting (10) in (9):

ram _ Tt piem) (11)

2F 2x, r.y
U™ = "¢ coso—| 1, + —< -~
(C j N L

4 T /Y T

Active resistance 7, is much less compared with inductive impedance of 0j
converter transformer of pre-exciter connected to 0.4 kV. We neglect its influence in
(11). Then it conclusively turns into
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2F 2
Uf(m) =T cos - Xe Iff;(m).

T I

Corresponding to the equivalent, the equation can be written in the instanta-
neous values of variables

C 2‘xC l

cos o —
T T

g _
uf—

o

(12)

Control angle o is measured from zero phase EMF on the side of 0.4 kV in
(12).

Appropriate voltage dip arises on the side of 0.4 kV during voltage dips on the
side of 6-10 kV. In this case, supply voltage of excitation winding of exciter invari-
able should not be considered. It is possible to take [10], according to which supply
voltage of converter of pre-exciter is expressed by the following equation

uc(9)=Ucp sin(@—\up)+(Uco +U,, siny, )e_xe, (13)

where ctgy, =y =1/wT,, T, — time constant in the transitional process, U ,, —
Co P . p>p . c
initial voltage of dip; U, op— the final voltage of dip (at 6 —00).

It is necessary to determine the limit of integration interval for the use of LIT.
Since they are combined with recurrence intervals of converter, their duration is un-

equal. The second term of (13) influences the duration of each interval.

Part of the voltage waveform is below abscissa axis even at >0 under ordi-
nary proportions of grid settings:

- 1 ap+2mm-y, 1 o +2n(m+)-y,
U= | wl0)do—— [ ulfo)do=
2n oy +2mm-y T o, +2mm-y,

(14)

= l Ucp [COS((X,I) - COS(O('Z)] +L Ua [e—XOH (1 + e—x2n)_ e X% ] e—x(2mn—\u )
n 2ny,

Equation (14) defines the law of change of the voltage to the exciter winding
in the case of disturbance on the grid side. It contains the angle values @1 and 2, de-
termining the interval of operating time cathode group of thyristors of converter VD1
(Fig. 1). The necessary changes should be performed to exclude these angles from
(14). Attenuation of the aperiodic component will not be taken into account in (13):

u, = Asin(0—a )+ B . (15)

Then the beginning of positive half of waves of the rectified voltage corre-
sponds to the implementation of conditions
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sina=B/4. (16)

Apparently, process is periodic with period 2= that is described by (15). It is
also obvious that the duration of the anode T, and that of cathode T, half-wave recti-
fied voltage are not the same, moreover I'= n+2a, 1= n—2a.

Value of average rectified voltage on m-th interval of periodicity:
2 2

U,(m)=—Acoso +—B(m)o . 17)
T T

Equation (17) shows that taking into account the unequal duration of each
half-wave rectified voltage resulted, at first, in the appearance of the second term in
the equation, associated with the aperiodic component of supply voltage. Secondly,
the first term in (17) also becomes dependent on the number of considered intervals,
because angle a changes from interval to interval, decreasing to zero in the steady
mode at fully open thyristors.

From (16) the following equation is written:

cosau(m) = y/1 - sin® a(m) = /1~ [B(m)/ A .

It can be written taking into account attenuation of the aperiodic component
of voltage

cos a(m) = \/1 - (Be_xzn(m_l) /A)Z ~1 —%(Be‘xzn(m_l) /A)Z i (18)

Equation (16) is also transformed in the following way:
sin @ = Be ~0F2n(m=D1, 4 (19)

Calculations show that switching of thyristors takes place near the point of

their opening in the steady mode near the value 8=0. In this case:

sin 00, e MO+ 2mm D]y pmr2nim=1) +% 1) *0=e™"D(1-y0). (20)
6=0

The next step is the change in equation (19) of relevant functions of their ap-
proximations by (29)

e—xZn(m—l)

—2n(m) ° 1)

o=
1+ye
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Therefore, taking into account (18) and (21), we obtain the following law of
changes of average rectified voltage for m-th range of full repeatability of converter
circuit

B 2 2 e—x4n:(m—1)

2 _ _
_“ _ P —x4n(m-1) <
Us(m) T {A 24° :| ’ T i 1+ ye 22mm=1) ' 22)

We have the following equation after transition from discrete variables (22)
to continuous

2| B _ 2, e
ug(0) == 4-——e |4 ZB——0. (23)
I 24 T 1+ye *

Discrete variables are used for calculation of transient electromagnetic pro-
cesses because the obtained finite-difference equations are best suited for their nu-
merical solution. In those cases when electromechanical transition processes are
considered, which are accompanied by changes in the speed of synchronous motors,
differential equations of continuous variables become more comfortable. In the first
case, it is advisable to use (22), and in the second case — (23).

2.3.  Mathematical Model of the Exciter

Differential equations (7) have a variable structure. Their type and quantity
depend on the number of conductive thyristors of converter pre-exciter and exciter.
Using LIT allows obtaining equations with permanent structure. Therefore, we use
(8) for the third equation of system (7) assuming that h(m) =1/3,0€[oy oy +7/3])
Let us take linear approximation of the current switching i(’”)(e) on the integra-
tion interval 8 € [a, o + v]. The duration of the intervals »™ of the constancy of
the structure converter VD2 in the transition process and the switching angle ¥ will
change. Numerical calculations of transient processes in the electric machine-thyris-
tor motors show [2]-[7] that these factors can be ignored and take their steady-mode
values.

