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Introduction

There is an agreement, since the on-
set of the industrial revolution, the con-
tinuous emissions of the anthropogenic
and pollutions in the atmospheric have
increased due to the human activity, in-
dustrialization, and deforestation. This
increase has redounded significantly to
economic dullah, 2012; Rao, Hutyra,
Radevelopment and the birth of the an-
thropogenic reached over 50% (Rajab,
Jafri, Lim & Abciti & Templer, 2014;
Al-Salihi, 2018). Also, it is a massive
source of many air pollutants because of
growing anthropogenic emissions relat-
ed with growth rates of megacities, large
urban agglomerations and rapid traffic

growth (Molina & Molina, 2004). The
significant external variables controlling
the climate contains aerosols, solar ir-
radiance and greenhouse gases (GHGs),
e.g.: carbon dioxide (CO,), water vapour
(HyOyapor), methane (CHy), nitric acid
(N,O) and ozone (O3). As a result of
human vitalities since 1750, the global
atmospheric densities of CO,, CH4 and
N,O have increased perceptibly and beat
pre-industrial measurements specified
by ice cores for many thousands years
(Rajab, MatJafri & Lim, 2014; Al-Salihi,
Rajab & Salih, 2019).

Nitrogen dioxide is one of the most
important air pollutants trace gases in
the atmosphere with important impact
on tropospheric and stratospheric chemi-
cal processes and human health. It plays
a major role for production of ground
level O5. Moreover, NO, contributes to
the formation of secondary aerosols and
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acid rain (Zyrichidou et al., 2013; Yang,
Carn, Ge, Wang & Dickerson, 2014;
Chanetal., 2015; Al-Salihi, 2017). There
are still several disputes about the exact
amount of the diverse influx and sources
for NO,. The NO, creating by both natu-
ral and anthropogenic activities: biofuel
combustion and fossil fuel, thermal pow-
er plants, transportation, industries, bio-
mass burning, residential use, aircrafts
and microbiological processes in soil.
Natural sources of NO, are lightning and
microbial activity in soil by the oxida-
tion of ammonium nitrate (Constantin,
Voiculescu & Georgescu, 2013).

In many researches, the spatiotem-
poral differences of the troposphere
vertical column densities (VCDs) NO,
during 2005-2016 was investigated
with level of urban development across
many large countries such as China. And
the relationship between urban devel-
opment and NO, pollution analysed by
using the night-time light (NTL) data.
The NTL data and NO, column data are
both measured by satellite observations
(Cui et al., 2019). In addition, the re-
gional variations emissions of CO, from
airports were increased due to the civil
aviation sector activities. These emis-
sions evaluated by using geographically
weighted regression (GWR) models and
ordinary least square (OLS), separately,
to investigate spatial heterogeneity, and
whether urbanization drives airport CO,
emissions at the city level (Zhang et al.,
2019).

The profusion of atmospheric param-
eters was been measured four decades
ago using airplanes, weather balloons,
and distributed ground stations. These
measurements are cost so much money
and staff and incapable to get continuous

long term recordings for global climate
variability. Therefore, there is a shortage
in data for upper and lower troposphere.
The satellite remote sensing has useful
global and regional coverage’s, which
raised our capability to analyse the in-
fluence of human activity on the climate
change and the atmosphere chemical
composition. Also, equip continuous
data with high temporal and spatial reso-
lution (Lin et al., 2014; Salih, Al-Salihi
& Rajab, 2018). Satellite measurements
provide necessary information of distri-
butions for the atmospheric trace gases
column densities. The satellite tropo-
spheric NO, data have found prevalent
utility. Observational analyses have ex-
plained the strong weekly cycles in the
observed NO, (Beirle, Platt, Wenig &
Wagner, 2003; Chan et al., 2015), the
continental scale outflow and the influ-
ence of biomass burning (Ladstaetter-
-Weissenmayer, Burrows & Perner,
1998; Burrows et al., 1999).

