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Abstract: This article focuses on the readings received from two different types of nacelle
mounted anemometers and their comparison with reference measurerrgites Dime aim of the

article was to evalate the influence of the wind turbine rotors on the wind data measured with
the nacellemounted anemometers. The measurements were made during a case study of two
existing small wind turbined’he framework conditions in the analysed cases were similar: both
analysed anemometers were mounted on smallkV¥Ohorizontal axis type wind turbines
(HAWT-s) with active yaw and pitch control, and although the wind turbines were situated at
different loations, the wind conditions of the measurement sites were relatively similar. The
comparative wind speed data for the analysis was acquired in both cases from measurement masts
that were installed in the proximity of the analysed anemometers tiashed the standardEN
6140012-1:2006. The anemometer readings were logged during measuring periods of two
months and saved as 10 minute averages. Three anemometers and a wind direction sensor were
used for the reference measurements on both Bitwas fourd that in both cases the operating

state of the wind turbines (presumably the rotation of the rotor blades of the turbine) influenced
the readings received from the nacetieunted anemometers to a statistically significant extent.

The 10 minute average md speeds of the nacelleounted anemometers were significantly
lower than the means of the data acquired from the measuring mast anemometers. Despite the
fact that the means did not coincide the correlations between the reference wind data and the
nacellemounted anemometer readings were strong. In the analysed cases the readings from the
ultrasonic anemometer were more similar to the reference measurements than the readings from
the mechanical cupnemometer.

Key words: wind measurements, anemometerguaacy, wind turbines.

INTRODUCTION

Modern wind turbines with active yaw and pitch control rely in their operation on
reattime wind speed data, which is used for the automatic control operations. This
requires constant wind speed measurements in the proximity of the wind turbine.
Normally anemometers that are mounted on the nacelle of the wind turbine are used for
acquisition of the necessary data. This occurs due to the fact that the anemometer has to
be approximately on the same height with the wind turbine hub and installing a separate
mast just for measurements is not reasonable. The problem lies in the fact that the wind
turbine and especially thretating rotor blades of the turbine influence the air flow that
has to be measured. And thereby influence the results of the measurements.
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Precise measuring results about weather conditions are especially important when
evaluating the performance of autonomous or sartenomous renewable energy
systems@sadcuks et al., 2013).

MATERIALS AND METHODS

This analysis was based on two smBi£ 10 kW) wind turbines. Wind Turbing
(WT 1) has a hub height of 18 meters and a rotor diameter of 7.2 meters. Wind Rurbine
(WT 2) has a hub height of 16 meters and a rotor diameter of 8 meters.

Two measuring masts were installed in order to collett cabout the wind
conditions on the site of each wind turbine. The placement of the measuring masts was
chosen on the basis of the standaktl6140012-1:2006 The main factors for the correct
placement of the measuring mast were:

1) distance from the wintlrbine;

2) direction in relation to the main wind direction and wind turbine.

The positioning of the mast is illustrated on Hig.
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Figure 1. Placement of the measuring mast in relation to the wind turbine (European Committee
for Standardisatior2006).

The measuring masts were placed according to the wind measurement standard
(European Committee for Standardisati on,
of the wind turbine. The preferred distance is 2.5 times the diameter.The anemometers
used for the measurements are described in Table

A 40 meter high wind measurement mast was used for mounting the Thies Clima
anemometersThree anemometers were used on both masts: one on the height equal to
respective wind turbine nacelle, one on 2@areand another on 40eters height. Also
a Thies Climawind direction sensor on height 49 was installed on both measuring
masts Wilmers Messtechnik GmbH Wilog 306 loggers were installed on the foot of the
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mast for the data acquisition.The validitytbé reference data from the measuring masts
was verified using measurements made on multiple heights. The wind speeds on
different heights may be different, because of the ground roughBesq (u -Ruedas

et al.,, 2010;Sen et al., 2012 but neverthelesthere should be strong correlations
between the data.

Table 1. The main parameters of used anemometers

Anemometer Thies Clima cup
anemometer, type AirMar 150WX SMA Wind Sensor
4.3303.22.000 (Wind turbine 1) (Wind turbine 2)
(measuring mast)
Measuringrange 0.37 50 ms? 0i 40 ms* 0.8 40 ms?
0 ms'to 5 ms%; 0.5 mst+
N N 10 % of reading
Accuracy N 0.s5 N 5 ms!to 40 ms%; 1 ms?tor N 5%
of m.v. 5 %, dependant which is
greater
. 3i 1042 Hz . 1
Electrical output 4i 18V DC 97 40V DC na

The data was at first compared with-#e8t, to test the similarity of the results from
the nacelle anemometers with the reference data. The following hypotheses were made:
1. H1: The means of the data from the wind turbine anemometer and the reference
anemometer on the same height are significantly different (but there may be a
correlation between the data).
2. HO: The means of the data are similar.

For the initial comparison a-fest was applied to the data from the wind turbine
anemometer and the reface data. The pairwise comparison was used because the time
of each measurement was important (Kaart, 2012). The software package R was used
for the statistical analysis.

The time steps where the nacelle anemometer or reference anemometer data was
not avalable were neglected. Also the data from time steps when the wind direction was
from the disturbed sector was neglected.

The Ttest analyses the data on the hypothesis whether the mean nacelle
anemometer results and reference anemometer results areaiglyifdifferent, but it
does not give an estimation about the correlation of the results.

Pearson and Spearman correlation coefficients were calculated in order to analyse
the strength of relations between the naeatiemometer data and reference aneatem
data. The Pearson correlation analyses the linear correlation of the results and the
Spearman correlation analyses the rank correlation of the named parameters. The rank
correlation describes the monotony of the relation.

The categorisation betweerethorrelation coefficients can vary to some extent by
approach. For the present analysis the approach shown in Z@&blesed (Dancey &

Reidy, 2004).
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Table 2. Strength of Correlation (Dancey & Reidy, 2004)
Value of the Correlation Coefficient  Strengthof Correlation

[r|=1 Perfect
0.7<lr] O 0.9 Strong
0.3<|r|<0.7 Moderate
0.1<|r] O 0.3 Weak
r=0 Zero

As the number of measurements was relatively high (8000+ measurementd &/ T
4000+ measurements at WT 2), some of the graph#trations (Figs3 and7) of the

data were compiled using the method of bins described in the standard EN1@1400
1:2006 in annex K: In situ comparison of anemometer. The data sets were averaged using
1 ms?!bins. (European Committee for Standardisation, 2006).

RESULTS AND DISCUSSION

Wind Turbine 1

Measurements at the location of WT 1 were made from 20.10.2013 to 21.12.2013.
The readings were registered as 10 minute avera@littime steps From this déa
set 8,345 time steps were used for the further analysis, the other time steps had to be
neglected because of the criterion that were described in the previous chapter.

The location of wind WT 1 is in Nort&stonia, 42 kilometres away from the coast.
Thewind roses that were created on the basis of the data measured at different heights
of the measuring mast are shown on the following Eig.

[ ----40m = 26m —18m |

X:GIS. Maneamet. Koik oiquscd Kaitstud.

Figure 2. Wind roses on three different heights at the location of WT 1 (Estonian Land Board,
2014).

Fig. 2 shows, that as expected, the main wind direction is from the-s@sth as
it is common for this part of Estonia (Kull, 1996). The similarity of the wind roses on
different heights indicates a strong correlation of the measuring mast anemometer
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readings and the validity of the reference anemometer measurement results. The excision
in the northeast sector of the wind roses (FR).is caused by the positioning of the
measuring mast in relation to the wind turbine (Rig. The wind roses on differen
height give also indication about the ground roughness of different directions. The lines
representing the average wind speed are more away from each other on the directions
were the ground roughness is highdike the forest area to the south of theasuring
location (Fig.2).

The parameters of the wind speed measured at the location bEv¥¢lsummarized
in Table3.

Table 3. Summary of measurement results at the location of WT 1

WT anemometer Measuring mast anemometers
Parameter 18 m 18 m 26 m 40m
Mean wind speedn s? 3.72 5.17 5.58 6.01
Median wind speedn s? 3.40 5.02 5.41 5.94

The T-test results of the collected data on Wind Turbine 1 (WT 1) showed that the
mean difference of the nacelle anemometer reading and the reference anerisometer
1.455 ms®. The pvalue found in the test is smaller than 0.05%, this gives a basis for the
assumption that the wind turbine had a statistically significant influence on the results
measured with the nacelsmemometer.

It was found that the wintlrbines (presumably the transient rotor blades of the
turbine) influence the measuring results of the nacetlented anemometers to a
significant extent in both cases.

The test results showed also, that the confidence interval on a 95% significance
levelis 1.426 to 1.484n s. It means, that with a 95% confidence can be said that the
mean difference between the nacelle anemometer and reference anemometer readings is
in the range of 1.426 to 1.484s*, when the framework conditions remain the same.

The linear and rank correlation coefficients of the data from wind turbine 1 are
shown in Tablel and Tablé respectively.

Table 4. Pearson correlations between the data measured on WT 1 and the reference data

WT anemometer Measuring mast anemometers

) 18 m 18 m 26 m 40 m

WT anemometer 18 m 1.000 0.874 0.874 0.871
Measuring tower 18 m 0.874 1.000 0.996 0.985
anemometers 26m 0.875 0.996 1.000 0.993
40 m 0.871 0.985 0.993 1.000

From Table5 it can be concluded that the linear correlabetween the nacelle
anemometer and reference anemometer on the same height is strong (the correlation
coefficient is 0.874).

The coefficients between the different heights of the measuring mast were in the
range of 0.985 to 0.993, which refers to an alnsal relation. This gives ground to
conclude that the reference anemometers were calibrated correctly and there were only
little wind turbulences at the measuring site.
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The Spearman rank correlation coefficients in T&blhow the monotony of the
relaion. The monotone relation shows, that if the reading of one anemometer grows,
then also the reading of the other compared anemometer increases, and this relation is
relevant for the entire measuring range.

Table 5. Spearman rank correlations betweendhta measured on WT 1 and the reference data

WT anemometer 1 Measuring mast anemometers

j m 18 m 26 m 40 m

WT anemometer 18 m 1.000 0.906 0.905 0.900
Measuring towels m 0.906 1.000 0.997 0.986
anemometers 26 m 0.905 0.997 1.000 0.993
40 m 0.900 0.986 0.993 1.000

The Spearman rank correlations are slightly higher than the linear correlation
coefficients. This gives ground to conclude that the differences between the nacelle
anemometer and reference anemometer are not even during theneatging range.

The relation of nacelle anemometer and reference anemometer readings in the most
relevant range for the wind turbine (from 3 to 1&#is shown in Fig3.
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10 minute average wind speed readings from reference
anemometer, m s

Figure 3. Relation of WT 1 nacelle anemometer and reference anemometergeadin

Fig. 3 shows 10 minute averages, which can be used to assess the real wind speed
on the basis of the nacelle anemometer speed. It has to be noted that this figure can only
be used for assessing the actual wind speed when the specific wind turbamkingw
The measurement range of 3 tom2? is given due to the fact that a simple dependence
could not be given outside this range. Most of the measured wind speeds fell in that range
as well (Fig4).

The frequency distribution and Weibull functiontbe reference anemometer of
WT 1 are shown in Fig}.

A Weibull distribution curve with a shape parameterkot 2.24 and a scale
parameter ob= 5.87 was fitted to the frequency distribution. A shape parameter of 2
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(which results in a Rayleigtlistribution) is considered as the most common value for a
wind speed distribution in the Baltic area (Bisenieks et al., 2013).
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Figure 4. Frequency distribution and approximated Weibull distribution of the wind speed
measurement results from treference anemometer of WT 1.

For comparison, the nacelle anemometer results of WT 1 are presented on the
following Fig. 5.
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Figure 5. Frequency distribution of the wind speed measurement results from the nacelle
anemometer of WT 1.

From Fig.5 can beseen, that the nacelle anemometer results do not follow a
Weibull distribution and their frequency distribution is significantly different from the
frequency distribution of the reference anemometer results. The distribution is shifted to
lower wind speesl The discrepancies are especially in the range of the lowest wind
speeds. The ctih speed of WT 1 is in the range ofiBs® and this causes that many of
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the nacelle anemometer results fall into the ranges of 0 to 1 andn $6i@ time steps
where the reference (actual) wind speed is from 3rtos5.

Wind Turbine 2

The location of wind WT2 is on the Estonian island of Saaremaa, 5 kilometres
away from the sea. For the Wind Turbine 2 (WT 2) the measurement period was also 2
months long. The measurements were made from 09.11.2013 to 11.01.2014. The
readings were registered as 10 minute averages in 9060 time steps.

For the current analysis only the data from time steps was used, when the wind
direction was not from the disturthesector(Fig 1) and the data from wind turbine and
measuring mast both were available. There were 4,872 time steps, were the data met
those criterion.

The wind roses from different heights of the measuring mast at the locationf WT
are shown on the flowing Fig.6.

5
----- Om — =26m —16m |

-

X-GIS. Magntiames

Figure 6. Wind roses on three different heights at the location of WT 2 (Estonian Land Board,
2014).

On Fig.6 can be seen that the main wind direction on the site of WT 2 is from south
west. The influence of nearby buildings can also be seen on the windtroaase said
that the wind conditions at the site of WT 2 are because of the surroundisgdpad
more turbulent than on the site of WTThe excision in the eastern side of the wind roses
is caused by the positioning of the measuring mast in relation to the wind turbine.
The summary of the wind data described above is shown in Gable

Table 6. Summary of measuring results in the proximity of WT 2

WT anemometer Measuring mast anemometers

Parameter 16m 16 m 26m 40 m

Mean wind speedn s? 2.96 5.21 5.84 6.83
Median wind speedn s?! 2.70 5.02 5.63 6.58
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The T-test, which was made on tbasis of the data from the nacelle anemometer
of WT 2 and the reference anemometer in the proximity of wind turbine, showed that
the mean difference of the comparable data pairs wasi2s25

The pvalue found in the -Test was under 0.05, this meahat the wind turbine
influenced the nacelle anemometer results to a statistically significant amount. The test
showed also that on the confidence interval on a 95% significance level was 2.22 to
2.28ms?, which means that with a 95% confidence can kthat the mean difference
between the readings on the nacelle anemometer and reference anemometer would
remain in this range if the other framework conditions would remain the same.