The result is

A [ A A xS +x8 oy
d g g _( g g) ] . 1d d 9 ‘&
— X+ x5+ cos2a. + +
Yad =3 TES T TR TG Ty I3 T3 T o 2

+ % (x§ —x§ )sin(ZOLO -/ 6)}'}1'") - «/gxf ', sina

Aijg " _ \/gxfd

—_— cos(ay —m/6)i8 —
/3 /3 ( 0 )ﬂ

(24)
AE™ 3xE, g™
/3 /3

— & &
«/gxad sma,

P,

/3

cos(oy — 1/ 6)iS"™ + «/gxf;’q cosay
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It is acceptable to use x§ = xqg for synchronous motors with brushless ex-
citation system. It is possible to ignore the influence of snubber contours with time
constant of transient processes also for engines with power several megawatts. As
a result, it is possible to reduce (26) to the next taking into account the ratios of the
parameters:

Aia(lm) Ai™ x§ A&

S (m) \/_
+x, + 3x8, sina
/3 /3 n/3ﬂ ad O /3

_ \/gxfd

n/3

Xad

(25)

cos(otg —7:/6)1'%('”) (rf +2r )z};”) =0.

Equation (25) cannot be attributed either to finite-difference equations, be-
cause it contains the average value of the variable z( ™) or to the equations in jag-
gies [11], because it contains samples of variables z(”’) and i€™. Therefore, (25)
is necessary to lead to the first or another type. The value of (25) is in permanent
structure and it does not depend on the switching thyristor inside the discretization
interval. As excitation currents of pre-exciter and exciter, accordingly z(’”) and 4"
are smoothed by large inductance of the windings, let us assume that, 15(, )~ zj(('" )/zlind

8 ~ & ('") Then, according to [11], the resulting equation in the jaggies will cor-
respond to the following equivalent differential equation in the continuous variables

di; dlf \/éxgd x5
44 cosctg—0/6)iE+ rp+2r, +—4_|i =0, (26)
St g g s de P Gl et

c

Active resistance compared with inductive resistance of rotor of pre-exciter
can be ignored in the last term of (28), if only active resistance in the rotor circuit is
not entered to decrease the field.

Differential equation of pre-exciter needs to be added for obtained equations.
It looks like written relatively discrete variables

Ai -g(m)
glm) _ ,.g;8(m) & g (m) r
Us =riig . dsmocAzf +xf 3 27)

The equivalent differential equation correspondence:

g g 2\/5 g . dlf dl

uf =rfl§ - ——x2, sino—- d@ f d@

28
3 (28)

Equation (28) should be used simultaneously with (23) because u f =u,(0)
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3. RESULTS AND DISCUSSION

Usually switchgear section of power plants and substations of 110-220 kV
are electrically connected through sectional switches. In these cases, short circuits
spread in grids of 110-220 kV as voltage dips and for low voltage levels of con-
nected substations. As a result, automatic reserve switching becomes ineffective and
exciters of synchronous machines work at low voltage. The law of this change is
determined by the parameters of the external power supply system.

The resulting mathematical model of brushless excitation system, containing
two thyristor converters, allows performing calculations of verification of working
modes of SM under conditions of influence of short-term power outages on the sys-
tem of excitation through the supply grids.

Voltage dips with rectangular shape cause simultaneous reduction of excita-
tion current of pre-exciter and SM. Aperiodic character of the voltage changes at
short-term power may cause short rise of the excitation current of pre-exciter.

The laws of change excitation current of synchronous motors on the initial
parts depend on shape of the curve voltage dip: the aperiodic law of changes in
supply voltage causes the growth of the excitation current at the beginning of the
transitional process.

Discrete mathematical model permanent structure of excitation system of SM
adequately reproduces electromagnetic transient processes that allow using it for
return to continuous variables. Switching current l'y can be approximated in linear
form during its integrating. It requires individual research for distribution of discrete
models in electromechanical transient process, because changing of the rotational
speed of SM is determined by changes in the electromagnetic moment, which can-
not be converted mathematically rigorous to step images or finite difference sight.
Having carried out a pre-removal switching of thyristors taking into consideration
the method proposed above, it is recommended to remain in the framework of math-
ematical model in continuous variables.

4. CONCLUSIONS

A special feature of mathematical modelling of a synchronous machine with
a brushless excitation system is needed for adequate mapping simultaneous opera-
tion of two converters, causing the variable structure of differential equations. This
problem allows removing transition to equivalent equations. Intermediate transition
from discrete variables to local image for each inverter followed by a return to dif-
ferential equations with permanent structure provides a mathematical description of
the synchronous motor operation with respect to “useful” components in the currents
of excitation.

Short circuits in the external power supply system lead to voltage dips in both
sections of low voltage in industrial substations, which makes inefficient the system
of reservation power of excitation windings of synchronous machine exciter from
adjacent sections of switchgears of the systems of internal power supply.