From environmental scenery, Iraq
encountering severe problems of fast
motorization, deforestation and energy
trouble cases a strong rise of NO, emis-
sions with additional pressure on the
local and regional environment. There-
fore, a comprehensive spatio-temporal
study of tropospheric NO, over Iraq is
an important issue. In order to develop
the efficient strategies to minimize its
emissions, which from fossil fuel com-
bustion and biomass burning reduce lo-
cal air quality and affect global tropo-
spheric chemistry. The purposes of this
research to analyses the yearly hotspots
emissions, tropospheric NO, monthly
distribution, and assess its long term-
trends above Iraq employing Ozone
Monitoring Instrument (OMI) data dur-
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ing 2005-2014. A trend and air mass
trajectory data were analysed over Bagh-
dad city. The results help to analysis and
identify the hotspots for territorial NO,
emissions above study area. The annual
and monthly mean NO, maps were gen-
erated using GIS software.

Material and methods

Iraq is a country lies in the western
part of Asia, located in southwestern
Asia, and take possession of usually
the Mesopotamian Plain, situated, be-
tween 39° and 49° E longitudes and 29°
and 38° N latitudes (a small regions lie
west of 39°). An area (Fig. 1) involves
0f 437,072 km?. The most north areas of
the country are made up of mountains;
the highest point being at 3,611 m. Tigris
and Euphrates rivers, run from the mid-
dle of Iraq, taking place from northwest
towards southeast where fecund alluvial
plains. Iraq has a narrow coastal strip
north of the Arabian Gulf with a length
of 58 km. Most of Iraq has a hot and arid
climate with subtropical influence. The

38°N] |38°N

Turkey

36°N] [B6°N

Syria

34°N B4N

Baghdadx
* Rutba N e G

Jordan

32°N B2°N

Euphrates ,
“ 2 Nasirival

30°N

Saudia Arabia Ruwaii

40°E 42°E 46°E 48°E

FIGURE 1. The geographical feature of the study
area

44°E

northern mountainous regions have cold
winters with occasional heavy snows.
Summer temperatures rate above 40°C in
most parts of the country and frequently
exceed 48°C. Winter temperatures infre-
quently exceed 21°C with maximums
roughly 15-19°C and nighttime lows to
2-5°C. Typically, precipitation is low;
except for the northern regions, the rain-
fall is extremely rare during the summer.
The maximum rainfall occurs during the
winter months, and most places receive
less than 250 mm annually (Metz, 1993;
Abed, Al-Salihi & Rajab, 2018).

Ozone Monitoring Instrument is one
of the several, flying on-board NASA’s
Aura satellite put to space on 15 July
2004, with orbital period of around 100
min and has a Sun synchronous polar
orbit passes the equator at around 13:30
local time (Zyrichidou et al., 2013). It
observes the atmosphere in 60 cross-
track ground pixels measuring 13-26
km along track and 24-128 km across
track has a 114° field of scenery, which
matched to about 2,600 km vast swath
on the Earth’s surface, providing daily
global NO, maps. Due to the vast swath
of'the 14—15 orbits per day, OMI realizes
global covering nearly in a day (exclude
for tropics). It is nadir visibility imaging
spectrograph quantify backscattered and
direct sunlight in the ultraviolet-visible
(UV/VIS) range from 270 to 500 nm with
a spectral resolution of about 0.5 nm and
its performance and design explained in
detail in (Levelt et al., 2006).

Tropospheric NO, columns are re-
stored by utilizing differential optical
absorption spectroscopy (DOAS) ana-
lysis in the 405-465 nm spectral range,
and has an unreliability of 0.1-10'> mol-
ecules per 1 cm? and it is undervalued by
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15-30%. The recapture of NO, used to
record the pure and 0-30% cloudy situa-
tions in the air mass element acquired for
the simulated NO, profiles. The seasonal
differences of NO, reclamation from
OMI agree with the NASA GSFC’s glo-
bal modelling initiative (GMI) chemical
transport model (Levelt et al., 2006).