The correlation coefficients for the data measured at WT 2 are shote in
following tables (Table 7 and Table).

Table 7. Pearson correlations between the data measured on WT 2 and the reference data

WT anemometer Measuring mast anemometers

) 16 m 16 m 26 m 40 m

WT anemometer 16 m 1.000 0.812 0.797 0.772
Measuring masilG m 0.812 1.000 0.982 0.949
anemometers 26 m 0.797 0.982 1.000 0.979
40 m 0.772 0.949 0.979 1.000

From Table7 can be concluded, that the correlation coefficient between the nacelle
anemometer and reference anemometer is strong, but nostvenyg, the correlation
coefficient is 0.812. The linear correlations between the anemometers were in the range
from 0.949 to 0.982, which lets conclude, that the correlation between the anemometers
on the measurement mast was very strong.

The correlationcoefficients were slightly lower than the correlations on the
measuring mast in the proximity of Wind Turbine 1. This could be caused by more
turbulent wind conditions.

Table 8. Spearman correlations between the data measured on WT 2 and the refatance

WT anemometer Measuring mast anemometers

) 16 m 16 m 26 m 40 m

WT anemometer 16 m 1.000 0.929 0.920 0.896
Measuring masIlG m 0.929 1.000 0.985 0.954
anemometers 26 m 0.920 0.985 1.000 0.981
40 m 0.896 0.954 0.981 1.000

The Spearman rardorrelations are also at the WT 2 slightly higher than the linear
correlation coefficients. This gives ground to conclude that the differences between the
nacelle anemometer and reference anemometer are not even during the entire measuring
range.

The relaion of nacelle anemometer and reference anemometer readings in the most
relevant range for the wind turbine (from 3 to 12His shown in Fig7.
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Figure 7. Relation of WT 2 nacelle anemometer and reference anemometer readings.
The frequency distribution and Weibull function of the reference anemometer of

WT 2 are shown in Fig8. Weibull distribution curve with a shape parametdco.24
and a scale parameterasf 5.87 was fitted to the frequency distribution.
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Figure 8. Frequency distribution and approximated Weibull distribution of the wind speed
measurement results from the reference anemometer of WT 2.

For comparison, the nacelle anemometer results of WT 2 are presented on the
following Fig. 9.

From Fig.9 can be seen, that the WT 2 nacelle anemometer results can also not be
approximated with the Weibull distribution, but they are more similar to a Weibull
distribution than the results from WT 1 (F®).

The comparison of Fig with Fig.9 shows the slowim down effect of the rotor
blades to the wind measured with the nacelle anemometer. The most frequent wind speed
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range at the nacelle anemometer is 2 o s®. This is 2m st less (which is consistent
with the Ttest results) than the most frequent wisjgeed range at the reference
anemometer, 4 to i s™.
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Figure 9. Frequency distribution of the wind speed measurement results from the nacelle
anemometer of WT 2.

By comparing the results from WT 1 and WT 2 can be seen that the differences
between th nacelle and reference anemometer readings were smaller on WT 1. This
could be caused by less turbulent wind conditions, more advanced anemometer
technology (ultrasonic anemometer) and more stable wind turbine operation.

CONCLUSIONS

It was found thatwhen the wind turbines are operational, the rotation of the rotor
blades influences significantly the measurement results of the natmlieted
anemometers in both analysed cases. The wind roses compiled on the basis of the
reference measurement data waseexpected. The means of the 10 minute wind data
from wind turbine nacell eEs anemometers \
data acquired from the reference measuring mast anemometers. The average difference
of nacelle and reference anemometadings at Wind turbing was 1.45m st and at
Wind turbine 2 was 2.25 s*. One of the reasons for the smaller difference at Wind
turbine 1 can the less turbulent wind conditions on the site of Wind turbine 1.

Despite the fact that the means weréetdnt the correlations between the reference
wind data and the nacelisounted anemometer readings were strong. In the analysed
cases the reading from the ultrasonic anemometer was more accurate (smaller difference
and stronger correlation) than the repfrom the mechanical cegnemometer. It has
to be noted the numerical relations and specific findings are based on the specific cases
where the measurements were done. In practice the results from nacelle anemometers
can be used for indication. When thega has to be used for more exacting purposes, like
for the automatic control of the turbine, then an individual correction algorithm should

443



be found for the specific wind turbine and anemometer combination. Future work could
concentrate on the differercbetween anemometer readings when the rotor is in the
cutout regime (the rotor stands still) and the situation right before theutuvind
speed.
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Application of high temperature catalysis to abate emissions
from a small scale combustion system
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Abstract. A newly designed downdraftood stove achieved leemission heating by integrating

an aluminasupported mixed metal oxide catalyst in the combustion chamber operated under high
temperature conditions. Since the mixed metal oxide catalysts have been the center of attention
regardingtheir applicability at high temperatures, a novel idea has been put into practice by
integrating them in a small scale combustion system in order to mitigate the emissions. The
aluminasupported mixed metal oxide catalyst reduced the volatile hydrocarlsanson
monoxide and carbonaceous aerosols by more than 60%.

Key words: Small scale biomass combustion, Mixed metal oxide, Catalysts, Emission reduction,
Pressure drop.

INTRODUCTION

The use of biomass or bioenergy can be traced back to the beginrioghah
civilization when people started to burn wood for heating and cooking purposes.
Ironically, after so many years have gone by, wood still remains the largest biomass
resource in the world (Demirbas, 2009). However, one major difference which has
occu red over this period of time is the i
which states the usage of traditional biomass resources in highly efficient systems. This
concept has been put into practice with more conviction and determination during the
last decade, particularly in Europe, due to ever risingl©ls in our environment. By
now, it is an established fact that about 3@ of total energy demand for hot water
supply and domestic heating in European countries like, Austria, Germany,rSavetie
Finland is provided by small scale biomass combustion sygemginger et el., 2011
Moreover, it has been also concluded that despite the vast spread of technologically
advanced small scale combustion devices in European countries (like countries
mentioned above) during the recent years, still the old biomass combustion systems
(stoves and boilers) occupy more consumers (Jokiniemi et al., 2008). These conventional
systems which are based on natural draft play a pivotal role in contributingtimlkhe
emission levels of particulate matter (PM), carbon monoxide (CO), organic gaseous
compounds (OGC) and polycyclic aromatic hydrocarbons (PAH). These facts and
figures have triggered an enormous understanding and awareness among the researchers
as wellas local population concerning harmful pollutants emitted by residential biomass
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combustion systems. For this reason inefficient small scale biomass combustion systems
have been heavily criticized and demanded to be replaced by new efficient technologies.

Speaking of older and newer technologies, it has to be mentioned here that two
types of technologies exist concerning small scale biomass combustion systems. The old
bi omass combustion shwsgtnedmswhdarceh L ass eidn oan
rapidy e pl aced -fbiyr idndgodbwnsy st ems (new technol c
these older systems are a main source of (Phtticles with diameter less thait®im) i n
European countries. It has been also concluded that such particles serve as a purpose of
6supportdéd onto which carbonaceous particl
which are primarily responsible for the adverse health effects (Kelz 2040). So in
order to counter such an undesired release of pollutants, particularly from small scale
bi omass systems, a concept has 4Héeenmngdn
technology will be implemented in specially designed wood log stoveribination
with catalytic treatment in order to abate harmful emissions to minimum possible values.

It is noteworthy to mention here that the abatement of emissions through catalytic
treatment from small scale biomass combustion systems has not beed studie
implemented on a wide scale. So this novel concept of integrating catalytic components
in different parts of thetove i.e. grate, walls of combustion chamber and the base will
open more channels and schemes in order to accomplish the acceptalm déevisks
coming out of biomass combustion systems particularly, those used for residential
purposes.

In the past, the process of catalysis has been strongly linked to chemical and
refinery industries. However, recently the catalytic converters havedegdoyed and
installed in automobiles, biomass fired boilers and power generation facilities in order
to promote the environmentally friendly usage of technological devices. It has been
estimated that the market of catalysis around the world worth aro8r&i9.billion, out
of which, one third is occupied by the environmental catalysis. So building on this ever
growing trend of environmental catalysis, this article gives a further insight into the
integration of catalytic components in a downdraft wood $tave to foresee the
feasibility of this novel approach to resolve the problem of high emissions (e.g. carbon
monoxide, volatile organic compounds, dust particles etc.) at-sowé furnaces for
solid biomass

MATERIALS AND METHODS

Setup and description of the tested equipment along with measuring
techniques

A test bench has been developed (as shown in thé JFig.order to examine the
emissions from a prototype downdraft stove. The test bench is designed in such a way
that it can facilitate the analgsof dust composition.

For the determination of flue gas and combustion chamber temperature profiles, the
t hermocouples of Type K (manufactured by
have been used. For this purpose, a set of various thermocoupbeEsehaaserted into
the grate, in the middle of upper and lower combustion chambers as well as in the walls
of the lower combustion chambé&toreover, the pressure conditions were recorded with
the help of pressure sensors, inserted into the combustiambehs (upper and lower)
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as well as into the exhaust pigghe measurement of static and dynamic pressures in the
flue gas has been done with the aid of f
AGOo . The continuous tr anPRrandtlsube and pregzsurd d a |
nozzles in the combustion chamber is carried out through data logging module provided
by the company O0Ahl borné. The data of th
a data | ogger of the ¢ omplathehelpoNthetsoftoanea | |
OLabvi ewbd.
The emissions coming out of the st
are measured by means of a gas ana
which consists of a Fourier Transform Infra
Spectrometer (FTIR, Manufacturer: Calcm
a Flame lonization Detector (FII
Manufacturer: Mess & Analysentechnit
GmbH, Typ: thermd-ID ES) and
paramagnetic oxygen analyzer (Manufactu
M&C, Type: PMA 1M®). The infrarec
spectrum of FTIR can measure simultaneo
connection with : organic as well as inorganic components
sl the moment, about 44 different compone
can be recorded through FTIR.
The Volatile Organic Compounds (VO
S combustion can be recorded by means of both FID
—— -1 FTIR measuring devices. In case of VOC,
oressussermos 1L concentrations ranging under %Gy m* (at
standard conditions i.es 0 A C atm)ZXan b
considered from the FID measuring device.
the other hand, the values above 50rmiyat
Figure 1. lllustration of the test bench Standard conditions i.e= 0 A @ atm) can b
with a flue gas measurement sectior assumed from the FTIR measuring dev
(hot) for the emission measurement.  Following parameters can be meast
simultaneously:
Oxygen @ (paramagnetic analyzer).
Carbon dioxide (FTIR).
Moisture in the flue gas i.e2® (FTIR).
Carbon monoxide CO (FTIR).
Volatile organiccompounds (VOC) as organic carbon (G2y.(FTIR andFID).
Nitrogen oxide as nitrogen dioxide equivalent @éQu) (FTIR).
Sulphur dioxide SQ (FTIR).
Methane CH (FTIR).
Organic compounds like, alkanes, alkenes, aromatics, aldehydes as well as ketones
(FTIR).
Flue gas temperature, gas velocity and draft conditions.

@ 130 mm passage ..
to the dilution -
tunnel/ chimney

@ 60 mm flue gas —
measurement section "}
for FTIR, dust, Oz, FID

@ 150 mm chimney .

CoNoUr®ONE

=
©

The recording of the above mentioned parameters took place on continuous time
basis except for the dust measurement. During the evaluation of the data, the average
values of the pollutants wecalculated for each dust sampling cycle whereas each cycle
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lasts for 30 minutes. With the aid of a chimney fan, a constant negative pressure of 12
Pa has been maintained in the chimney stack in order to achieve a fuel thermal output
from 8 to 9 kW.

Thegravimetric analysis of total amount of dust was done in accordance with VDI
guidelines 2064, according to which a partial volume flow must be taken in isokinetic
manner out of the main flue gas stream. In this process, the accompanied particles can
be ceposited on the already weighed plane filter. Since the filter housing is located
outside the flue gas pipe, shiaskspmplciensg
filter system was heated up with a heating jacket in order to prevent the fallimgodlow
temperature under saturation temperature of the flue gas. The temperature of the filter
was maintained a tvolatle Wdocarmonstcduld also berdeposteel mi
on the filter. After the experiment, the deposited dust amount was determined
gravimetrically and then can be specified by taking into consideration the measured
partial volume and oxygen concentration. The plane filter was made ofgies®fibers
having a diameter of 45 mm.

Used fuel and its properties

The beech wood has beesed as a fuel throughout the whole series of experiments
due to its excellent firing properties. The composition of the fuel is listed under the
Tablel.

Table 1. Fuel contentf beech wood used during the experimental stage

Parameters Result Unit
Volatile substances 84.5 % (dry matter)
Ash content ! 1.91 % (dry matter)
Water content 9.55 % (fresh state)
C 49.2 % (dry matter)

S 0.207 % (dry matter)

N 0.55 % (dry matter)

H 6.24 % (dry matter)
Cl 0.003 % (dry matter)

F 0.001 % (dry matter)
Cd 0.017 mg kg (dry matter)
Ca 9170 mg kg (dry matter)
Fe 31.1 mg kg (dry matter)
Cu 2.23 mg kg (dry matter)
Mg 320 mgkg? (dry matter)
Mn 121 mgkg? (dry matter)
Lower heating value 17,700 kJkg?
Higher heating value 19,020 kJkg?
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Catalyst synthesis techniques

In this work, two different synthesis routes have been developed in order to coat
aluminium oxide foams with a mixed metal oxidetive phase. These two respective
techniques cannot be yet described in detail because of ongoing patent approval.