Perhaps the mathematical description of electromagnetic transients in syn-
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chronous machines is appropriate in the form of finite-difference equations. The
speed of calculations is repeatedly increased and conditions are created for the de-
velopment of automatic systems of control and protection, using “the projected”
development mode under external distortion. It is reasonable to use the mathemati-
cal model of a permanent structure in the continuous variables for the description of
electromechanical transient process.
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SPRIEGUMA IETEKME UZ SINHRONO MASINU AR
BEZSUKU IEROSMES SISTEMU

Fedotovs A., Leonovs A. Vagapovs G., Mutule A.

Kopsavilkums

Raksta piedavats matematiskais modelis ar nepartraukti mainigajiem
lieclumiem sinhronai masinai ar bezsuku ierosmes sistému, saturo$u tiristora el-
ementu. Laplasa diskréta transformacija tiek izmantota parejai no vienadojumiem
mainamai struktiirai ar nepartraukti mainigu lielumu matematisko modeli uz galigu
diferencu vienadojumiem pastavigam struktiram. Pec tam veikta apgriezta pareja
uz matematisko modeli ar nepartraukti mainigiem liclumiem pastavigai struktiirai.

25.02.2016.
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The extraction-pyrolytic method has been applied to produce the ZnO
and CdO-ZnO thin films on glass and quartz glass substrates. According to X-
ray diffraction measurements, the ZnO and CdO phases have been produced
with an average size of crystallites about 842 nm in the films. The thickness
of the layers measured by a profilometer has been up to 150 nm. The surface
morphology measurements show that the surface of the films may be rough
and non-continuous. The SEM results confirm the dependence between the
preparation procedure and the quality of the thin film.

Keywords: CdO-ZnO thin films, extraction-pyrolytic method, surface
morphology, X-ray diffraction.

1. INTRODUCTION

Zinc oxide ZnO is an n-type semiconductor. Due to its crystalline structure pa-
rameters, wide band gap (approximately 3.7 eV at room temperature), high exciton
bound energy (60 meV) and possibilities to embed several impurities, ZnO has good
optical, electrical, piesoelectrical and magnetic properties [1]. The above-mentioned
properties can be changed by adding appropriate amounts of impurities or by alloy-
ing ZnO with other materials. As an example, the band gap of the pure ZnO of 3.37
eV could be increased up to 7.8 eV by adding the MgO [2], or decreased to 2.3 eV
by adding the CdO [3]. ZnO serves as important material with various applications
in production of photodetectors, light diodes, biosensors, solar batteries, etc. [1],
[4]-[8].

CdO-ZnO thin films can be produced by several known technologies, such as
chemical vapour deposition, “sol-gel” technique, laser ablation, radio-frequency and
DC magnetron sputtering methods [9]-[14]. Each method has advantages and disad-

57



vantages in terms of production procedures, equipment costs and resulting product
properties; therefore, the development of new semiconductor production methods
remains challenging.

The aim of the present research is to produce the thin films of CdO-ZnO by
the extraction-pyrolytic method (EPM) [14]. Comparing with other production tech-
niques of thin films the EPM has several advantages. In case of using the EPM
vacuum or high pressure, high electrical and magnetic fields, low or high tempera-
tures are not necessary. This technology is simple and corresponds to the ecological
standards. In principle, the EPM allows varying and optimising the composition,
structure and properties of composite materials [15].

2. EXPERIMENTAL PROCEDURE

In order to produce the thin layers of ZnO and CdO-ZnO, the cadmium and
zinc extracts were prepared. Zinc and cadmium were extracted from chloride so-
lutions by the caproic acid without use of organic solvents, previously adding the
sodium hydroxide solution in stoichiometric proportions. In order to remove the
sodium ions from the organic phase, the extracts were flushed 3 times with newly
prepared zinc chloride or cadmium chloride solutions. The extraction of the metal
cations occurs according to the cation exchange mechanism as shown by the follow-
ing reaction:

Me(”w) + nHR(O) 0+ nH(W),

where w refers to the water phase and o — to the organic phase.

— MeR,

In order to determine the exact concentration of cadmium in the cadmium ex-
tract, in a platinum crucible appropriate volume of the extract was heated to 600 °C
and held at this temperature for 30 minutes. The exact mass of the produced CdO
and the concentration of the cadmium extract were calculated. The concentration of
cadmium extract was found to be 0.31 mol/L.

In order to determine the exact concentration of zinc in the zinc extract, in a
platinum crucible known volume of cadmium extract was added to an appropriate
volume of zinc extract and the prepared mixture of extracts was heated to 600 °C
(in muffle furnace SNOL 8,2/1100 L “UMEGA”) and kept at this temperature for
30 minutes. In parallel, the procedure was repeated with the mixture of known vol-
ume of cadmium acetate dihydrate solution in ethanol with known concentration and
known volume of zinc extract. The ratio between zinc and cadmium in the produced
samples was determined by using the EDAX Eagle III Micro-XRF elemental analy-
ser. The found ratios were used to calculate the concentration of zinc extract. Two
independent calculations of the concentration of zinc extract gave the same results.
The concentration of zinc extract was found to be 0.048 mol/L.