In this study, ten-year information
from January 2005 to December 2014
were utilized to assess and analyse the
NO, distributions above research area.
The Baghdad city been selected and fit-
ted with a linear function. Results from
the analysis of NO, concentrations was
acquired by OMI satellite ascending
Level-3 data. In general, 120 L3 ascend-
ing monthly granules loaded to gain the
required output. Using OMI website file
data, comprising the identical time and
location along the satellite course, in
a HDF (hierarchical data format) format

for monthly basis, were took out from
the satellite and organized in schedule
utilizing MS Excel. To analysis the an-
nual long-term allocation of tropospheric
NO, above Iraq, the monthly data aver-
aged for the period (2005-2014) of OMI
measurements. While for monthly analy-
sis, the data of tropospheric NO, aver-
aged for the each month along the study
period. The GIS software used for plot-
ting the averaged for the each month and
annual for the study period.

Results and discussion

Annual analysis long-term NO, data
over Iraq

Figure 2 illustrated the annual distri-
bution of tropospheric NO, over Iraq by
the OMI opportunity to monitor urban
emissions from space for the study pe-

Tropospheric
NO:x10" molecules/cm’

I 0.70-1.09
B 1.09-1.46
B 1.46-1.84

B 1.84 - 2.22
12.22-2.60
2.60-2.98

[ 1298-3.36

FIGURE 2. Annual mean distributions of tropospheric NO, over Iraq, produced by the global data of
Aura OMI monthly mean tropospheric NO, during 2005-2014
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riod. There is a reduction in the concen-
tration of tropospheric NO, over west-
ern and south western parts of Iraq, less
than (1-10" molecules per 1 cm?) due to
arid desert areas where sand and lack of
urban activity. Also the same reduction
in the eastern region where the moun-
tainous areas and high-rise mountain
peaks, because of less population, urban
and industrial activity. There is an in-
crease on troposphere NO, values at the
belt extended from the northern to the
southern of Iraq, ranged from 1.46:10"
to 2.22:10'> molecules per 1 cm”. The
highest value was at central of Iraq,
Baghdad and its sounding regions, more
than 2.6:10"> molecules per 1 cm?. The
hot spot of pollutions was over Baghdad
city (up 3.74-10" molecules per 1 cm?)
due to high population, congestion, wide
urban and industrial areas.

Monthly analysis long-term NO, data
over Iraq

Figure 3 illustrated the average
monthly NO, for winter and spring sea-
sons (December—May) and for summer
and autumn seasons (June—November),
respectively, over study area for the pe-
riod 2005-2014. The significant spatial
variations of NO, observed over the
most parts of Iraq. The NO, expertise
diverse seasonal variations depend on
the weather situations and topography.
The seasonal fluctuation in the NO, var-
ied highly noted among four seasons. A
specific checking shows subtle changes
in the NO, spatial types for each season,
with higher values for NO, in the win-
ter and summer than in the spring and
autumn seasons. Also, increases in NO,
values observed along the year above
the manufacturing and crowded urban

regions, i.e. Baghdad and Basra. A less
NO, values happen at the clean desert
environment over western and southwest
areas, i.e. Anbar and Samawa.

Figure 3a illustrated the highest value
of NO, occurred during the winter (Janu-
ary), especially at central region of Iraq
over capital Baghdad and its surround-
ing areas. Because of the high precipi-
tation rates, which reach to (240 mm),
increased the microbial activity that con-
tribute to more soil emissions due to the
agricultural fields activities, and the re-
duction of removing NO, by photolysis
process because of less solar radiation
at existence of clouds. In January NO,
increased to its highest value throughout
the year at Baghdad was 5.13-10'> mol-
ecules per 1 cm? (red pixels), though it
lightly decrease to moderate in March,
compare to past months, and low in May.
The lowest value was over authentic
desert environment over western areas
on April 0.92:10"° molecule per 1 cm?
(blue pixels). This variations in the NO,
concentrations during this period (De-
cember—May) caused by the human ac-
tivity, geographic species of the regions
and weather fluctuations.