RESULTS AND DISCUSSION

Reference experiment

At first, a reference experiment was carried on the downdraft stove in order to
determine theemissions, temperature profiles and pressure conditions during the
operation of the stove in an unmodified state. This reference test is vital in the context
of evaluating the effect of different modifications and changes in the stove which will
be done iupcoming experiments. Fig. 2,the temperature profiles of different sections
of the stove have been depicted. In addition, the emission values during the reference
test can be found in the Tal#eFor every burning cycle, tistove was operated foreh
first30s i AMr&@adp 6 mode. After that, it was 0]
for the next 29.5 minutes. The average temperature in the grate was calculated to be
around 750AC whereas, the temperature in
where catalysts are planned to be installed in future experiments, was found to be ca.
650AC. T3hpeovidEsairifdrneation regarding average temperatures in different
sections of the stove. These concentrations are recorded for four burning €ybkes o
reference test.
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Figure 2. Time-dependent behavior of pollutants during the reference experiment.
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Table 2. Emission values during the reference test

Pollutants Emissionvalues
mgmji.N., 13% Q

(6{0) 1,514

VOC 132

Aromatics (sum)* 26

Dust 37

* A total of 15 aromatic compounds, the important including benzene, naphthalene and toluene

Table 3. Average temperature calculatedlifferent sections of the stove during multiple burning
cycles

Temperature (average) Unit
Upper chamber 557 A
Grate 834 AcC
Lower chamber 841 AcC

Integration of uncoated ALOs-foams as a support material

Al,Os-foams were tested as a possgupport material for a suitable catalyst at the
start of the experimental stage. For this purpose, two such foams were inserted into the
walls of the combustion chamber. However, first of all it was important to calculate the
pressure drop across the matid in order to ascertain the smooth operation of the stove
after installing the monoliths. The pressure drop across the monoliths was found to be
lower than 0.3a which is sufficiently low and shows the applicability of the foams.

As observed, there i30 negative effect on the combustion behavior of the stove
after installing the uncoated A):-foams, so it leads to the testing of the monoliths in
the combustion chamber with Mixed Metal Oxide (MMO) as an active phase.

Integration of the catalyst in thewalls of lower combustion chamber

Wall catalyst based on MMO/ADs-foam

As evident from the Table 4, after the catalyst incorporation, the emissions of CO
and VOC (OrgC) were reduced by 21% and 42% respectively (in comparison to the
reference testMoreover, the dust emissions were also abated by 55%.

Table 4. Reduction in emissions after integrating MMO/B4-foams

Experiment Reference MM O /-All,O3 Reduction
unit mgmj i . N.o, mgmj i . N.o, %
Cco 1,514 1,201 21
VOC (Org-C, FID) 109 63 42
VOC (Org-C, FTIR) 132 83 37
dust with rinsing 37 17 55
dust without rinsing 33 14 57
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Reduction of pollutants with the integration of wall catalysts and heat
reflecting plate

In order to lower the emissions, the temperature of wall catalysts in the lower
combustion chamber was increased by placing a heat reflecting plate (made of
vermiculite) in front of the door in the lower combustion chambeEig. 3, the time
dependent bdeavior of CO, VOC (OrgC/THC) and aromatics (sum) has been depicted.
The Table 5 shows the emissions values after installing the catalyst.
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Figure 3. Time-dependent behavior of pollutants after catalytic oxidation in the stove.

Table5.Emi ssi on reduct i on -ApG@s:foams with haatergflecting plateg MMO/

Experiment Reference MM O /-All,Os3 Reduction
unit mgmijiN.,13% Q mgmjiN., 13% Q %
CO 1,514 578 62
VOC (Org-C, FID) 109 16 85
VOC (Org-C, FTIR) 132 35 74
dust with rinsing 37 11 71
dust without rinsing 33 10 70

I nt egr at i o nAl®fcatdlybt eyntMbz@d thiough Technique 1

After recording positive results concerning emission control by using a suitable
catalyst, the active phase of mixewtal oxide (as used in previous experiments) was
brought onto the aluminium oxide foam through an innovative technique, which is
termed here as O6Technique 16. Unfortunat
this technique due to the ongoing patspplication.
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As can be seen from the Table 6, the emissions of CO arnCQvgre reduced by
58%, clearly indicating the suitability of both the active phase and the corresponding
synthesis route.

Table 6. Reduction in the emissions after integrating tha t a | y s +Al,OMdyiEhesized
through Technique 1

Experiment Reference* MM O /-Al,O3 Reduction
unit mgmiji.N., 13% Q mgmji.N., 13% Q %
Cco 1,718 725 58
VOC (Org-C, FID) 156 65 58
VOC (Org-C, FTIR) 202 92 54

* The reference experiment wperformed again with the new batch of same fuel type

I ntegration o f t h-Al,O;ncatalystd syntimesized Ithroughx i d e
Technique 2

On experimental basi s, dA0ot(Mdersctebbdi
section2.2), has been adopted to obseheesuitability of the procedure regarding better
oxidation activity of the catalyst

As evident from the Tablé and 8, the selected synthesis route was not proved to
be fruitful, as emission values were hig!

Table 7. Emisson val ues after f i t-Al.O3) gynthedived thcoagha |l y st
Technique 2

Experiment Reference MM O /-Al,O3 Reduction
unit mgmji.N., 13% Q mgmji.N., 13% Q %
CO 1,718 1,359 21
VOC (Org-C, FID) 156 115 26
VOC (Org-C,
FTIR) 202 147 27

Table 8. Comparison between the two selected synthesis routes

Experiment Technique 1 Technique 2
unit mgmji.N., 13% Q mgmji.N., 13% Q
CO 725 1,359
VOC (Org-C, FID) 65 115
VOC (Org-C, FTIR) 92 147

Aging behavior of the wall catalyst M O /-AlL,Os

For the determination of the thermal and chemical deactivation of the catalyst, it
was aged by fitting into a downdraft stove and subjected to real operating conditions for
630h (equal to one heating period). The ldegn/aging experiments e planned in
such a way that the catalyst was exposed to real operating conditions for three weeks
(except the first aging cycle was 6 weeks) and after that immediately tested for its
activity. Shortly after, the catalyst was again subjected to atlmgexperiment for
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three weeks before being analyzed again for its stability. The results have indicated that,
as shown in Table 9, the catalyst showed initially quite a promising oxidation of
pollutants namely, carbon monoxide, volatile organic compoundisiast (particulate
matter). This behavior can be attributed to the thermal activation of the catalyst caused
by the diffusion of active phase species into the support material, resulting into the
synthesis of more active catalytic phase (Tsybulya 2@03). However, as clear from
Table 9, the activity of the catalyst dwindled with the passage of time. This can be
possibly due to the poisoning of the active phase on the support material. However, there
is so far no evidence for the provided assumptasatalyst characterization (e.g. XRD,
XPS) is planned to be done at the end of the aging experiments (after the fifth cycle).

Table9.Emi ssi on values during the couAl9atay$t t he

Experiment Reference After cycle-l After cycle-2 After cycle-3
unit mgmij i.N., mgmij i.N., mgmij i.N., mg mij i.N.,
13% G 13% Q 13% Q 13% Q
CO 1718 586 222 837
VOC (Org-C, FID) 156 36 8 64
dust (after rinsing) 37 11 9 16

Aging behavior of the wall catalysynthesized through Technique 2

In order to get verification about thermal activation in case of mixed metal oxide
catalyst, another lontgrm/aging experiment was performed with a selected wall
catalyst, as tested earlier, where the catalyst was expmseal tonditions in the stove
for about 4.5 h. As can be seen from the Table 10, there is quite a substantial amount of
reduction in the emissions. The emissions of CO and VOC ©rgeere reduced by
62% and 77% respectively. Clearly, there is a themwtVation effect which can be
observed in regard to the selected MMQ@&l catalyst. However, like pointed out
earlier, a catalyst characterization has to be done in order to support this assumption but
it is very obvious that there exists quite a high probability of thermal activation, as can
be observed from multiple experimeahresults.

Tablel0.Reducti on in the emissions after the cat:
termd experiments
During normal During longterm
Experiment experiment experiment Reduction
unit mgmji.N., 13% Q mgmji.N., 13% Q %
Cco 1,359 518 62
VOC (Org-C, FID) 115 27 77
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FUTURE WORK AND CONCLUSIONS

The selected monoliths, primarily composed of aluminum oxideOghlwere
coated with mixed metal oxide as an active catalytic phase and later inserted into the
walls of the stove irthe lower combustion chamber. These@lfoams (porosity of
10ppi ) c on sAlSialormfvith the tacephases of mullite and cordierite. The
results revealed that the catalyst was found to be quite active in terms of oxidation of
harmful pollutaats e.g. CO and VOC. In addition, two different synthesis routes for
mixed metal oxides on the alumina foam were followed in order to make sure about the
high activity of the selected mixed metal oxide. Furthermore, the aging experiments were
performed wih three different wall catalysts, each consisting of mixed metal oxides but
synthesized via different methods. It is quitavious that each of the three catalysts
showed a 6t her mal a c t i-term/dgingoemperenentsebattthis d u r
assumgion cannot be yet supported due to the lack of catalyst characterization, which is
planned to be carried out as soon as possible. Due to the limitations posed by the ongoing
patent application, it was not possible to disclose the precise synthesis frdkige o
selected active phase. However, it is warténtioning that the concept of integrating
the catalytic components in a downdraught stove yielded promising results. Since, the
feasibility of high temperature catalysis has not been studied extensivfalyisemall
scale combustion systems; this work can g
research and development in this field.
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Abstract. The paper presents the analysis of operation conditions of biomass cogeneration plant
(CHP). Thedata set for analysis comprises the data measured on an hourly basis at the
cogeneration plant in Jelgava. The volume of the data set is 467 modes. By means of statistical
processing of the change in the plant's specific fuel consumption, by applyingtheds of
regression analysis, the most important factors describing the operation of the equipment or
independent parameters were identified. The relationship between the change in the plant's
specific fuel consumption and the parameters impacting igstablished by the regression
equation obtained in data processing. According to the performed analysis: the change in the
plant's specific fuel consumption is determined by the following four statistically important
parameters: boiler efficiency; powerrggation efficiency; heat production efficiency indicators

and outdoor temperature. The specific fuel consumption rate, calculated using regression
equation, is compared to the specific fuel consumption rate observed in the CHP during operation.
The assessent of the percentage difference shows that the specific fuel consumption rates
calculated using the equation are useful in describing the plant data and can also be used to
estimate future fuel consumption. It was observed that the rate differencéiis tivé margins

of 3.6 to 6.7 per cent.

Key words: specificwood chips consumption, cogeneration plant, power and heat generation
efficiency indicators regression analysis.

INTRODUCTION

Reasons for analysis of operation mode of wood chips fueled combined heat and
power generation plan (CHP) are different. For exaniaeialeo et al. (2014) presented
the case study in order to evaluate the energy service companies (ESCO) approach for
biomass heating. Sources of wood chips are several: produced from agricultural pruning
residues, clean industrial and commercial wood waste, urban tree waste and forestry
residues. There are legislative constraints on usage of biomass residues, environmental
impact and potential impacts of poor fuel quality on equipment operation and control
must be taken into consideration as well. It was found that the most influencing factors
are the heat load rate, the investment cost, the baseline fossil fuel costselim& bas
conversion efficiencies (that influence the thermal energy selling price under the selected
6shared savingso6 ESCPantagoptralo(20t4hgwed thatthe r e s
use of biomass and wood chips in this particular case is highly pteftagh heat load
rates and high fossil fuel costs.
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Wood chip fueled CHP is one of the most common biomass fired CHP
technologiesJames Keirstead et al. (2012)0 d e | of 6deco townd he
StateTask Network (STN) and resourtechnology netwdk (RTN) approach. Two
types of fuel were considered in modeling scendrifusestry residues and wood chips
from wood processing companies

Analysis of operation mode is important in case ofidng different fuels. A life
cycle analysis for biomass€oi r i ng wi th coal in CHP has
(2012). It was concluded that forest residues was better fuel firingp than willow
wood chops in terms of life cycle GHG emissions.

Other analysis of operation of CHP: technical, economic and @keegonomic
assessment of a combined heat and power (CHP) plant implementation in an animal feed
industry with two possible fuels charcoal and wood chips the results are presented by
Marcos Luiz de Macedo Rodrigues et al. (2013). They showiitiaiut sdling electric
power to the grid wood chips were economically-fegsible.

Transition from local, small scale community heating projects to city wide district
heating based on cogeneration plant are analyzed by Karen N. Finney et al. (2013).
Authors of that paper looked at two cities Barnsley and Sheffield each at different stage
of networking, decentralization, cityide energy deployment. It was found during the
case studies that wood chip boiler had lover CO and NO emissions than coal and wood
pellet balers, the highest PMconcentration @percentage in similar operation mode.
Karen N. Finney et al. (2013) wood chip boiler had lower effect to climate change than
wood pellet boiler.

The literature review traces a wide range of issues related to tled bigenass,
including: the uses of different sorts of biomass; economic and theszommmic aspects
of biomass usage; properties oftmarning; emission levels of gases and solid patrticles;
as well as operational factors that influence consumption. Tibeeaty of cogeneration
plants can be described by a specific fuel consumption rate, which is determined by
relating the amount of fuel with the amount of generated energy. All the reviewed studies
distinguish the dependency of the obtained data on dfispmode of operation. The
article focuses on determining the essential factors of CHP operation, obtaining
guantitative equations in order to determine woodchip consumption depending on
operational factors.