In additional, the solution of the cadmium acetate in ethanol with a concen-
tration of 0.048 mol/L was prepared. In order to produce thin films with different
compositions, the prepared organic extracts and cadmium acetate solutions were
mixed in different proportions. Extracts and their solutions were additionally diluted
with caproic acid and ethanol. Defined volumes of prepared organic solutions were
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applied on the glass or the quartz glass substrates. The substrates were previously
treated by a 10 % NaOH solution, washed in hot water, dried and treated with di-
chloroethane in an ultrasonic bath. After the evaporation of the solvent, the samples
were heated under constant heating rate (v, ) from room temperature to the thermal
treatment temperature (T ) and held at this temperature for a definite time (t ).
Before the thermal treatment at high temperatures, the samples were dried at room
temperature. This cycle of the application of organic precursor and thermal treatment
in air was repeated several times. The conditions of the process are shown in Table 1.

The XRD patterns were obtained by a PANalytical X’Pert PRO spectrometer
at the wavelength of 1.542 A (Cu K,). In order to calculate the mean size of crystal-
lites, preliminary processing of the resulting X-ray diffraction data was performed
by using Origin software. For the determination of the size of crystallites (z), the
Scherrer equation was used:

e KA
Bcosf’

where K is a dimensionless shape factor with a value of about 0.94, but varies with
the actual shape of the crystallite; 4 is the X-ray wavelength; f is the line broaden-
ing at half the maximum intensity (FWHM), after subtracting the instrumental line
broadening, in radians, which was calculated by using peak shape approximation
with the Pseudo-Voigt function; 6 is the Bragg angle.

The thickness-profile measurements of the thin films were performed by a
Vecco Dektak 150 Surface Profiler profilometer. The stylus radius was around 12.5
um and the stylus force equalled 0.03—-3 mg. The surface morphology of the thin
films was evaluated by scanning electron microscopy (SEM). Secondary electrons
and backscattered electrons were detected.

Table 1

Thin Film Preparation Conditions (I — Zinc Extract, II — Cadmium Extract,
III - Cadmium Acetate in Ethanol)

Abbreviation Type of used | Total number .
. . Composition | Volume of the
of the thin film | substrate and | of the applica- . . Thermal treat-
. . of the subli- sublimated .
and its expect- | the covered tion-thermal . ment condi-
. mated organic | precursor solu- .
ed chemical area of sub- treatment . . tions
o ) solution tion, mL
composition strate, cm cycles
Ly, =7°C/
A* min, T =300
790 Glass (19.5) 1 precursor | 0.82 C,t,,,= 0 min
(Zn0) 2.T, =350°C,
t =30 min
mixture of Vh?a‘-zls c
recursor [ min (cycles
P ’ 0.16 (cycles | 1-5), T =350
precursor 111 o ann.
B Glass (19.5) 5 and caproic 1-2) C (cycles
(CdO-7Z10) ‘ acid invofume | 032 (cycles | 1-4), T, =400
- 3-5) °C (cycle 5),
proportion of ¢ =5 min
1:0.147:1 ann.
(cycles 1-5)
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C Quartz glass mixture of 0.16 (cycles Ve =15 °C/
(CdO-7Zn0) (19.6) precursor I, 1-2) min (cycles
precursor III 1 0.32 (cycles | 1-5), T,,, =350
and caproic 3-5) °C (cycles
acid in volume 1-4), T =400
proportion of °C (cycle 5),
1:0.147:1 t,.. =5 min
(cycles 1-5)
D Quartz glass mixture of 0.15 (cycles Vi =15 °C/
(CdO-75Zn0) (19.6) precursor I, 1-8) min (cycles
precursor 111 1-8), T =350
and caproic °C (cycles
acid in volume 1-7), T =400
proportion of °C (cyclé 8),
1:0.0133:1 t =5 min
(cycles 1-7),
t =30 min
(cycle 8)
E Quartz glass mixture of 0.19 (cycles Vi =15 °C/
(4Cd0-7Zn0) (19.6) precursor I, 1-8) min (cycles
precursor 11 1-8), T _ =350
and caproic °C (cycles
acid in volume 1-7), T, =400
proportion of °C (cycle 8),
1:0.57:1 t,.=5 min
(cycles 1-7),
t .,=60 min
(cycle 8)
F Quartz glass mixture of 0.10 (cycles Ve =15 °C/
(CdO) (13.4) precursor 11 1-8) min (cycles
and caproic 1-8), T =350
acid in volume °C (cycles
proportion of 1-7), T =400
1:5.25 °C (cyclé 8),
t =5 min
(cyéles 1-7),
t =30 min
(éycle 8)
G Quartz glass mixture of 0.10 (cycles Vi =15 °C/
(CdO-7Zn0) (13.4) precursor I, 1-8) min (cycles

precursor 11
and caproic
acid in volume
proportion of
1:0.022:1.12

1-8), T =350
°C (cycles
1-7), T, =400
°C (cycle 8),
t, =5 min
(cycles 1-7),

t .,=30 min

a

(cycle 8)

*thermal treatment performed by inserting the sample in the preheated chamber
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3. RESULTS AND DISCUSSION

XRD patterns of the ZnO and CdO-ZnO thin film are shown in Figs. 1-4.
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Fig. 1. XRD patterns of films A and B.

For the ZnO thin film on the glass substrate, several diffraction maxima were
observed at (100), (002), (101), (012) and (110) crystallographic plane orientations.
For the thin film B on the glass substrate, the (100) and (002) crystallographic plane
orientations could be observed; however, the diffraction peaks were less intense
compared to the diffraction peaks on the ZnO diffractogram.
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Fig. 2. XRD patterns of films C and D.