As shown in Figure 3b for the sum-
mer and autumn seasons (June—Novem-
ber), a decrease in the NO, values during
September and October, whereas lightly
elevate to moderate concentrations of
NO, in August and November, and high
in June and July. There was a rising of
NO, concentrations on the southeastern
area compared to its measurements on the
rest of the areas during June to Septem-
ber. These are because of the emissions
by the oil extraction and residues burn-
ing in the paddy fields. The highest value
placed in this period was over Baghdad

Analysis of tropospheric NO, over Iraq using OMI satellite measurements



Tropospheric

NO2x10" molecules/cm?®
052-1.14
1.14-1.77

4.89-5.51
5.51-6.13

Tropospheric

NO2x10' molecules/cm*
0.52-1.14
1.14-1.77
1.77 - 2.39

4.89 -5.51
5.51-6.13

FIGURE 3. The OMI monthly coverage retrieved NO, in Iraq for the period of 2005-2014: a — for
winter and spring seasons (December—May); b — for summer and autumn seasons (June—November)

during July 4.61-10" molecules per
1 cm? (red pixels), and the minimal value
was in October 0.83-10'> molecules per
1 cm? (blue pixels) at the western region.
The high levels of NO, appeared in sum-
mer months due to the long hour’s use

of civil and commercial generators be-
cause of electrical power shortage with
average ranges from 12 to 18 h through
the summer days. It is one of the main
reasons for increasing the levels of NO,
during this period.

J.M. Rajab et al.



Trend analysis long-term NO, data
over Baghdad city

The high density of population (1,637
persons per 1 km?), and high population
growth from 4.5 million in 2003 to 7.6
million peoples in 2013 (The Ministry of
Planning internal report 2014); Baghdad
is the economic and administrative cen-
tre in Iraq. Moreover, the frequent pres-
ence of electric generators in residential
due to the lack of electric power, com-
mercial, and industrial neighbourhoods
increase the pollution. In addition, the
considerable increasing of vehicles from
450,000 in 2003 to 1,350,000 in the year
2014, making it the largest city in Iraq
and the second largest city in the Arab
world after Cairo. A significant NO,
emission hotspot observed during the
study period.

Figure 4 shows the average monthly
NO, for capital Baghdad from Janu-
ary 2005 to December 2014, the formal
peak of OMI sensitivity and the vastness

7.5

of the seasonal changes in troposphere
NO,. The seasonal oscillations depend
on weather’s situations and topography.
The seasonal fluctuation in the tropo-
sphere NO, varied appreciably observed
between winter and spring seasons.
A more appointed checking shows
subtle alteration in the NO, spatial in-
fluence for each season, with maximum
values for NO, in the winter. Seasonal
fluctuations are visible, but none is as
declared or regular through the study
period. The highest value existed in this
period was on during January (6.13-10"
molecules per 1 cm?) and the lowest
value was during April (4.2:10'> mol-
ecules per 1 cm?). There was evaluation
in NO, values during July, August and
October. Such exemplary seasonal cycle
is because of the longer lifetime of NO,
through the cooling period, elevated lo-
cal NOy emissions from the domestic
heating system (with odd behaviour in
July) and repeated events of calm and

7.0

6.5

6.0 -

55

50

Tropospheric NO, column (1015 molec. cm'z)

4.0 1 1 1 L L

L L 1 1 1 1 1

Jan Feb Mar Apr

May Jun

Jul Aug Sep Oct Nov Dec

Month

FIGURE 4. Monthly average tropospheric NO, variations over Baghdad in the period of 2005-2014
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temperature inversion, facilitating the
cumulating of pollutants during winter
time surface air.

The resulting trend estimate for
monthly average tropospheric NO, col-
umn over Baghdad provides a linear
growth rate 9.8% per year (growth is the
percentage calculated with respect to the
mean NO, column, 5.71-10"> molecules
per 1 cm?, as shown in the Figure 5. There
is a progressive increase in the NO, val-
ues with distinct growth rate variations
observed during the study period. An
increasing, long-term trend in NO, at-
tributed to the human activity; combus-
tion of fossil fuels and a significant net
flux of NO, to the atmosphere because of
land use changes, such as agricultural ac-
tivities in the paddy fields. Year-to-year
variations in NO, emissions relatively
increased because of different sources,
comprising agricultural, motor vehicles
and other manufacturer sources.