METHODOLOGY FOR PROC ESSING OF EMPIRIC DATA

Empirical data were processed by applying statistical methods for data processing:
correlation and regression analysis. By means of correlation analysis, the mutual link
and its strength between two variables is determined. Regression analysis is used to
identify the statistical importance of the meféictor regression model and its
coefficients. The article evaluates the steps of implementing the correct regression
analysis as described by Blasnik (1995).

The computer software STATGRAPHICS Plus was used tier statistical
processing of data and development of the rfiaittior empirical model.

Short description of the cogeneration plant and the data set for analysis
A simplified principal diagram of the Jeglava cogeneration plant is seen ih. Fig.
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The Jelgva cogeneration plant was commissioned in September 2013. Using
woodchips as fuel (in the diagramme present as FUEL B), the plant produces electrical
power by generator G of turbine, which is then fed into a network, and heat energy that
is used for the dmting supply of Jelgava. The chips are burnt in a-theid boiler with a
double air supply, generating overheated steam under the pressufe @flB bars and
temperature k=5 2 0 &luingen Yiret al. (2008) underline that fluidized bed boilers
with two stage air supply is one of main competing technology in biomass combustion
for combined heat and power productidhe steam is used in a counpeessure
turbine. An important role is played by users of the heating system, who consume low
potentialheat. The steam from the turbine and the-ppessure outlet is then used for
preparing water for the twstep network in water heaters DH1 and.DiFhe network
water with forward temperature; i then fed into the heating system, where it is
supplied tousers, cooling the water in process to return temperatur®ie of the
essential energy parameters in the CHP is the correlation of two amounts of energy types.
Usually, biomass plants generate 5 times less electrical power than heat. This is not the
ca® at the Jelgava cogeneration plant. Thanks to high initial steam parameters as well
as lowpressure steam use in covering the heat load, the plant has a high ratio of
el ectri ci t ya0.43gThe steam from wrhine,outléts is used for heatiag t
boil er 8s wa tpessures (LR and highréssure (H& wvater supply heaters.
Deaerator D plays role of degassing equipment and accumulation tank of boiler feed
water. In order to ensure that the gas is rid of solid particles, the planippedjwith
an electric filter.

STEAM m kg/s Py bar Ti'C

Na MW
TURBINE
Sek. air
FUEL B ;
> BOILER | pyim air
- DISTRICT
HEAT
HP
DH2 EQDHIJ?C
-'
) Quns MW
> <—| TC

Figure 1. The principal technological diagram of the Jelgava cogeneration plant.

The data set for analysis comprises the data measured on an hourly basis at the
cogeneration plant in Jelgava during the time period f2é@December 2013 to 23
January 2014. The volume of the data set
and electric load.

The variables that were measured and used for analysis are as follows:

1 Boiler capacity N, MW,
1  Fuel consumption B, loose*;
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Heat load @, MW,

Flow of the network water €, m® h'%;

Forward temperature of the network water T A C ;
Return temperature of the network water T A C ;
Electrical capacity iy, MW;

Steam temperature at the inlet of the turbing T AC 6
Steam pressutaefore the turbine &, bar;

Steam flow in the turbine ikg s?;

Outdoor temperatureg, AC:

=4 =4 =8 =8 -4 -4 -4 -9 -9

The relative variables describing the plant were identified on the basis of measured

d

1  Specific fuel consumption of the planicn = B/(Qn + Nel), loose ni MWh?;

1  Efficiency of heat production Qw/B, MWh/ loose n;

1  Efficiency of power generatioihnNe/B, MWh/ loose m;

1  Efficiency of the boiler operation Ny/B, MWh/ loose n;

T Ratio of the electrical @hd heat capac

Correlation analysis of the data of the cogeneration plant

This chapter is aimed at establishing the linkage of parameters by means of
performing the correlation analysis, in order to select the type of regression equation. In
the article, the correlatioanalysis is considered to be a tool, which facilitates further
regression analysis in order to render visible some useful connections between
independent variables.

The strength of the mutual link of independent and dependent random variables
(correlation)can be assessed by means of a correlation coefficient. In case of a single
factor mathematic model, the Pearson's equation is used for its estimations:

) ia:l(>§ - X)(Yi - Y) "

(m-1S, G,
where: %, yi I independent variables and pairs of correspondegendent variables; X,

y T mean arithmetic values of independent and dependent variahl&;i Selection
dispersions of variables.

Correlation coefficients were used to evaluate the accuracy of mathematic models
describing the strength of the cort@a. It is assumed that a correlation is good if
correlation coefficients equal 0.8; 0.9. It should be noted that in software for statistical
data processing the squared correlation coefficient is usually calculated. When the value
R? is multiplied by 100 the value (percentage) that characterises the changes of
dependent variables described by the resulting empirical equation is obtained. For
example, R= 0.9 indicates that the relevant regression equation characterises 90% of
the changes in dependemdam variables.

In the present study, for the purpose of analysis of the operation of the plant, the
correlation between the variablg bnd independent variables is analysed.
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The first correlation analysis is aimed at establishing whether there isstatiorr
between the dependent variable and the analysed independent variable describing the
operation of the plant. The relationship betwegrahd the outdoor temperatureylis
presented as an example in HAig.

However, the value of the correlationefficient is low there is dispersion of data,
leading to the conclusion that there is a considerable impact from other factors. The
impact of other factors can be established by means of afaxittr regression analysis.

Application of a multifactor regression analysis is correct if there is no mutual
correlation between independent variables. If there is such correlation the parameters
will have to be excluded from the regression equation. The -faglir regression
analysis can be simplified by caimg out a singldactor correlation analysis of
independent variables. Examples of this analysis are presented in Figs 2 and 3.
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Figure 2.Change in specific fuel consumption depending on the outdoor temperature.

This figure shows a very good mutealrelation between both variables. The value
of the squared correlation coefficient as determined by the analysisOR®3. The
relationship between the variables is #imear and is defined by the following equation:

T, =0.003(T2, +0.046(T2, - 0.608(T, , +48:87 ©

The equation (2) explains 94%of the analysed changes in the data and can be used
for calculations. 6% of changes in the return temperature should be explained by the
impact of other parameters. This means that the impact of other parameters is negligible.
From the point of view of the regression analysis, returne water temperature cannot be
included in the analysis.

The correlation analysis of the data demonstrates that there is a close correlation
between power generation and heat production in cogemerdiie changes of values
are presented in Fi§.
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Figure 4. Change in the electrical capacity of the cogeneration plant depending on the heat load.

The mutual correlation of the analysed variables is described by the value of the
squared correlationoefficient R = 0. The relationship between the variables is-non
linear and is defined by the following equation:

N, =-0.006D2 +0.962(,, - 8.093 &)

As the mutual correlation of the variables is very good, the equation (3) explains
98% of the changes in tistudied data. The impact of other parameters is just 2% of the
observed electrical capacity. The relationship between the electrical capacity vs the heat
capacity is the relationship U describin
of three varablesi Ne, Qn 0 r i dan be used in the regression analysis. In the present
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study, new indices in the form of relationships between variables can be formg®as Q
Nu/B or Ne/B.

In the result of the correlation analysis, it was concluded that withiner multi
factor regression analysis the change of the dependent varialilepending on the
following four independent factors should be analyis¢tte boiler efficiency NB, the
power generation efficiencyMB, the heat production efficiencyd® and the outdoor
temperature

aN, N, . Q
b, QB B éh Touto 4)

O

The data correlation analysis performed makes further regression analysis easier,
as the set of factors that needs to be included in the-facltr regression equation has
been established.

Regression analysis of the data of the cogeneration plant

The regression analysis is aimed at obtaining an empirical equation that would
provide a quantitative description of the change in the specific fuel consumption of the
plant depending on statistibalimportant operational indices of the plant and would
serve as the basis for forecasting and evaluating the specific fuel consumption of the
plant.Different use of regression model is discussed by Beloboredkio (2012). They
developed empirical mot#or the evaluation of the quality for biomass pellets.

The regression analysis defines accurate quantitative parameters of the change in
random variables, i.e. explains the importance of the stochastic link by functional
relationships.

The sequence of the regression analysis was as follows:

1 the law of the distribution of the dependent variable, i.e. the specific fuel
consumption of the plant was verified;
1 the regression equation was established by applying the smallest square method;
1 the statistical analysis of the obtained results was performed.
According to Blasnik (1995), there are several main preconditions behind the
application of the regression analysis. The use of the regression analysis of the data is
correct if the normal digbution law is applicable to the dependent variable. This
requirement is not applicable to independent variables. The above means that the
analysis starts with the establishment of the distribution of dependent variables and the
analysis may be continuatl this distribution complies with the rule of the normal
distribution.

The results of verification of the rule of distribution are presented indkighe
normal distribution within logarithmic coordinates is graphically presented with a line.
As it canbe seen in Fig4, the analysed data are placed close to the line in the graph.
There are deviations at low and high values of the capacity. This means that the
distribution is close to the rule of normal distribution and the application of the
regressioranalysis is justified.
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Figure 5. Distribution of the values of the specific fuel consumption of the plant.

When empirical models are developed in the form of the regression equation, several
guestions always need to be solved: whether the model comprises all the independent variables
describing the analysed phenomenon and whether the model does not comedsssann
and noressential variables, thus making the model too complicated. The answers to the above
guestions are provided by an evaluation of the statistical importance of the variables contained
in the model and the dispersion analysis of the model.

The regression equation used by the authors does not contain the effects of the
double and triple interaction of independent variables and it is as follows:

y=b,+bx +bx, +..+bx +e=b,+gq bx +e, (5)

i=1

where: yi a dependent variable;old a free member of regression; h b,
T regression coefficientsyxxnTi nde pendentresidaterra.b | e s ;

The regression equation that corresponds to the expression (4) and was obtained as
a result of statistical data processing contains statistically important imdbsyge
variables

fo=b+b 2 b, &+, G0 v, o, ©

where: Nb/Bi the boiler efficiency; Nel/B the power generation efficiency; Qth/B
the heat production efficiency; Toluthe outdoor temperature.

The values of the coefficients of the regression equadimh their statistical
evaluation, as obtained by the dispersion analysis, is presented irlTable

In the data processing the level of importance B.1 has been selected and
corresponds to the probability of credibility 0.90. Using an importance le¥st 605,
an outdoor air temperature with the importance level(®P1 becomes inessential and
can be discarded from the regression equation. Outdoor air temperatig@portant
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in terms of physical processes taking place in the plant, and fobd tetained in the
equation it was decided to use a lower credibility interval.

Table 1. Coefficients of the regression equation and their evaluation

Coefficients b Values t statistics P value
Constant b 2.2903 530.37 0.0000
Coefficient -0.0225 -3.2590 0.0012
Coefficient b -1.3964 -88.061 0.0000
Coefficient b -1.3064 -128.491 0.0000
Coefficient b -0.0000393 -1.6221 0.1004

For the purpose of evaluation of the statistical importance of coefficignts, the
t criterion with the Student's distribution with f freedom levels is applied.

Qa4 £ p, (7)

where: ni the volume of the data set subject to analysisthe number of independent
variables in the regression equation.

The level of freedom is:
f =m- (n+1)=4,673- (4+1)=462

The value of the t criterion corresponding to these variables as taken from the tables
of the Student's distribution igst= 1.6. As it can be seen from Tallein all the cases
the relation | t | >dpis valid. This means that all the parameters are important and should
be maintained in the equation.

The study has resulted in obtaining a regression equation that determines the change
in the specific fuel consumption depending on the operationalalahe cogeneration
plant Jelgava

b., =2.2903- 0.02256% - 1.39643% - 1.3064('9?3#h - 0.0000393%T,, (8)

The value of Ras determined in the result of the statistical processing of the data
of the established empirical model equals 0.99. It means that the established model (8)
explains 99% of the change in the analysed data. The other 1% refers to the independent
variableghat have not been included in the equation or defined in the study or the effect
of their mutual interaction.

Evaluation of the adequacy of the regression equation

The evaluation of the adequacy of the equation (8) is performed by means of the
disperson analysis by applying Fisher's criterion F.

For this purpose, the dispersion relationship of the dependent variable to the
balance dispersion is analysed:

2(f
F(f, f,) =%’ ()]
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where: S2y(fl)i dispersion of the dependent variableSgatl(f2)i dispersion of the
balance.

The balance is defined as the difference between the dependent variable and the
value calculated by means of the regression equation®y-

The value as determined by means of the dispersion analysis
performedby the software is F=26,392

The obtained value is compared to the table value of the criterion determined by
applying the values of the freedom levels:

f,=m-1=467-1=466 and f,=m- N=467- 4=463

The table value of Fisher's criterion isE 1.19. As it can be seen, the relationship
F > Fupis valid and it means that equation (8) is adequate and can be used for describing
the analysed data within the framework of their change: Nbitge boiler efficiency
from 0.89 to 1.13V\Wh (m°)*; Nel/B i the power generation efficiency from 0.21 to
0.32 MWh(m?®)%; Qth/Bi the heat production efficiency from 0.51 to 0.69 M) %;
Toutit he outdoor tempk5.a2ACe from +9AC to

Verification of the rules of correct application of the correlationanalysis

Following the establishment of the regression equation, it is possible to perform the
rules verification of the correct application of the regression analysis based upon a range
of other indices. These are autocorrelation, multicolinearity atestdszedasticity.

Verification of autocorrelationBy applying the DurbitWatson's test, in the course
of statistical treatment of the data and the data analysis, the DW criterion has been
established. Its value equals 1.6 and exceeds the marginal valde ©his means that
there is no considerable autocorrelation of the balance and the assessments of values by
means of the smallest squared values method in the course of the analysis are not
deformed.