In contrast to the thin film B on the glass substrate, on the diffractogram of
thin film C, which was produced on the quartz glass substrate, additional diffrac-
tion maxima at crystallographic plane orientations (111), (200) and (202) could be
observed. By comparing the diffraction maxima of all thin films with the data of
the Crystallography Open Database [16]-[18], it turned out that all the diffraction
maxima (100), (002) and (101) corresponded to the hexagonal wurtzite ZnO struc-
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ture. However, the (111), (200) and (202) diffraction maxima corresponded to the
cubic CdO structure (creation of mixed ZnO and CdO crystallographic phases was
not observed). Taking into account that all diffraction maxima of the thin films were
observed at several orientations of crystallographic planes, we concluded that our
investigated thin films had polycrystalline structures. Creation of Cd Zn,_O crystal-
lographic phase was possible only in case of sample B because of shifting of the dif-
fraction peak (100) towards lower angles  (Cd Zn,_ O — solid solution of zinc oxide
and cadmium oxide; xCdO-yZnO — a mixture containing several phases, x and y are
moles). In case of sample D, the shifting of ZnO diffraction peaks was not observed.
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Fig. 3. XRD patterns of films E and F.

On the diffractograms of samples E, F and G intensive diffraction maxima
are visible, which correspond to the otavite CdCO,. The presence of CdO phase with
cubic structure in the samples is also confirmed. The presence of mixed Cd Zn, O
crystallographic phase is not confirmed by XRD.
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Fig. 4. XRD pattern of film G.
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In air the second reaction is possible:

CdO+CO, —21C 5 CdCO,.

The process of the formation of cadmium carbonate after decomposition of or-
ganic precursors is also possible, but the process described by the above-mentioned
reaction has a higher chance to occur. The process of the decomposition of organic
precursors should be performed and investigated in inert atmosphere at higher tem-
peratures. Thin films produced after thermal treatment should be cooled in inert at-
mosphere to avoid the interaction with carbon dioxide.

The calculated average size of crystallites in the ZnO thin film on the glass
substrate is 8-39 nm. For the thin films with chemical composition of CdO-7Zn0O,
the size of the crystallites of ZnO phase is 15-19 nm and 8—14 nm for the glass and
quartz substrates respectively, and the sizes of CdO crystallites are 842 nm. It could
be observed that the size of the ZnO crystallites diminished in presence of the CdO
phase in the sample. The intensities of the diffraction peaks of ZnO phase became
also weaker. It is possible that the presence of cadmium affects the formation of ZnO
phase with high crystallinity.

b o 2 ol
G: 1. SEM MAG: 35.0 kx
View field: 277 ym View fleld: 7.91 ym

LU CFI

Fig. 5. SEM microphotograph of sample A (A — at lower magnification; B — at higher magnification).

The surfaces of the samples A and C are shown in Fig. 5 and Fig. 6, respec-
tively. The surface of sample A has a lower quality and is rougher.

The bad quality of the thin film A can be explained by the intensive gas release
process when a larger amount of organic precursor is decomposed (see Table 1). The
uniform organic layer is not always formed on the substrate after the evaporation
of diluent (after thermal treatment non-continuous oxide film is produced); hence,
the additional cycle of the application of organic precursor and thermal treatment is
necessary to produce a more uniform oxide film. In addition, the temperature of 350
°C may not be sufficient for the total decomposing of organic precursor, so some
amorphous phases may remain in the thin film A. The results of analysis of SEM
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microphotograph are in a good correspondence with the results of profile measure-
ments of the thin films.

LYRA3 TESCAN SEM MAG: 50.8 kx I Det: SE LYRA3 TESCAN
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Fig. 6. SEM microphotograph of sample C (A — at lower magnification; B — at higher magnification).

Measurements of the thickness of thin films showed that the thin ZnO film on
the glass substrate was 150 nm thick, whereas the thickness of the thin films with
chemical composition of CdO-7ZnO on both the glass and the quartz glass substrate
equalled approximately 100 nm. It was established during the production of thin
films that the thickness of the resulting film could be controlled by varying the vol-
ume of applied organic solution.

4. CONCLUSIONS

Zn0O and CdO-ZnO thin films have been produced for the first time by the
extraction-pyrolytic method. The produced CdO and ZnO layers are polycrystalline
with an average size of crystallites about 842 nm. The formation of the cadmium
carbonate phase in the CdO containing films has been confirmed. The resulting qual-
ity of thin film depends on its production technology.
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ZnO UN CdO-ZnO PLANO KARTINU IEGUSANA AR EKSTRAKCIJAS-
PIROLITISKO METODI

A. Cvetkovs, O. Kiselova, U. Rogulis, V. Serga, R. Ignatans

Kopsavilkums

Darba ZnO in CdO-ZnO plano kartinu iegtsanai uz stikla un kvarca stikla
pamatném tika izmantota ekstrakcijas-pirolitiska metode. Rentgenstaru difrakcijas
dati norada uz ZnO un CdO kristalisko fazu veidoSanos ar vid&jo kristalitu izmé&ru
8-42 nm kartinas. Ar profilometru noteiktais iegtito kartinu biezums sasniedza 150
nm. Virsmas morfologijas mérijumi parada, ka kartinas var biit nelidzenas un var
pilnigi neparklat pamatnes virsmu. Mainot kartinu iegtiSanas tehnologiju, var butiski
ietekmet parklajumu kvalitati. Par to liecina iegtitas kartinu SEM mikrofotografijas.