The mean, minimum and maximum
annual NO, are presented in Figure 6,
which present a graph of a month-long

=y
-

series of the NO, from the mean (solid
line and square mark), minimum (solid
line and circular mark), and maximum
(dotted line) for hotspot over Baghdad
city in the period from January 2005
till December 2014. Observed a stagna-
tion feature as obvious during 2005 until
2009, and then increased significantly
the rest of the study period. This due to
increase of anthropogenic emissions and
large economic activities in Baghdad,
leading to rapid increase of tropospheric
NO,. To reach the highest levels 1.8, 2.3,
2.8 times for minimum, annual mean
and maximum values compare to 2005
values.

Finally, the influences of air mass
transportation on controlling of tropo-
spheric NO, concentration investigated.
Baghdad city selected as hotspot point,
24-hour backward and forward traject-
ory analysis employing NOAA HY-
SPLIT (hybrid signal-particle Lagrang-
ian integrated trajectory) model at 500 m
and 3,000 m above ground level. The tra-
jectories observed for 8 November 2013

- Lat: 33.2
long : 44.25

-
o

Tropospheric NO, column [1015 molec. cm'z)
]

Trend : 0.563 (0.207 ) X 10"° molec.cm? yr' (9.8 % yr')

2 1 1 1 1 1 1 | 1 1
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Months
FIGURE 5. Time series of monthly mean tropospheric NO, over Baghdad for the period from January
2005 to December 2014
10 J.M. Rajab et al.
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—&— Annual mean
—&— Annual minimum
O+ Annual maximum

25

2.0

1.0

Annual mean, Maximum and Minimum of
tropospheric NO, Normalised to 2005

05 1 1 1 1

1 1 1

2005 2006 2007 2008 2009 2010 2011

1 1 1
2012 2013 2014

year

FIGURE 6. Observed the mean (solid line and square mark), minimum (solid line and circular mark),
and maximum (dotted line) temporal evolutions of tropospheric NO, in the period of 2005-2014 for

Baghdad

shown in Figure 7 at 500 m the ground
level. Over Baghdad shown significant
increasing trend of 9.8% per year and
high values observed in winter and
summer.

Trajectory analysis (Fig. 7) illustrate
the seasonal changes in the troposphere
NO, vibrate highly between winter and
summer seasons. In winter, the evalua-
tions due to anthropogenic emission of
thermal heating used excessively during
cold season. In addition, the subsequent
plumes contributed from Europe bring
by northwesterly wind driven by the pas-
sage of a strong synoptically forced cold
front. Whereas during summer, the high
NO, because of hot weather, the local
emissions affect from the oil extraction
at central and southern regions. In ad-
dition, the emissions from large paddy
fields and the substantial contribution of

anthropogenic from Turkey and Europe
carried by eastward wind. The lowest
NO, values detected during the monsoon
interval mostly related to the rains.

Conclusions and summary

Nitrogen dioxide recognized as one
of the main pollutants that degrade air
quality. The objective of this study was
to analysis the NO, distributions over
Iraq. We have start to examine the for-
tune information contained in the more
than ten-year (2005-2014) satellite data.
The NO, concentrations strongly corre-
lated with weather situations. From an-
nual NO, distributions, there is a reduc-
tion in tropospheric NO, over western
and south western parts of Iraq, less than
1-10"> molecules per 1 cm?, and the same

Analysis of tropospheric NO, over Iraq using OMI satellite measurements 11



NOAA HYSPLIT MODEL
Backward trajectories starting at 0000 UTC 08 Nov 13
GDAS Meteorological Data
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Trajectory Direction: Forward  Duration: 24 hrs
Vertical Motion Calculation Method: Isentropic
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NOAA HYSPLIT MODEL
Forward trajectories ending at 0000 UTC 08 Nov 13
GDAS Meteorological Data
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Vertical Motion Calculation Method: Isentropic
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FIGURE 7. Twenty four-hour backward and forward air mass trajectories hotspots for Baghdad on
8 November 2013 at 00:00 UTC above 500 m, calculated using NOAA'’s hybrid single particle Lagran-
gian integrated trajectory — HYSPLIT model — GDAS (the hot spot marked with stars): a — backward
trajectories; b — forward trajectories