Verification of multicolinearity The verification hg been performed by analysing
the correlation matrix of the coefficients calculated by means of the regression equation,
presented in Table 2.

Table 2. Correlation matrix of the coefficients of the regression equation

Coefficient  Constant,t. Ny/B Ne/B Quw/B Tout

Constant 1.0000 -0.4639 0.0763 -0.2188 -0.1871
Nu/B -0.4639 1.0000 -0.4397 -0.5008 -0.2341
Ne/B 0.0763 -0.4397 1.0000 -0.2692 0.1854
Quw/B -0.2188 -0.5008 -0.2692 1.0000 0.2828
Tout -0.1871 -0.2341 0.1854 0.2828 1.0000

The analysis of theorrelation matrix of the coefficients of the regression equation
demonstrates that there is no considerable correlation between the coefficients and
independent variables. This is attested by the low values of the correlation coefficient in
Table 2. Thevalues presented in the Table are below 0.5 or close to this level, and this
means that the evaluation of the coefficients of the regression equation is correct.
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The verification of the heteroscedastidiys been performed by means of a graph
analysis ofthe distribution of balances depending on the outdoor temperature. If the
increase of variations can be seen in graphs (the points form a triangle or a wedge), it
means that there is heteroscedasticity.

The distribution of balances is presented in Big.

10

Studentized residual

-16 11 -6 -1 4 9 14
Tout

Figure 6. Distribution of balances depending on the outdoor temperature.

The figure shows that there are no considerable changes in the distribution of
balances in the data set depending on the outdoor temperature. The balance values are
similar alongthe whole range of changes in the outdoor temperature. The balance
distribution has been analysed based upon other factors. In all cases, the conclusion is
that there is no heteroscedasticity and the standard error has been identified correctly.
The overdl conclusion is that all terms of regression analysis have been correctly
observed and the smallest square method values are undistorted; there are no observable
errors in the evaluation of the regression equation coefficiemisoneous absolute
values o incorrect marks; also, the standard error is observed correctly.

RESULTS AND DISCUSION

As a result of regression analysis, an empirical equation has been obtained, which
can be used in determining the specific fuel consumption rajeofbwoodchipsor a
unit of total generated heat and electrical powéiwh=. The equation includes such
ratios:
1  Boiler capacity against plant fuel consumption
1  Plant electrical capacity against plant fuel consumption
1 Plant thermal capacity against plant fuel consimnpt
1  Outdoor temperature

The statistical relevance levels of all components are seen in Table 1. The ratios
describe specific rates in relation to one cubic metre of fed fuel, and they correlate with
the boilerds el ectr i c a leratoswoulddrecttydesdrised h e
the efficiency coefficient if they were related to the energy from the fed fuel. In case of
solid fuel, there are difficulties in determining the amount of fuel and burning heat,
especially for timber whose burning heateras influenced by a number of factors,
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including moisture content, ash content, origin (forest woodchips, processing residues,
or mix), etc. Therefore, the article offers an equation whose components are determined
by measures of the amount of fuel. Outdair temperatureol: influence on the specific
fuel consumption rate is not essential. However, it does affect the capacity of the process.
Reduced outdoor temperature increases consumed heat capacity and the amount of
cogenerated electrical power, whidncreases the capacity of the boiler. Outdoor
temperature determines the capacity the plant operates in.

Using data from the CHP with the ratios of the specific regression equation (6), a
calculation of specific fuel consumption was made, comparingehelts with the
consumption rate observed at the plant. Calculation results are presented in Table 3.

Table 3. Specific fuel consumption ratios

Nr Ny/B Ne/B Quw/B Tout CHP by, Estimated b, Difference
MWh (m®) MWh (m®)* MWh (m)* AC m*MWh?! m®MWh! %
1 0.99 0.27 041 -3.9 1.47 1.36 7.5
2 1.0 0.25 0.65 4.4 1.11 1.07 3.6
3 0.99 0.2 0.5 10.3 1.43 1.335 6.6
4 0.96 0.26 0.44 -15.4 1.425 1.33 6.7
The difference between specific fuel c

operation andhe calculated one, is compared against the specific consumption rate
observed at the plant. The assessment of the percentage difference shows that the specific
fuel consumption rates calculated with the equation are useful in describing the data from
the plant and can be also used for estimating future fuel consumption. It can be noted
that in case of small rates of specific consumption the difference is smaller. When
comparing a coge ngenemtion gratesged, i can e sbservedetiag y
theboiler has the highest rate of efficiency, followed by the heat generation process for
consumer needs, while the lowest is in the process of generating electrical power. This
can be explained by losses in the energy generation network, which are higieer in
case of power generating than in heat generating for consumer needs. The reduction of
the specific fuel consumption rate is determined by possibilities of loss reduction within

t h e dnagy gederating processes.

One of the ways to verify theegression equation is related to the verification of
the signs of its constituents and whether the fact if there is a logical explanation behind
the identified changes in the equation from the point of view of the physical nature of
the described processdn the regression equation (6) for determining the change in the
specific fuel consumption the signs of all the parameters are negative and an increase in
their value lowers the specific fuel consumption. The visible trends comply with the
nature of thgorocesses and there is a logical explanation behind them. It seems logical
that when increasing the efficiency of energy generation processes the consumption rate
for one unit of energy in the plant decreases.

The question of completeness of the corretatietween the results calculated by
means of the regression equation and the analysed data is among the basic questions
regarding the use of empirical equations. Only with a satisfactory correlation can it be
stated that the model adequately describessituation in practice and its use for
simulating the situation is correct. For the purpose of verifying the adequacy of the
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empirical equation, the empirical and calculated data have been compared. The graphic
presentation of the data comparison is in Fig

1.47
1.37
1.27
1.17
1.07 .

0.97 _ _ _ _ _ _
0.97 1.07 1.17 1.27 1.37 1.47

Predicted

Observec

Figure 7. Comparison of analysed data on the change in the specific fuel consumption of the
plant and the calculation data.

As seen from Fig5, there is a good correlation between both data sets. If the
calculated value corresponded accuratelythe surveyed data, the points would be
located on the line in the figure. There is an increased dispersion of points at low and
high values of the specific fuel consumption of the plant. This fact complies with the
conclusion made apparent by the congar of specific fuel consumption rates in Table
3.

CONCLUSIONS

1. By means of statistical processing of the change in the plant's specific fuel
consumption, by applying the methods of regression analysis, the most important factors
describing the operatioof the equipment or independent parameters were identified.
The relationship between the change in the plant's specific fuel consumption and the
parameters impacting it, is established by the regression equation obtained in data
processing:

b, =2.2903- 0.02256% - 1.39646\% - 1.3064(3??h - 0.000039%T,, (10)

2. According to the performed analysis the change in the plant's specific fuel
consumption is determined by the following four statistically important parameters:
1 Boiler capacity against plant fuel consumption
1 Plant electrical capacitggainst plant fuel consumption
1 Plant thermal capacity against plant fuel consumption
1  Outdoor temperature.

3. Evaluation of the adequacy of the regression equation show that it is adequate
and can be used for describing the analysed data within the frameiwhdirahange:
Nb/Bi the boiler efficiency from 0.89 to 1.15 MWm®)':; Nel/B1 the power generation
efficiency from 0.21 to 0.32 MWKm?®)?; Qth/Bi the heat production efficiency from
0.51t0 0.69 MWHM); Toutit he out door tempk5.a2ACe fr
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4. Using the data from the CHP with the ratios of the specific regression equation,
the calculation of specific fuel consumption was made, comparing the results with the
consumption rate observed at the plant. The assessment of the percentagacdiffe
shows that the specific fuel consumption rates calculated with the equation are useful in
describing the plant data and can also be used for estimating future fuel consumption. It
can be seen that in the case of small rates of fuel consumptiorifféhende is 3.6 per
cent, and it is smaller than with bigger consumption rates, where the difference is 6.7 per
cent.

5When comparing ¢ 0g egeeeragoh pracesseg it ean bed s
observed that the highest rate of efficiency is in the bdd#owed by heat generation
for consumer needs, while the lowest is in generating electrical power. It can be
explained by losses in the energy generation network, which are higher in the case of
power generating than in heat generating for consumer n&eadsreduction of the
specific fuel consumption rate is determined by possibilities of loss reduction within
pl antds energy generating processes.

6. Further research is associated with ardepth study of energgeneration
processes in the plant, includisgring and summer modes of operation in order to
improve the obtained empirical model.
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Abstract. Fast growing poplar clones have been widely used for biomass production in Southern
Europe; however, there is insufficient information about the growth of poplar in-eastern
Europe that might hamper its wider use. The aim of the study was to assessdictivity of
poplar hybrid and its potential for biomass productidviaterial for the study was collected in
14 stands (age 585 years) located in the central and western part of Latvid&(36A Ni2 3 AE) ,
which were established on fertile drainethenal soil Mercurialiosa mel and mineral soil with
normal moisture regimeédxalidosaandAegopodiosa Tree diameter and height were measured
and biomass was estimated using equation developed based on 24 sample trees.

Mean tree diameter and heightstands on mineral soil varied greatly (from 89.6 cm to

45N 3.9 cm and from 244 0.9 m to 31N 0.8 m, respectively); however in stands on drained
mineral soil mean diameter and height wasfN42.1 cm and 27N 0.7 m, respectively. Mean
diameter and hght of poplar was 16125.1% higher compared with Norway spruce and these
differences were statistically significam-yalue< 0.05), differences with common aspen were
not significant.

The number of fallen and standing dead trees, reaching up 46%from the number of living
trees, indicated aging and intense-keifining. Mean annual volume increment of all stands was
11.8md ha' y?* (in some of stands reaching 218 hat y1), corresponding to 4i®.8t of dry
matter per year. Thus, the resudtgygest that poplar could be an efficient species for production
of bioenergy.

Key words: Salicaceagheight, diameter, yield.

INTRODUCTION

Poplars are widely used across the Globe and increasingly cultivated in planted
stands that in year 2012 reachedestimated total area of 8.6 million hectars (FAO,
2012). Most of the plantations in Europe are located in the southernveestirn part
of the continent. So far there is insufficient information about the growth of poplar in the
north-eastern Europédnait might be one of the factors affecting its wider use.

Productivity of poplar stands is the main driver of its extensive use: at the age of
10i 12 years stands accumulate 200wood (Nervo et al., 2011) and reach mean annual
volume increment of 28 ha' y* (Zsuffa et al., 1977; Labrecque & Teodorescu, 2005).

Main purpose for the establishment of poplar plantations is industrial roundwood
production as well as fuelwood and biomass production. For these uses relative low
initial costs, ensured by gasegetative propagation with cuttings, are crucial. Poplar
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wood, in particular from plantations, is used for veneer and plywood as well as pulpwood
production. Other minor uses are matches, poles, chips for OSB.

High productivity of plantations also enss contribution to other goailscarbon
sequestration, renewable energy production and areas for nature protection without
compromising total wood availability. It has been found in Italy that at the age210
years poplar plantation sequesterd 60cabon and energy content of its wood is equal
to that of 35t of crude oil(Nervo et al., 2011)Rate of carbon sequestration is higher
than in agricultural lands (Rytter, 2006). Already in 1950 Netherlands was found,
that poplar plantation, occupyir96 from the total forest area, ensures 20% of wood
yield (Houtzagers, 1952 These findings demonstrate, how wider use of poplar
plantation can contribute to European Union goals to ensure 20% of its -energy
consumption from renewable sources until 202@@281/EC) and with aim to continue
increasing this share in future and limit net carbon emisditsesof poplars for energy
wood production is also more sustainable than serial agricultural crops, that aan be
threat to many areas that have already besgmented and degraded and are rich in
biodiversity and provide habitat for many endangered and endemic species (Beringer et
al., 2011).

To achieve the positive impact of poplar plantations an appropriate genetic material
has to be used. Therefore activeeding, investigating high number of species and-inter
specific hybrids, in southern Europe has been carried out already from the beginning of
20" century Gal i Ag, 19L& f XOeOESkettldr, i199% Currently, only
tested clones, that cdre a result of hybridization for several generations, are used at
commercial scale1@99/105/EC (2000) Poplar breeding in the Nordic and Baltic
countries has shorter history (since 196®as not been as extensive and has had long
periods without anydivity (Rytteret al., 2013) as the main tree breeding effort was
dedicated to coniferous trees. M&npulusspecies tested in this region &gremula
P.tremuloides P.trichocarpa P.maximowiezji P.deltoides,P.nigra and their hybrids
(Rytteret al., 2013) and ald®. balsamifera The need to test more clones for selection
of those more adapted to the northern climatic conditions has been noted (Christersson,
2006). There are notable areas of abandoned agricultural lands, liKe08aBousand
ha in Sweden (Anonymous, 2006; Larsson et al., 2009), similar areas in Latvia, that
could potentially be used for the establishment of poplar plantations. Since the
information on growth of poplars in Baltic countries is sparse, but there might be a
notable potential of its use, the aim of the study was to assess the productivity of poplar
hybrid and its potential for biomass production.

MATERIALS AND METHODS

Material was collected in 14 stands in 3 forest research stations (Fig. 1) located in
the centrhand western part of Latvia (686 7 ANi2 3AE) , which were e:
fertile drained mineral soil (forest type, based on classification used in Latvia
Mercurialiosa mel and mineral soil with normal moisture regime (forest type
OxalidosaandAegomdiosg.
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Figure 1. Locations of studied stands (forest research stations).

The initial spacing ranged from 5,000 to 7,000 trees per hectar, no commercial
thinning has been done before sampling. Stand age at the samplingiw&asyb4rs.
Diameter, height and damages were measured. Information from National Forest
Inventory plots fom common aspen and Norway spruce stands of the same age and
forest type, from the same regions of Latvia were used for a comparison.