02.11.2015.
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The paper presents results of the long-term environment radioactivity
monitoring in the vicinity of the decommissioned Salaspils Nuclear Reac-
tor. Data include Cs-137 contamination levels of soils, H-3 concentration in
ground waters, as well as gross beta activity of sewage and rainwater drainage
of SNR. Special attention is devoted to the radioactive pollution of water due
to leakage from the special wastewater basin detected in December 2014.

Keywords: artificial radionuclides: Cs-137, H-3, beta-activity, environ-
ment radioactivity monitoring, nuclear reactor.

1. INTRODUCTION

Radiation hazard for population is a topic attracting nowadays growing atten-
tion. According to public opinion, nuclear reactors are regarded as the most danger-
ous potential sources of such hazards. The Salaspils Nuclear Reactor (SNR) near
Riga had been in operation for a long period (1961-1998) which could have resulted
in pollution of the closest surrounding territory with artificial radionuclides: products
of activation or fission. The most important of these artificial radionuclides are Cs-
137, and H-3.

The use of beryllium (Be) cassette for neutron reflection in the reactor core
resulted in the production of trititum in water of the reactor tank, and first contour.
Nuclear reactions involved in the tritium production process (Eq.1) include fast neu-
tron capture by °Be nuclei, and thermal neutron capture by °Li and *He nuclei, as well
as beta-decay of *He, and *H [1].

’Be +n (1-10 MeV)— ""Be* — ‘He + *He — 0.64 MeV;

108s
6y : 3 4 6Li + B (1)
Li+tn (th) —» "H + "He + 4.7 MeV;

L 123yr
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*He + B
*He +n (th) —» *H+ p".

Tritium could have leaked into environment (in the form of vapour and con-
taminated water).

The regular Cs-137 monitoring of soils around the decommissioned SNR has
been carried out since 1998. Activity monitoring of gamma- and beta-ray emitting
radionuclides in the ground waters around SNR was started in 1990. Tritium moni-
toring of ground waters has been carried out since 1997. Some results have been
published earlier in [2], [3].

The aim of present research is to provide an overview of the long-term study
of presence and concentration of artificial radionuclides in soils and waters of the
three kilometre radius area around SNR after its shutdown. Data include Cs-137
activity in soils, tritium and gross beta activity in ground waters and sewage. Ac-
cumulation and migration of artificial radionuclides in the soil and ground waters of
SNR vicinity have been studied as well. The obtained results are compared with the
background radioactivity level in the rest of Latvian territory [4], [5], as well as with
national and EU regulation requirements [6], [7].

In December 2014, a high activity concentration (~ 5-10° Bg/l) of tritium was
discovered in the control wells near the special sewage water storage basins. The
cause of this incident was water leakage due to basin’s metal wall corrosion. Sys-
tematic radionuclide contamination control of water was carried out during all stages
of deactivation and repair works. The present paper provides an overview of these
measurements as well as takes stock of situation after the liquidation of this pollu-
tion source.

2. EXPERIMENTAL PROCEDURE

For the regular monitoring of Cs-137 activity in soils of the three kilometre
zone around SNR, five fixed checkpoints were selected (3 points inside, and 2 points
outside the SNR territory). Each sampling point had an area of 1 m? Every year
in August—September, 5 samples (sample size — 8 cm x 8 cm) were taken at each
checkpoint from the upper soil layer (0—5 cm) and mixed. Then, samples were dried
at 105 °C to attain constant weight, homogenized, filled into 1 1 Marinelli beak-
ers and weighted. Radionuclide concentration measurements were performed using
the gamma-ray spectrometry methods [8], [9] employing the high resolution HPGe
gamma-ray spectrometers Ortec or Canberra with the Genie™ 2000 software system
[10]. Massic activity of Cs-137 in soil samples was determined from intensity of the
661.657 keV y-line. The uncertainty of measurement results was within the range of
3—-10 %, the minimal detectable activity (MDA) — 0.3 Bg/kg.

Gamma-ray spectrometers were calibrated for gamma-ray energy and ef-
ficiency measurements using certified mixed standard volume source traceable to
NIST. Regular energy and efficiency stability checks of gamma-ray spectrometers
were carried out using certified Co-60, Cs-137, and K-40 sources.

In order to monitor tritium concentration in the ground waters around SNR,
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control wells were made at distances ca. 5 to 200 m from the reactor tank and special
sewage basins (see Fig. 1). Ten wells are located inside SNR territory, and twelve
wells — outside the reactor fence. The control wells are numbered and grouped as A,
B, and V according to their depth as follows (see Fig. 2). The distance between A,
B, and V wells within groups 1-4 is 1.2 m; between wells 7A and 7V — 0.75 m; and
between wells 8A and 8V — 0.7 m. The well X1 is 4 m, and the well X2 — 6 m deep.