Analysis of tropospheric NO, over Iraq using OMI satellite measurements 13



reduction in the eastern region where the
mountainous areas and high-rise moun-
tain peaks. There is an increase on tropo-
sphere NO, values at the belt extended
from the northern to the southern of
Iraq, ranged from 1.46-10"3 to 2.22:10"°
molecules per 1 cm?. The highest value
was more than 2.6:10'° molecules per
1 cm? at central of Iraq. The hot spot of
pollutions was over Baghdad city (up
3.74:10" molecules per 1 cm?).

The monthly distributions shows sig-
nificant spatial variations of NO, detect-
ed over the most parts of Iraq and a dif-
ferent of seasonal variations depend on
the weather situations and topography.
The higher concentrations for NO, in
the winter and summer than in the spring
and autumn seasons, and the elevation in
NO, values noted during the year over
the manufacturing and crowded urban
regions. The variation in the NO, values
on December—May period due to the hu-
man activity, geographic nature of the
areas and weather variations. While dur-
ing June—November period, the highest
value was on July at Baghdad 4.61-10"°
molecules per 1 cm?, and the less value in
October 0.83:10' molecules per 1 cm?,
at the western region. The resulting trend
estimate over Baghdad for monthly aver-
age tropospheric NO, column provides a
linear growth rate 9.8% annually. Long-
term trend in NO, attributed to the hu-
man activity; combustion of fossil fuels
and a significant net flux of NO, to the
atmosphere. Trajectory analysis illus-
trate the seasonal variation in the tropo-
sphere NO, varied appreciably observed
between winter and spring seasons. The
lowest NO, values was during the mon-
soon period mostly related to the rains.
The OMI data and the satellite measure-

ments are can measure the elevations
of the troposphere NO, concentrations
above different areas.
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Summary

Analysis of tropospheric NO, over
Iraq using OMI satellite measurements.
Tropospheric nitrogen dioxide (NO,) is a
trace gas with important impact on atmos-
pheric chemistry, human health and a key
pollutant in particular cities, measured from
space since the mid-1990s by the GOME,
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SCIAMACHY, OMI, and GOME-2 instru-
ments. This study present ten years (monthly
and yearly averaged) dataset from Ozone
Monitoring Instrument (OMI) used to in-
vestigate tropospheric NO, characteristics
and variations over Iraq during 2005-2014.
Annual NO, shows an elevation from the
northern to the southern and highest values
was at central parts of Iraq. Monthly distri-
butions revels higher values NO, in winter
and summer than spring and autumn seasons,
and rising NO, throughout study period over
industrial and crowded urban zones. The
trend analysis over Baghdad shows a linear
growth rate 9.8% per year with an annual av-
erage (5.6:10'> molecules per 1 cm?). The air
mass trajectory analysis as hotspot regions
shows seasonal fluctuations between winter
and summer seasons depend on weather con-

ditions and topography. The increased NO,
values in winter are due to anthropogenic
emissions and subsequent plumes from Eu-
rope. In addition, in summer because of hot
weather and large paddy fields emissions.
The lowest NO, value was at monsoon pe-
riod mostly linked to the rains. The OMI data
and satellite information are able to observe
the troposphere NO, elevation at different
regions.
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Introduction