Twenty four trees from 3 stands, representing diameter distribution (ranging from
23cm to 57cm) were felled for the nasurements of biomass components. Five sample
disks (first at 1.3n and one more after each fifth part from the rest of the tree height)
from the stems of trees as well as four sample branches from each quarter of the living
crown were taken for the asse®sit of the relative moisture of wood. The stem of the
tree was cut into 0.B1 sections and weighted, living branches from each quarter of the
living crown and dead branches were weighted separately. Afterwards dry biomass of
the components was calculatesiweighted average from the acquired relative humidity
data using the measured weights of the respective parts of the tree as weights. Data from
the dead branches were excluded from the analysis due to large variation both in relative
moisture and measutebiomass to minimize the error of the estimates. Tested poplar
biomass models developed by other authors (Freedman et al., 1982; Zabek & Prescott,
2006) fit to the empirical data poorly, probably due to differences in diameter range.
Therefore new model as developed to estimate dry biomass of stem and stem together
with green branchesldnsons et al., submitjediemonstrating a good fit to empirical
data (R =0.96), and used for calculations.

RESULTS AND DISCUSSION

_Mean tree diameter and height in poplar stands on mineral soil varied greatly: from
29N1.6cm to 45N 3.9cm and from 24N0.9m to 31N 0.8 m, respectively (Fig2) and
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parameters of stands on drained mineral soil were within range of this variation:
42N2.1cm and 2N 0.7 m, respectively.

Poplars at the same age and forest type on mineral soils were statistically
significantly higher than Norway spruce (on average by 16.7%), busigaificantly
lower than common aspen (on average by 12.8%). Slpilalso mean diameter of
poplars was significantly larger than for Norway spruce (on average by 25.1%), but
differences with common aspen were not statistically significant (Fig. 2). Converting the
detected differences in units of time: for Norway sprete@ds on fertile mineral soils it
would take on average additional 30 years to reach similar height and additional 15 years
to reach similar diameter as poplarods, bl
years less. It can be seen, that in suoly lmtation period tested poplar hybrid does not
have an advantage in tree dimensions (influencing the outcome oftisatven) over
native common aspen.
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Figure 2. Mean height and diameter of poplars in comparigoNorway spruce and common
aspen (NFI data).

Tree height and diameter was significantly influenced by stand age and also by
density (height increasing and diameter decreasing with increasing stand density) that is
in accordance with other studies in popplantations4e-Hui et al., 200Y. Diameters
of trees in our trails were notably smaller than found for poplars in USA at the age of 50
years (67.3m), and similar to that found at notably younger agé&230years on
Althen, 1981) Diameter exceeding0 cm was found in poplar plantations at the age of
20 (26.9cm) years and 18 years (2%®) in Sweden (Christersson, 2010, 2011) and at
the age of 10 years (22cén) in USA (Netzer et al., 2002). Tree height similar to that in
our trials was found at éhage of 1015 years in USAJon Althen, 198)and at the age
of 37 years (29.n) i n Ukraine (SaliAg, 1971). The
achieve notably faster growth that could be related both to genetic differences and soill.
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For example in SedenPopulus maximowiczik P. trichocarpa hybrid on former
agricultural lands reached height of[28.5 at the age of 20 years (Christersson, 2011).

Also poplar breeding programs report gains in stem volume while selecting the
bestperforming hybrids ash clones. For example 15% increase in diameter growth as a
result of selection has been found in three year®opulilusl wettsteiniiexperiment in
Finland(Yu & Pulkkinen, 2003). While selecting 8% of the best performing clonés, 23
89% vyield increase has been achieved at the age of six years in USA (Riemenschneider
et al., 2001). Selection of the top 10% oPapulusl wettsteiniiclonal distribution
evaluated aoss multiple sites at age nine predicted a 45% increase in stem volume in
Sweden (Stener & Karlsson, 2004). Sifeecific selection for one third of fastest
growing clones oPopulusi tomentosagredicted a 34% improvement in 5ghar stem
volume in Canaa (Zhang et al., 2008Best growth can be achieved on former
agricultural lands, but also forest lands are suitable for poplars.

Forest type had a statistically significant influence on average height and diameter
of trees also when only types on minesall with normal moisture regimeékalidosa
andAegopodiospwere analysed.
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Figure 3. DBH (A) and height (B) of poplars in Mercurialiosa mélegopodiosandOxalidosa
forest types.

These findings could be related to differences in soil fertility, since poplars have
been found to be very responsive to increase in soil nutrient (especially nitrogen) content
(Brown & van den Driessche, 2002, 2005; Guillemette & DesRochers, 2008)ass it h
been studied in a number of fertilization experiments (Coleman et al., 2006; Guillemette
& DesRochers, 2008; Lteif et al., 2008; Patterson et al., 2009; Pearson et al., 2010).

Significant differences in mean annual height and diameter increment between
stands on mineral and drained mineral soil were found: 6145004 m y! vs.
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0.41N0.010m y* and 0.6N0.01cmy™ vs.0.7 N0.02cmy?, respectively. However,

due to differences in stand density and limited number of sample stands on drained
mineralsoils (peat layer up to 2m deep), no clear conclusions can be drawn on their
suitability for the establishment of poplar plantations in comparison to sites on mineral
soil with normal moisture regime. Also in literature different opinions can be found o
suitability of soils with high peat content for poplar plantations: Klasa (2008) states that
such sites shall be avoided, but Christersson (2010) finds a high productivity{ag-

Lat the age of 17 years) of polar stands on peat soils withGH

Table 1. Characteristics gboplar hybrid Populus balsamifera P. laurifolia) sample plots

Stem Total
Forest type Stand Species Number , m ;\/I . V, m* biomass, biomass,
age of trees m° ha S 1
tary ha tary ha
Oxalidosa 59 Polar 158 273 442 1.01 209 232
Total 328 227 613 0.67
Aegopodiosa 51 Polar 136 255 385 0.94 191 212
Total 266 20.0 449 0.57
Aegopodiosa 51 Polar 22 256 566 1.00 279 312
Total 38 217 641 0.66
Oxalidosa 64 Polar 25 312 915 248 353 416
Total 61 21.3 1011 1.12
Oxalidosa 64 Polar 43 250 609 1.03 315 353
Total 90 198 702 057
Oxalidosa 64 Polar 25 31.0 1347 2.25 537 624
Total 37 25.4 1417 1.60
Oxalidosa 64 Polar 41 30.8 - 1.89
Oxalidosa 63 Polar 141 24.0 - 1.41
Oxalidosa 62 Polar 239 27.4 - 1.28
Oxalidosa 64 Polar 211 25.7 - 1.22
Oxalidosa 58 Polar 119 31.1 - 1.75
Aegopodiosa 54 Polar 107 26.4 - 1.24
Mercurialiosa g5 polar 40 265 - 187
mel.
mglr_c“”a“osa 64 Polar 47 268 -  1.89

Species: Poplai poplar hybrid Populus balsamiferax P. laurifolia); Total i including
admixture of other species (Norway spruce, Silver birch) found in some of the sample plots;
H 1 height; Di diameter at breast height; Myield; V i stem volume; Total biomagstotal
aboveground biomass.

Mean annual increment in studied poplar stands ranged betweahl¥aby* and
21 m?® hat y! and were on average 131# ha' y! in Oxalidosaand 9.31m® hat y*in
Aegopodiosdorest type. It was in range of the estimates reported by other authirs: 18
22méhatl y! at the age of @12 years (Karacic et al., 2003),i2Bm? ha' y* at the age
of 18 20 years (Christersson, 2010, 2011), however, also higher estimates can be found:
28 n? haly! in P.trichocarpa stand in Sweden (Christersson, 2010) and even
39.6 m* ha' y* for hybrid poplar clone in riparian buffer strips (nutrierthri welk
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drainedsoill)imout hern Qu®bec (Fortier et al., 2
by stand density: in plantations outside the forests with aim to produdegawveneer

logs, density of the plantation usually is lower, thus increasageter increment of

each tree, but not maximizing yield per hectar. Also stand age is of importance: in our
trials number of fallen and standing dead trees, reaching ug #6%¢from the number

of living trees, indicated intense s#ifinning and standsadlong-passed the peak of
mean annual volume increment that is reported for poplars from age 6 to 15vgears (
Althen, 1981;Netzer et al., 2002)Nevertheless, for most of the poplar trials annual
volume increment is still higher than that at the pleakNorway sprucei4 m® hat y!
(Eriksson, 1976), silver birchii80 m® ha' y* (Elfving, 1986; Sonesson et al., 1994),
grey alder and common aspen: mdha? y* (Granhall & Verwijst, 1994; Johansson,
1999b). It exceeds also that found on averageNfomway spruce, silver birch and
common aspen stands at the ageéBlyears in Latvia (4.71, 4.52 and 7rt2hat y!
respectively), however, the numbers for those common tree species do not include
volume of trees cut in commercial thinnings.

Absolutedry biomass in poplar trials ranged from 212 to 62&r ha (Table 1),
corresponding to 4i®.8t ha' y!. Results are close to those achieved in plantations with
sparse initial spacing (1,000 trelea?) on former arable land at the age of 9 years:
9.2thatytand at the age of 112 years: 8.243.6t ha' y! (Karacic et al., 2003; Zabek
& Prescott, 2006). Slightly denser plantations on fertile former agriculturds reached
productivity of 18t ha' y?! (Zsuffa et al., 1977; Labrecque & Teodongs€005).
Plantations with dense spacing (10000 tie#'$ ensure notably faster accumulation of
biomass: already at the age of four years mean annual biomass productions reaches
11.4tha'y* (Laureysens et al., 2004) and even figures as high tlsa3%* have been
reported (Scarascislugnozza et al., 1997).

Stem biomass in our trials reaches on average 88% from total -gbmyed
biomass that is slightly higher than observed in Sweden: 75.3% (Johansson & Karacic,
2011) most likely due to differers in stand age and density.

Above-ground biomass increment of poplar stands is notably higher than that of
Norway spruce at the age of 40 years:th&?! y* (Johansson, 1999a), but comparable
with very dense (142 thousand trees Rayoung (7 15 years) stands of silver birch,
common aspen, black and grey alderi(8.8t ha! y) as well as coppice of hybrid
aspen and salix at the age of 4 years: t9%@* y* and 4.9t ha® y! respectively
(Johansson, 1999b, 1999c, 2000; Rytter, 2006; Smalieial., 2007).

CONCLUSIONS

1. Poplar hybrid Populus balsamifera P. laurifolia) planted with density 5,000
7,000 treesha’, at the age ob4i 65 years on mineral soils reached mean height
27.0N0.23m and breast height diameter 38.8.47cm, significantly exceeding that of
Norway spruce at similar age. Both of these parameters were statistically significantly
influenced by forest type.

2. Mean annual volume increment after its peak age in studied poplar starids (7.5
21m?haty') was in range ahat reported by sparser plantations on former arable land,
suggesting that growth conditions are suitable for this poplar hybrid in Latvia.
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3. Total aboveground dry biomass increment (on average 88% daf dtem
biomass) reached 4.2.8t ha'! y!, exceedig that of several other tree species and
suggesting that poplars could be a viable alternative for biomass production in Latvia.
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Abstract. The sustainability factastimulates industrial companies to be more active and precise

in improving their performance in relation to energy efficiency and environmental indicators.
One of the more widespread practises to introduce improvements in energy efficiency and
environmenthprocesses is through energy and environmental management systems. However
until now, there is a lack of practical studies assessing the role of environmental management
systems to the improvement of the wood fuel production setherpaper describes analysis

of lessons learned based on combined managemgnbnse and indicator based analysis on the
introduction of environmental management systems (in accordance with ISO 14001:2004) in an
industrial enterprise. The chosen subject of this researahwisod pellet production facility
located in Latvia. The research can be applied as a guidelirentrepreneurs in wood fuel
production industry that are planning to implement energy and environmental management
systens.

Key words: environmentaperformance, indicators, industryiaR-Do-CheckAct.
INTRODUCTION

European Union member states have determined to reach botkeshoand long
term goals in improving energy efficiency and increasing the use of renewable energy
resources. The Europebimion energy and climate change package defines that energy
consumption is to be reduced by 9% in 9 years from the results of energy efficiency
measuregEU Climate and Energy package, 2010)

An efficient energy economy is possible by reviewing and defining the
management of the system and the interaction among its engineering, economic and
environmental issues with a common vision for sustainability of the energy sesitor
which required asystematic approach. This means the creation, implementation and
maintenance of a management system. The direct task of an energy management system
is such, however environmental management systems can also provide contribution to
better organization of thenergy and environmental issues of any company.

The energy management model in principle does not differ much from the
environmental management model whereby they both are based on continual
i mpr ovement -RoiMdnitot-Ahcet 66 Pclyacnl e  (Danhirg oirclek n o wn
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(Gordil et al ., 2 0 The envildrankeritaianagément gystdm, 20
according to ISO 14001 includes 5 basic elements: development of environmental policy
at the enterprise with the commitment of senior managememgjronmental
programmes developed with clear objectives and targets for environmental
improvements; a clear, comprehensive system of implementation and operation; a
system of checking and corrective action; a management review process to assure
continuous improvemeriRondinelli & Vastag, 2000; ISO 14001 standart, 2005)
The environmental management scale includes 3 levels of operation:
1  Strategic (1st level)Definition of environmental policy, setting environmental
goals, division of roles and responsibilities, appropriate resource allocation.
 Practical (2nd level). Development and implementation of environmental
management procedures, definition of action plans, how to define indicators, how
to compare the current situation with the desired goals, etc.
1  Operational (3rd level)Practical instructions on how to accoisplspecific tasks,
how to collect data, conduct calculations and evaluations, etc.