The liquid scintillation counting method [11] was used for determination of
tritium activity in ground waters. Collected samples of ground water were distilled
and then mixed with a scintillation cocktail (OptiPhase “HiSafe’3) in a polyethylene
vial. The optimal mixing ratio was 8 ml of distillate, and 12 ml of scintillation cock-
tail. Measurements of tritium activities were performed with the liquid scintillation
spectrometer (Packard TRI-CARB 2100 or Hidex 300 SL). Measurement time was
up to 12 hours or until statistical uncertainty less than 2 % was achieved. For this
counting time, MDA was 4 Bq/l.
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Fig. 1. Location of control wells in the territory of SNR.
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Fig. 2. Depth distribution of control wells.

For determination of gross beta-activities [12], collected 1 | samples of ground
water and/or sewage were evaporated. Measurements were performed using the
calibrated Tennelec-Solo device.
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Credibility of obtained results was ensured by the quality assurance and con-
trol according to the main requirements of the ISO/IEC 17025:2008 standard [13].

3. RESULTS AND DISCUSSION
3.1 Monitoring of Soils in the SNR Territory

Measurements of radioactivity in the soil samples of the three kilometre zone
around SNR established only presence of Cs-137, as well as natural radionuclides:
K-40, and decay products of Th-232 and U-238 chains [2]. It was found that concen-
tration of Cs-137 differed significantly in the adjacent places. These variations could
be explained by different sorption of Cs-137 in various soil types [14] and location of
the checkpoint (grassland, plough land, coniferous or leafy forest, etc.). The massic
activity of Cs-137 in the grassland and plough land was from 0.3 up to 26 Bg/kg. In
forest, the massic activity of Cs-137 was from 38 to 227 Bg/kg. The maximal Cs-
137 massic activity in the SNR territory — 227 Bq/kg — was found in the pine forest.

Let us compare these results with Cs-137 activity from the global fallout in-
cluding Chernobyl. The average Cs-137 massic activity in the Latvian soil was de-
termined at 140 Bq/kg [5]. In the east part of Latvia, the maximal Cs-137 massic
activity was determined at 319 Bq/kg, while in the west regions — between 150 and
950 Bg/kg [4]. Therefore, the Cs-137 activity level in the SNR territory is below the
contamination values established in Latvian soils [5], [15].

Figure 3 presents the minimal and maximal massic activity of Cs-137 in the
vicinity of SNR for each year starting with 2003. The observed variations of Cs-137
massic activity depend on the soil material (clay, sand, or peat), and the location of
sampling point (forest or grassland).
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Fig. 3. Minimal and maximal annual massic activity of Cs-137
in the soils of SNR territory.

3.2 Monitoring of Ground and Sewage Waters

Figure 4 presents the results of tritium monitoring of ground waters in two
control wells. The well 2B (see Figs. 1, and 2) is 4.3 m deep in the clay level and
located on the ground water stream outside the reactor’s fence. The well 10V is
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9.2 m deep in the limestone level close to the SNR wastewater basin No. 1. The
distance between wells 2B and 10V is ~50 m. We compare data for ground water
samples taken in October of each year. The established seasonal variations of tritium
concentration related to the amount of precipitations are within 20 % limits. The
increased tritium concentration in the well 10V in the period of 2003-2004 can be
explained by the washing out of tritium from the gypsum caverns (within the SNR
territory) due to meteorological conditions.
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Fig. 4. Tritium concentration in wells 2B and 10V.

Waters of the SNR territory were also monitored for the gross beta activity.
In the ground waters, this activity varied in the range from 0.05 to 0.35 Bq/l. The al-
lowed gross beta activity level for water is 1 Bq/l [6]. The gross beta activity of water
from the SNR sewage and rainwater drainage systems (Fig. 5) displayed correlation
with reactor operation (1994-1998) and the partial dismantling of reactor systems
(2007-2009). In 1998, the gross beta activity was smaller because SNR operation
stopped in June.
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Fig. 5. Average annual beta activity of water in the sewage and drainage of SNR.
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3.3. Radioactive Pollution Incident at the Decommissioned SNR

In December 2014, a high level of water pollution with tritium was detected in
the control wells X1, and X2 (see Fig. 1): 4.96:10°, and 2.15-10° Bq/l, respectively.
The supposed cause was leakage from special sewage underground basin No.l due
to metal corrosion. Special sewage basins No.1 and No.2 are welded stainless steel
tanks (diameter — 624 cm; height — 230 cm; metal thickness — 4 mm) enclosed within
concrete housings. Basins were built in 1960.

In order to liquidate the possible environmental pollution source and to elimi-
nate possibility of future incidents, the deactivation and repair works plan was elabo-
rated. This plan included regular dosimetry and water radioactivity control measure-
ments and was approved by the National Radiation Safety Authority.

101.2 m® of contaminated water from sewage basins No.1, and No.2 were
pumped out and filled into double layer containers (a 100 litre plastic barrel within
a 200 litre metal barrel). Maximal measured dose rate on the outer surface of water
containers was 0.9 — 1.0 uSv/h due to the total Cs-137 activity of water in the con-
tainer. These containers were stored: part in the temporary storage building, and part
in the former reactor hall.

The radioactive sludge mixed with the ion exchange resin covering bottom of
basin No.l was gathered, packed in 14 metal barrels (2800 litres) and stored within
A-172 type containers in the reactor hall. Since dose rate on some filled barrels was
25-30 pSv/h, three barrels with sludge and scrap metal parts were cemented within
A-172 type containers.