Rearing and breeding of livestock is
often a source of a negative odour impact
and can be a cause of odour nuisance
(Grzelka, Séwka & Miller, 2018), with
poultry farming being the most com-
mon cause of people’s complaints about
odorous air quality (Kosmider, Mazur-
-Chrzanowska & Wyszynski, 2012).
Therefore, for many years in Poland
work on the regulation of the legal issues
related to the excessive odour emission
associated with the operation of, among
others, animal husbandry is underway.
As a result of the taken actions, in 2019
the Ministry of the Environment has de-
veloped a project proposal called Anti-
odour Act — A draft act on the minimum

distance for planned projects of the agri-
cultural sector, the functioning of which
may be associated with the risk of odour
nuisance (Ministerstwo  Srodowiska,
2019). The document defines the mini-
mum distance of locating emerging ag-
ricultural sector projects from residential
buildings or public facilities depending
on the breeding stocking size. However,
it does not indicate emission standards
for odours or odorants characteristic for
this type of activity and does not refer
to existing facilities. For the EU Member
States, best available techniques conclu-
sions (Commission Implementing Deci-
sion (EU) 2017/302), created as a result
of the reference document on best avail-
able techniques for intensive poultry
and pigs breeding, are an important leg-
islative tool. Best available techniques
conclusions are a set of legally binding
recommendations created for the needs
of breeders. They refer to large farms

The use of ordinary kriging and inverse distance weighted interpolation to assess... 17



with > 40,000 poultry stands. They indi-
cate the need to create, implement and
regularly review the odour management
plan. For facilities that may cause a risk
of odour nuisance, they recommend the
use of countermeasures, i.e. end-of-pipe
methods or special recommendations
regarding animal nutrition and mainten-
ance, and for newly emerging facilities
they suggest maintaining appropriate
distances from sensitive facilities, e.g.
residential buildings (Commission Im-
plementing Decision (EU) 2017/302).

Many methods are used to assess the
odour nuisance of agricultural facilities
(in particular those dealing with animal
husbandry). One of the most commonly
used are sensory methods, including dy-
namic olfactometry and field olfactom-
etry (Korczynski et al., 2011; Gebicki,
Bylinski & Namies$nik, 2016; Sowka,
Pachurka, Bezyk, Grzelka & Miller,
2017b). In the latter case, the test re-
sults obtained at the measuring points
can be used in the analysis of spatial
distributions, which allow, among oth-
ers assessment of variability of pollu-
tion concentrations and assessment of
air quality (Wong, Yuan & Perlin, 2004;
Sowka, Grzelka, Bezyk & Miller, 2017a;
Nunez-Alonso, Pérez-Arribas, Manzoor
& Caceres, 2019).

GIS-based model tools are used,
among others, in the study of odour
dispersion based on measurement data
obtained by dynamic olfactometry and
measurement data from the so-called
field inspections (Sowka et al., 2017a,
2017b). However, there have been no at-
tempts to perform geostatistical analyses
based on the results of odour concentra-
tion measurements by field olfactometry.
The aim of the study is to assess the suit-

ability of the use of ordinary kriging and
the inverse distance weighted method as
potential ways of spatial data interpola-
tion in analyses of the odour impact of
objects from the poultry (turkeys and
chickens) farming, slaughter and cut-
ting industries, using data obtained from
measurements conducted with the sen-
sory method, i.e. field olfactometry.

Methodology and research area

The area covered by the study lies
within the administrative boundaries of
a small town in western Poland, in the
Lubuskie Voivodeship. The measurement
area is adjacent to the plant involved in
the breeding, slaughtering and cutting
of poultry — turkeys and chickens. The
plant covers an area of about 3 ha, on
its territory there are production build-
ings, warehouse buildings, intended for
among others feed storage, wastewater
treatment plant and administrative and
production building. Biologically degra-
dable wastewater from office buildings
and social rooms as well as from the
slaughterhouse plant is discharged to the
wastewater treatment plant. On the south-
-west, west and north-west sides, single
and multi-family residential buildings
are located within 20-300 m from the
plant’s borders. The plant is adjacent to
the forest from the north, east and south,
and then, at a distance of about 100 m,
there are farmlands. Figure 1 shows the
research area.

In order to estimate the odour con-
centration in the areas adjacent to the
plant, field olfactometry measurements
were carried out using a Nasal Ranger®
portable field olfactometer. As part of the
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o Sampling points CP - control point V

I Plant boundary

FIGURE 1. Map of the examined area with the location of the measuring points (OpenStreetMap,

2019)

study, measurements were carried out in
two series: the first in the autumn—winter
season (November 2018) and the sec-
ond in the spring—summer season (May
2019). Table 1 summarizes the mete-
orological conditions recorded before
the measurements were made for each
series.