An additional level is the comparative level (level 0): evaluation of the
accomplishments, utilizing a comparative analysis of indicators from other similar
companies.

With pressures of competition, regardless of the size or activity of a company,
certification of the energy efficiency of its activities is necessary to provide a testimony.
The best such testimony is through internationally recognized systems like ISO
140012004 and EMAS in the sphere of environmental management. However there are
alternative environmental management models such d@skibscanmodel which calls
for the developmena technically and financially viable Environmental Improvement
Plan (EIP)YHeras & Arana, 2010)

In researching the interests of companies to implement environmental management
systems, the following main reasons that motivate the companies have been mentioned
in the scientific literaturdCampos, 2012; Nguyen & Hens, 2013; Zhu, et al., 2013;
Zobel, 2013; Testa et al., 2013; Liu & R
1 Although studies are not conelue, some argue that the introduction of such

systems lead to real improvements in environmental performance;

9  The fact that in some countries large companies do not choose to certify, might
indicate that small and mediurrsized business might be morelined in the

hopes that this will increase their ability to have a competitive advantage;

Some companies cite the interests in improving their reputation;

Overall pressures from external stakeholders (other partner companies, the public,
jurisdictions inwhich the enterprises hold their offices/production sites) is also
mentioned;

1  Socially conscious companies which are committed to environmental protection.

=a =

The most widely applied management system in Latvia is the quality management
system ISO 9001. From around 700 registered companies in Latvia, over 130 of these
have certified environmental management systems (ISO 14001 and EMAS). Due to the
requirement ofenvironmental management systems for continuous improvement, the
impact of the companies activities on the environment needs to be continually improved
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through the respective programme. Such activities include, a reduction in emissions by
improving the diciency of energy use, improving air filtration systems, reducing waste
from production processes and office faciliti®#be goal of the present research is to
develop a methodological approach for the implementation of environmental
management systemsNIS) in a pellet production company, to perform an analysis of
lessons learned on the introduction of environmental management systems (in
accordance with ISO 14001:2004), including identification of key environmental aspects
which need to be reviewed in neodetail in a wood pellets industrial enterprishis

study is presented as a case study and thus looked at only one company and the specific
methods and experiences gained from this case.

The authors have not conducted a separate study on whether csnpsing
environmental management systems are generally more successful than those that do
not. However many companies in Latvia have chosen to certify environmental
management systems due to growing requests for such certification from international
pariners. Thus, it is evident, that the scope of the companies' activities and the range of
partners increases upon establishment of such system, thereby one can assume that these
additional partners and tenders provide more revenue to the company thanuteey wo
such partnership would not be established due to the lack of such environmental
management certification. Additionally, increase of number of companies included in
the study will not provide a picture of the results of implementation environmental
management, as such results can only be monitored and reported upon after more than
one year of implementation. This study shows the potential impact that the process of
developing an environmental management system may have on a company. An exit
study afte one or more years of implementation could be prepared to study the results
of implementation (i.e. in 2015).

METHODS

Evaluation methodology
The evaluation methodology is based on three basic modules (ség Fig.

1 Company level analysis of theurrent management of environmental factors at
the company (L level), environmental audit {2 level), recommendations for
potential activities on improving environmental performané&l¢8el).

1 Sectorallevel compar ati ve anal y dormanceifdicatonsén ¢ o my
relation to the same categories of indicators in other companies in the same sector
(zero level).

Within the framework of this research only the environmental management systems

module is analysed. The main driver of the system &bthe company and sector level
is continual improvement.
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Figure 1. Evaluation algorithm of environmental management system at industry and sectorial
level and its link with energy management system.

At the F'level, the environmental matrixes are developed. The matrixes provide an
effective way to gain insight into a current approach to environmental matters in a
company. Each column of the matrix deals with one of six critical environmental
management topicenvironmental management policy, organising, staff motivation,
tracking, monitoring and reporting systems, staff awareness/trainingoesicll
estimates of the level of investment needed for alternative options explored within the
potential activities The ascending rows, from 0 to 3, represent the increasingly
sophisticated nature of the mentioned issues. The matrix shows the current status of a
companybés environment al management effor
further attention is requiceto ensure environmental management is developed in an
effective way. Performance evaluation parameters are given in Talee defined
matrix concept and the scale is partlybase @@or di | &t al ., 2010)

Environmental audits are implemented at tifde&/el. The goal of the audit is to
clarify the relationships betweentoh)he pe
and the environmental impact indicators, which are deemed the distinctive indicators. In
case of environmental management, these indicators can reflect both the specific impact
of production processes on the environmental (such as the level ofeemissated to
one unit of production), but also such indicators that are related to the energy efficiency
of processes (such as the amount of electricity it takes to produce one unit). As energy
use is one of the main realms of impact on the environrhahahy organization has a
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direct effect on, it is inevitable that the use of an efficient and environmentally sound
energy system is at least partially examined within the development of an environmental
management system.

Table 1. Environmental managemematrix

Environmental Staff awareness and training Monitoring
Score . . ;
management policy awareness of the public and reporting
Environmental Formal and informal channels Comprehensive targets
management policy of communication regularly set within progamme,
integrated in company exploited byenvironmental monitors impacts,
vision and action plan. manager and staff at all levels identifies irregularities,
Regular review of Promotion of sound tracks public opinion ar
3 progress by top environmental management  any impact beyond its
management. within the organization and systemds b
Environmental beyond (in the municipality adjusts environmental
management integrated within which the organization programme in periods ¢
into management operates through different profitability for
structure. programmes). continued improvement
Formal environmental ~ Environmental manager main Monitoring and
management policy driver of the programme with  targeting conducted
exists b some extentin key employees responsible for annually, but programrr
> company vision and main impact/risk areas in the shows no adaptation to

action plan, but no active organization. General inductio changes in the
commitment fromtop  staff trainingand awareness.  organization (i.e.

management General information available monitoring and review i
to public. formalized)
No formal integration of Environmental manager Only general monitoring
environmental conducts ad hoc awareness  and target reports
management concerns, raising of key organization prepared based on the
1 but environmental employees in problem areas. minimum available date
manager tracks impact (weter, electricity,

materials) without
analysis of impact

Informal ad hoc General rules on emergency Formal reports compile
responses to situations and fire hazards in  on specific data as part
0 environmental issues  place. Engagement with of the orge
employees and public in reporting to the nationa
emergency situations. environmental
inspectorate.

At the 3% level, based on the audit results, proposals for activities to optimize and
improve the processes are defined. The activities are normally arranged in several ways
to allow the organization to select the most appropriate needs in accordance with their
priorities as an organization: (1) to achieve maximum eneagg/or environmental
effectiveness (the largest emissions reductions, the largest energy economy); (2) to select
the optimal activities in relation to expenses or-pagk period; and (3) time ped
needed to implementation (from quitikes to longterm implementation processes). In
most cases, organizations will be looking at a combination of these approaches
depending on urgency of environmental risks that may become apparent, available
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financid resources and impact that certain changes may have on production processes.
It is highly essential that for each activity proposed for improvement, that there are
specific indicators which are set to confirm that such improvement has been reached.

The zeo level (optimal level) refers to the sector level and at this level a comparison
of the specific companyds indicators to t
sector is anticipated (this part of the research has not been included in ¢hé¥. arti

Description of case industry

The basic business of the researched company is the production and sale of
industrial woodchip pellets. The production of the wood pellets uses the chips, sawdust,
branches and bark of both coniferous and deciduous trees. The pellets are made under
high pressure thus making it possible to create the pellet without the use of any adhesive
or other binding material§he company has already created an integrated management
system which attempts to address the requirements of two staind&@s9001:2008
gudity management system, ISO 14001:2004 environmental management system.

The pellets produced are exported to European Union countries such as Denmark,
Sweden, Belgium and the Netherlands, where they are used in power and cogeneration
stations.

The technological scheme of production process at this company is illustrated in
Fig. 2.

Is:%j:g Emissions Heat
[ I L
Wood —  Shredder | —» Dryer > Prng — Wood pellets
machine
. A L)
Whitesaw | T
dust
Wood cut-off ———», Aueg
. Steam
Boiler
Water E—
» [
Electricity —
from the grid g Technological units
Moator oils J
v
Diesel —»  Tractors Office
i v A A . 1
Exhaust fumes Ash Hazardogswaste, old Household  Condensation Wastewaters
chemicals and waste water
lubricants
Figure 2. Technological scheme of the case industry plant.
A review of the environmental aspects v

is provided in thékesults and Discussi@ction.
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RESULTS AND DISCUSSION

Strategy level results: energy management and environmental management
matrixes

Analysing the status of environmental management system in the wood pellet
production company beforenplementation of the management systems, the overall
situation in the field of environmental management can be defined as good, which is
based on the following observations:

 The main environmental aspects are identified and addressed within the
managemersystem of the company.

9 Clear procedures are developed and followed to monitor work processes from
which the main environmental aspect may arise.

1 Environmental manager is not included in the management group, although the
quality system manager is. Thetégrated system in some areas may present
problems in implementation as the approaches to issues which are both
environmental and qualityrelated are not connected in a comprehensive
management response. Due to the organizational hierarchy, in th@ksentlict
between an action which affects both environment and quality, one can guess that
quality argument may gain favorable position in any management decision.

1 Internal communication on environmental aspects is structured through induction
training and regular monitoring. External communication with the public indicates
a clear mechanism developed for reporting incidents and concerns.

The indicative summary of the environmental matrixes is given ir3Fig.

3

Score

Environmental Staff awareness and Monitoring and
management policytraining, awareness reporting
of the public

Figure 3. Resulting scores of the wo@tocessing company environmental issues at the strategic
level.

Environmental aspects are an essential element of the environmental management
system, on the basis of which the environmental policy, its goals, tasks and subsequent
monitoring and measuremies are built. In order to identify environmental aspects, it is
necessary to understand and evalwuate the
can potentially have. It is also important to understand how these various aspects
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interrelate. Enviromental aspects are divided into direct and indirect aspects and they
arise from input (materials) and output (production, waste) flows (see als?)Fide

direct aspects of the company are listed in T@bl€hese aspects are defined in three
categoris: (1) scale of aspettglobal, regional or local; (2) degree of impaatolume

or size of pollution, waste amount, etc.; (3) effect of aspeeversible or irreversible

harm on environment. Each aspect receives a rating from 1 to 3 where one dealtes s
impact, 21 medium impact, 3 significant impact. The selected scale from 1 to 3 is
based on the guidelines of EMS according to ISO14001 standard. The positive side of
this simple scale is that it is easily understood by all parties involving imip@n
implementing and monitoring the programnie those introducing the system
(consultants), the company employees at all levels, auditors and the public at large. The
total valuation of the aspect is defined by multiplying the values from each category.

Table 2. Direct environmental aspects at the wood pellet production plant

Environmental aspect Scale Degree Effect Total score
4

=

Energy consumption (electricity) 2 2

=
N

Energy consumption (heat) 3
Water consumption 1
Diesel consumption 1
Motor oils/lubricants 1
Paper consumption 1
Municipal waste 1
Hazardous waste 1
Wastewater 1
Emissions to air 1
Noise 3

1

3

P O ON WEFE P WN P

Odours

W EFE P WEFEPRPPEPERPRPEPREREN
N P NNNWRER®WNDERDN

[N
(o]

Risk of explosion and accidents

The maximum pointarei 27, the minimumi 1. The critical aspects are those
which have received the maximum points (27), or in this concretd ce#&avhich was
the highest number of points received. Important aspects are those ranging from 8 and
18 points, however, depemdj on the situation, this can change. The remaining aspects
(under a 6 point total) still remain as aspects to be monitored, but are not deemed
important for immediate action.

486



Process level results: environmental management indicators

The role of indicators in the optimization of environmental processes is highly
recognised in researgh  Bot t a, & Comogl i o, 2012; Com
Wahren, & Bauernhans?013; Petrosillo, De Marco, Zvingule et al., 201Sjmilar to
the evaluation of other environmental processes (as project effectiveness, energy
efficiency) the indicators used in environmental management also need to be (1) reliable;
(2) comparable;rad (3) indicative.

As far as the case of wood pellet production, the following criteria meets the above
requirements:

Electricity consumption to one manufactured unit of product (hereinafter
manufactured unit of product is 1 tonne of wood pellets);
Heatng (wood) consumption to one manufactured unit of product;
Evaluation of the internal logistics fuel consumption and the motor oil and chemical
consumption to one manufactured unit of product;
Number of fire incidents per year;
Number of accidents per ge
Volume of emissions (NOx, CO, particles) to one manufactured unit of product;
Amount of dust produced to one manufactured unit of product;
Amount of ash to one manufactured unit of product;
Amount of wastewater (from office and production processeas)¢ananufactured
unit of product;
Water consumption (from office and production processes) to one manufactured
unit of product;
Amount of hazardous and municipal waste (from office and production processes)
to one manufactured unit of product;
Noise levelto one manufactured unit of product;
Odour level to one manufactured unit of product.

E N R I = =4

= =

=a =

In order to evaluate the efficiency of the environmental management system, the
analysis of the indicators needs to take place before, and after introducing the
envirommental management syste(@omoglio & Botta, 2012) In regard to the
organization reviewed, the data after environtae management systems
implementation is not yet available and thus this aspect is not included in this article.