When all contaminated water and sludge were removed, both sewage basins
were washed with pressurized water streams. Resulting radioactive water (~150 li-
ters) was pumped into the above-mentioned double layer containers and stored.

After the decontamination, the ambient gamma dose rate in basin No.l was
1.5-3.0 uSv/h, and in basin No. 2 — 0.3-0.55 uSv/h.

Then, the seams of metal tanks in sewage basins No. 1, and No. 2 were checked
and all detected cracks were welded.

Radioactivity control measurements were carried out during all stages of the
emergency works as well as after completion of the task. Table 1 presents Cs-137,
and H-3 activity levels in both basins at main stages of the work. Registered activity
of Co-60, natural radionuclides K-40, and U-238 was negligible, except in sludge at
the bottom of basin No.1 where Co-60 massic activity reached 4330 Bqg/kg.

Table 2 presents maximal Cs-137 and H-3 activities detected in the water of
control wells of the SNR territory. Maximal activities were found in wells X1 and
X2, which were closest to the basins. Figure 6 presents variations of tritium activity
in control wells X1 and X2 during the incident and emergency works. The maximal
Cs-137 massic activity 12.9 Bg/kg was detected in the well X2 in the middle of
March, 2015 when basins were washed.

Radionuclide content in other control wells of the SNR territory (see Fig. 7)
was much lower: the maximal activity level ~600 Bq/l was observed in the well 5V.
In some control wells, presence of natural radionuclides K-40 and U-238 in water
was detected as well. It could be explained by washing out of clay layer.
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The Radioactivity Control Data of Sewage Basins During the Incident

Table 1

Date

Basin No.1

Basin No.2

Cs-137
Ba/kg

H-3 Cs-137 H-3
Bq/l

Bq/l Bq/kg

Comment

01.12.2014

4774 %

3231058 % | 513+4%

1.59-10°+ 8 %

Water before
the incident

06.02.2015

46+£4 %

1.3-10°+8 %

Water re-
moved from
basin No.2

10.03.2015

471+4 %

2.4410°+8 %

Water re-
moved from
basin No.1

10.03.2015

3.8:105+4 %

Sludge

14.05.2015

52+ 5%

- 8+4%

Control
measure-
ments

Maximal Cs-137 and H-3 Activity Levels Detected in the Water of
Control Wells of the SNR Territory During the Incident

Table 2

Well No. Cs-137 H-3
Bg/kg Bg/l
X1 28+5% 3.88-10°+ 8 %
X2 129+4% 9.53-10°+ 8 %
5V 1.7+£5% 581+£9%
oV 3.6+£5% 69 +21%
10V 1.6+5% 193£12%
7A <0.5 7+£35%
1B 1.2+6% 50+27 %
2A 9+4% 71+21%
2B 1.4+5% 7£35%
4A <0.5 <4
4B <0.5 <4

Measurements carried out after the incident showed that tritium content in
wells outside the reactor fence was below limits allowed for drinking water.
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Fig. 6. Tritium activity concentration of water in control wells X1 and X2 during the incident.

EI]IJ-I

400 -

Bq/l
=

2015-04-28
2015-04-01
2015-02-23

2015-02-10

200 e L

Fig. 7. Tritium activity concentration of water in other control wells close to the basins.

4. CONCLUSIONS

The obtained results presented dynamics of artificial radionuclide concentra-

tion in soils and ground waters in the vicinity of SNR depending on years and location.
1. The results of Cs-137 monitoring in soils showed that the massic activity
varied in different places of the SNR territory. However, it did not ex-

ceed the average global Cs-137 fallout level value in the Latvian territory
(~140 Bg/kg).
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2. The results of tritium, activity measurements show variation within a
wide range (5-8000 Bq/1) for particular years. Seasonal changes of activ-
ity were established as well. The activity concentration of tritium in the
wells outside the SNR territory was below the level permitted for drinking
water in Latvia (100 Bg/l).

3. The determined gross beta activity level in the ground waters of the SNR
territory was below 0.35 Bg/l, which was within limits permitted by regu-
lations.

4. The performed monitoring allowed timely establishing the emergency
situation related to the water leakage from the storage basin and ensuring
the elimination of the possible large scale environmental pollution.

5. The monitoring showed that the amount of radionuclides produced by
SNR had little impact on the total radionuclide content in the Latvian
environment.
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APKARTEJAS VIDES MONITORINGA REZULTATI BIJUSA SALASPILS

KODOLREAKTORA TERITORIJA
D. Riekstina, J. Bérzins, T. Krasta, G. Kizane, J. Rudzitis

Kopsavilkums

Darbs prezente ilgaka laika perioda veikta vides monitoringa rezultatus bijusa

Salaspils petnieciska reaktora teritorija. Ir sniegti dati par Cs-137 koncentraciju
augsng, ka arT tritija koncentraciju gruntsiidenos. Tapat sniegti dati par summaro
beta aktivitati gruntsiidenos specialas un lietus kanalizacijas tidenos. Ipasa uzmaniba
pieversta radionuklidu koncentracijas mérjjumiem 2014. gada decembr notikusas
radioaktivo tidenu noplides laika, avarijas situacijas likvidacijas laika, ka art stavokla
noverteésanai péc incidenta.
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