Actions level results: improvement activities in the field of environmental
management
Based on the prioritization of direct environmental aspects (see Table 2), some
recommendations were made within the research on how to reduce negative impact of
environmental aspects:
1 Risk of explosion and accident®he largest risk identified was thait fire hazard
which is associated with different phases of the production processes and the
flammable characteristics of the materials use. Recommendations were made to
ensure regular monitoring and safsessment of hazardous situation in the system.
1  Energy consumption (heatBince the boiler is not located within a building, it
would be necessary to find ways on how to reduce heat loss from its surface.
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Another way to minimize heat consumption would be to utilise the heat generated
from pellets duringt he compr essi on process. The
compression is up to AT, and thus, by installing a recuperation apparatus, this
heat can partially be recovered and used to heating the premises.

1 Emissions to air:There is a fair amount of parkes which come from the
production process in the work atmosphere. An air filtration system could minimize
the effects of these particles on the health of the workers, as well as make it possible
to collect such patrticles for use in the technological gssc

1 Noise:Noise is generated mainly from the production units. It is possible to reduce
this aspect by installing a sound insu

CONCLUSIONS

The paper describes an analysis of lessons learned based on combined
managementesponse and indicator based analysis on the introduction of environmental
management systems (in accordance with ISO 14001:2004) in a wood pellets production
enterprise. The combined managem@sponse un indicatdrased Environmental
Managerent System (EMS) evaluation methodology makes it possible to offer real
improvements in industrial companies: a comparative analysis of indicators before and
after the introduction of the EMS allows the company to set effectiveness for introducing
the EMSto evaluate both the reduction of environmental impacts and also the economic
benefits of the expenses related to these reductions. At the sambdinesults of the
research confirm that in case of the wood pellet production plant, energy plannémg syst
elements are more highly developed than those related to environmental management.
This can be explained due to the fact that the company recognizes the direct economic
benefits which stem from energy efficiency activitieshey give a direct return in
financial terms. The improvement of environmental factors, however, rarely produce
large economic savings due to the current low environmental tax levels in Latvia (natural
resource tax and GHG quota prices).

Lessondearned from wood pellet productioreahe following:

1 External pressures from large consumers place environmental issues and their
certification in internationalirecognized standards at a high priority

1  Energy issues are the main concern of companies in respect to the environment
due to oerall scale of the costs associated with this in the total production costs

1 Upper management commitment to environmental issues is important, however
engaged and knowledgeable middianagers (in a mediusized company) can

also be enough to carry a gosgstem, if such managers are trusted and given

appropriate level of authority in the company.

In further studies work needs to be done on the inclusion of zero level evaluation
in the research, specially taking into account the rapid development obttepellet
industry in Latvia and the fact that the produce is primarily exported, which puts
additional responsibilities on producers to follow international standards and maintain
the certification of these quality and environmental management systérhe
expansion of the analysed system with an energy management system would make it
possible to estimate the impact of the energy management on the environmental
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management of the company and vise versa. It would also be beneficial to include the
investmen part in the evaluation matrix and to calculate -@ffitiency of
environmental activities.
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Abstract. Renovation of existing buildings offers a great opportunity to reduce energy
consumption, but often it also reduces indoor air quality, as buildings which were originally
designed for natal ventilation are made highly air tight. A solution to the problem would be a
mechanical ventilation system, but several problems are experienced when implemérming it
place for installing air ducts, cold air inflow or additional energy needed fmmimg air
preheatingVentilation using heat recovery units is the one method out of many other energy
saving measures. The advantage of using heat recovery units is energy saving, and as a result,
savings on costs of the operation of the ventilationesysiThis paper describes the renovation
carried out in 4storey apartment buildings. In the course of the study, two buildings were
analysed, both belonging to the series buildings of the Soviet Era (103 series), built in 1970 using
the same materials, tteame construction solutions. The renovation was carried out by one
company, using the same materials and the same renovation principles for both buildings. The
only difference after the renovation is that a new centralized mechanical ventilation sytem wi

a heat recovery unit is installed in one of the buildings, while in the second building the natural
ventilation system is preserved. The arrangement of the mechanical ventilation system is rather
innovative as the ventilation ducts in the building faesh air supply are integrated into the

facadeds insulation | ayer and enter the 1|ivi
radiators. The main questions studied in the course of the research are the efficiency of the
mechanical ventilation systeme at recovery, the buildingds ai
efficiency.

Key words: mechanical ventilation, heat recovery, building renovation, energy efficiency.
INTRODUCTION

The building sector is the largest user of energy and the largesin@t@er in the
European Union (EU) and is responsible f
consumption and C{emissions. The EU has established an ambitious target that all
new buildings must be nearly zero energy buildings by 31 December, RO26tive
2010/31/EU)However, even if all buildings in the future will be built according to the
nearly zero energy building standard, this would still only mean that the increase in
energy demand will be reduced, but it would not reduce the exitingrden@nly
measures taken in existing buildings will have a significant effect on the total energy
demands of building stock.
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Since the residential building stock in Baltic countries is very old, mainly built prior
to the 1970s or even the 1960s, the curiardrage specific heat consumption in
buildings is between 220 and 2%Wh (m?? per year (Cabinet Decree NB71).
Retrofitting of existing buildings offers a great opportunity for reducing energy
consumption and greenhouse gas emissions.

The firstretrofit alternatives to be considered for existing residential buildings are
improvement of the thermal insulation and air tightness. The usual standard renovation
of multi-storey apartment buildings includes facade insulation, end wall insulation,
therma insulation of the attic and basement ceiling and replacement of old windows,
and heat substation renovation; with this standard renovation, it is possible to reach
approximately 50% energy savings (Blumberga, 2008). In absolute terms based on the
currentLatvian building code, this translates into energy consumption betwden 75
85kWh m2 per year. To reduce energy consumption even more and improve the indoor
climate, the heat distribution systems and ventilation systems have to be addressed.

In fact, heatosses by ventilation become the main source of heat losses after proper
thermal insulation of the building envelope, which can be as highid9%30of energy
consumption (Klavina, 2012)A study (Orme, 2001kbout the energy impact of
ventilation and aiiinfiltration in residential buildings in 13 countries shows that the
energy losses due to ventilation and air infiltration represent about 48% of the energy
delivered for space heating. Tommerup and SvedBemierup & Svendsen, 2006
reported the ventiteon heat losses in typical Danish residential buildings to be 35
40 kWh (m? a)! per year.As until the 1990s building were designed with natural
ventilation, they become airtight buildings after renovation and the air infiltration rate is
often not sufftient to maintain acceptable indoor air quality. Shortcuts between different
ventilation ducts often become a problem after renovation, resulting in both high
discomfort and energy losses.

Indoor air quality is greatly influenced by the amount of freshihait enters the
building. This fresh air replaces the exhausted air, which contains biological pollutants,
excess moisture, and volatile organic compounds released from building materials,
carpets, furniture, and other household items as a result af, atgeomposition, or
curing.

A good solution in such buildings is mechanical ventilation with heat recovery to
recover the heat from exhaust air amduch way alseeduce the ventilation heat losses.

A good strategy for maintaining good indoor climate and reduce energy consumption in
a building would be airtight a building with a mechanical ventilation system and heat
recovery. This solution may satisfy energy couagon goals in a costffective manner
without reducing the indoor air qualitileat recovery systems typically recover about
601 95% of the heat in exhaust air and have significantly improved the energy efficiency
of buildings Mardianaldayu & Riffat, 20.2).

MATERIALS AND METHODS

There are a number of issues that should be considered during the design phase and
before installation of a new ventilation system in existing buildings. Narrow and
unsatisfactory functional links between premises, as wetivas¢ilings, which in most
cases do not exceed 2.45 These are the usual characteristics of apartments in the
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multi-storey buildings constructed in series in Latvia. Because of the low ceiling height,

it is not convenient to build a centralized systetiair ducts going through apartments,
besides, the owners of the apartments are against fitting of ventilation channels on the
ceiling of rooms. One of the solutions is installation of a decentralized system as has, for
example, been implemented in a n@mbf projects in Estonia. However, this solution

has shown rather high investment costs and fewer adjustment possibilities as well as
problematic maintenancet he need to access al/l flats
responsibility (Koiv, 2008; Koiv etla 2012).

During the design phase, a new solution was found, a centralized ventilation system
with air ducts placed outside of the buildingn the facade insulation. There are already
two examples of public buildings in Latvia (Ventspils City Councd &ngli Vocational
School) (Kamenders, 2013) where this solution is used, as well as in Europe (Kalz &
Dinkel, 2013). But so far, such solution has not been applied to-apatiment
residential buildings.

Experimental facility

There are two similarenovated residential buildings located at 11 and 17 Zirnu
Street, Cesis. Both aresforey buildings with a basement and technical floor and belong
to the 103 series, built around 1970. Energy audits were carried out in March 2012 before
renovation. Renation works were finished in January 2014.

The situation before renovatii&Bmi%yas si
windows had been replaced by the owners. The attic floor was partially insulated with
loose wool (thickness10@00 mm). In the baseménwater pipe insulation works had
been carried out in a poor quality, certain places were not completely covered. Masonry
damages were observed on the external walls. The buildings were equipped with a one
pipe heating system. The radiators were not gmdwith special thermostats, even the
ones which the owners had replaced; therefore, individual control of room temperature
was impossible. Building heatirgybstationsvere equipped with an automatic control
system that provided heat generation accortiirthe outdoor temperature.

According to the information provided by the residents of the buildings, the indoor
air temperature in apartments was around2l8 AC. The apartments n
had lower indoor air temperature characteristics. In a @fathe apartments, poor
circulation in the heating risers was detected.

Originally, the buildings were designed with a natural ventilation system providing
air supply through cracks, windows, slots and air extraction through kitchen, toilet and
bathroom entilation shafts. During the visits, mould was detected in most of the
apartments.

The renovation carried out in Zirnu street, Cesis, included the following steps:

- Facade and end wall insulation from the outside withrhi®insulation, window
boxesinsulation with 30mm insulation;

- The basement slab insulation (including the walls bordering the apartments) with
100mm insulation and building plinth insulation with B0n extruded polystyrene;

- Staircase roof insulation with 1@m insulation and attitoor insulation, ensuring
a 300mm layer of insulation all over the floor area;

- Replacement of apartment windows and staircase windows;

- Replacements of attic and entrance doors;
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- Renovation of the heating system;
- Renovation of the hot water distributiepstem

Tablel shows the thermal properties of the building components before renovation and
the planned ones.

Table 1. Thermal properties (U value (v K)™) of the building components before renovation
and planned properties

Basement Facade End Windows Doors  Attic Staircase

slab walls walls roof
Before 0.56 0.89 0.93 1.812.8 3.00 0.280.77 1.02
After 0.21 0.28 0.29 1.4 1.6 0.12 0.29

In one of the two buildings (17 Zirnu Street) a new mechanical ventilation system
with a heat recovery univas installed. The main concept of the renovation is to
minimize heat losses and maximize heat gains and to ensure high quality indoor climate.

A mechanical ventilation system with three air handling units which are located in
the building stairwells at thattic level was installed. Each staircase has its own air
handling unit (Zehnder ComfoAir 550 R Luxe Enthalpie with moisture recovery)
designed with a counter flow plate heat exchanger with a highly efficient heat recovery
rate and moisture recovery (batpy). Preheating of the fresh air is ensured with an
electrical coi l . The ventilation system
Institute Dr.Wofgang Feist) requirement$he Latvian Construction Standard LBN
2310 3, 6Heati ngofanrde sviecharitliaali omand publ i c |
15m? h of fresh air per person if the only indoor air pollution source is the residents.

The Construction Standard LBN 2918 , éMuwlrteiy r esi denti al bu
the air exchange rate per hour in living rooms and bedrooms should be antéast 3

and the indoor air temperature during th
designed air exchange rate isi 20 m® h! in each room, which corresponds tb21

persons per room. During the ventilation design process, the following design

paramegrs were used: minimum outdoor temperat@re . gAC in winter a
outdoor temperature +22.3AC in summer ; [
season.

The ventilation system is designed so that exhaust air is extracted through the
existing vetilation shafts (kitchen and bathroom). Flow regulation is ensured with
balancing valves and exhaust grilles with a flow control option. The outputs of all
ventilation shafts are collected in a single system with galvanized steel ducts in the
bui | diicnThé ductsaate covered with a heat insulation layer (at leasn&©0
Additionally, it is embedded in the attic floor insulation layer.

The air supply system is arranged by flexible plastic air ducts (diametamj5
separately to each livingroomande dr oom. The air ducts are
facade and enter into living rooms through the wall directly behind the heating radiators
(see Fig.1l). The vertical duct parts are built into special wells, which are filled with
loose thermal insuladn (at least 100nm). They go down the facade form the attic to
the first floor apartments. Fig@.shows the air ducts coming from the facade to the attic.
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Figure1.Ai r ducts are mounted into the ftaaughdeds
the wall directly behind the heating radiators.

Figure 2. Air ducts coming from the facade into the attic (without insulation and already
insulated).

The horizontal duct parts are made of flexible plastic ilat51 511 138 mm.
Thesealucts integrated into the facade insulation so that there is at leagt 50thermal
insulation between the duct and outdoor air. The supply air stream rate is lower than
1.5 m s The plastic input unit is industrially manufactured with the diameter of
125mm. The air ducts meet the increased requirements for air density class according
to the standard EN 60529, the mechanical perimeter strength of morekiiam® and
high hygiene requirements. The special constant flow valves installed in thigutistr
lines placed in the attic control the supply of airflow in each room. Each air duct
( T 7Bn) has its own flow valve.

RESULTS AND DISCUSSIONS

The aim of this study is to compare the energy consumption in the buildings before
and after renovatioma to compare the indoor climates of 11 Zirnu Street equipped with
a natural ventilation system and 17 Zirnu Street, where a new mechanical ventilation
system is installed. Monitoring data for this heating season is not yet available.

A study with the engyy simulation software TRNSYS for dynamic calculations is
performed. The model will be validated with actual measurement data from 17 Zirnu
and 11 Zirnu.
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