Taking into account the accessibil-
ity of the terrain and topographic condi-
tions, a measuring grid with a 100 m step
was created, consisting of 25 measuring
points, of which four were control points
coinciding with the places designated for
earlier questionnaire surveys. The meas-
urements were carried out by a team

TABLE 1. Meteorological data

previously trained in the use of equip-
ment and tested for olfactory sensitivity
in accordance with the standard PN-EN
13725:2007. Each individual measure-
ment was started with the intake and ex-
halation of air in the BLANK position for
a period of 1 min, and then, starting from
the D/T 60 value (dilution-to-threshold
level), it was tested whether the odour
was perceptible in the air. Between suc-
cessive, decreasing dilutions, BLANK
trials were presented. The measurement
was completed when the odour was
noted. The D/T values at which the odour
was perceptible were used in further cal-
culations of the odour concentration for

Parameter Unit Series 1 Series 2
(November 2018) (May 2019)
Temperature °C -2.5 22.6
Relative humidity % 54.5 47.3
Wind speed ms ! 2.5 1.9
Wind direction - NE N
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a given measuring point. The measure-
ment results were entered into the proto-
col, in which the character of the identi-
fied odour was also noted. The obtained
results of odour concentrations using
field olfactometry were used for spatial
analyses. Point measurement data has
been transformed into a continuous sur-
face using data interpolation methods.
Two methods were used: the inverse dis-
tance weighted (IDW) and the ordinary
kriging (OK).

The IDW method is an example of
the commonly used deterministic meth-
od of interpolation of spatial data (Huis-
man & de By, 2009). With this method,
values at unknown measurement points
are calculated as a weighted average of
known measurement points. Its main as-
sumption is that each point has a certain
impact on its surroundings (Séwka et al.,
2017a). This impact decreases with dis-
tance. The IDW method is based on To-
bler’s law, which says that points that are
closer together in time or space are more
correlated with each other than those that
are away from each other (Zhu, 2016).
Thus, the closer the estimated points
are to the known points, the higher the
weight is assigned to them, the further
away it is in space, the weight is lower.
The spatial correlation described by To-
bler’s law is expressed by the following
equations (Xie et al., 2017):

ZN un (xnayn)
n=1 dn

u(x,y)= vl

nzldi
n

dy= {5 + -2,

where:

u(x, y) — value in an unknown location,
d, — distance between points,

N — number of unknown locations,

i — exponential function, usually equal 2.

Kriging techniques belonging to ge-
ostatistical methods, similarly to the de-
terministic IDW method, predict values
at unknown points based on weighted
averages obtained from known measure-
ment points, with the difference that they
depend on the spatial variability of the
studied data (Zhu, 2016). Spatial data
variability is described by the phenom-
enon of autocorrelation, which allows
determining statistical relationships be-
tween the analysed points (ESRI, 2016).
Autocorrelation is based directly on To-
bler’s law mentioned earlier. Kriging
methods are considered as best linear
unbiased estimators. The OK method is
considered as the standard kriging meth-
od, which assumes that the mean of data
set is unknown (Zhu, 2016; Borkowski
& Kwiatkowska-Malina, 2017). Using
this method, values at unknown loca-
tions are calculated using the following
equation (ESRI, 2016):

. N
Z(s0) =z/1iz(5i)

i=1

where:

Z(sg) — estimated value,

5o — estimated point,

A; — weight for the point at i-th location,
Z(s;) — measured value at the i-th
location.

The weights are calculated based on
linear equations that assume the minimi-
zation of the expected data variability.
To determine data variability, this meth-
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od, like all techniques in this family, uses
variogram analysis.

Cross-validation was performed to
verify the correctness of the mentioned
interpolation methods. This validation
allows comparing and determining the
quality of interpolations performed. It
involves removing known measurement
points from the data set and their estima-
tion using a selected interpolation model.
The differences between the measured
and estimated values at these points are
used to calculate useful statistics that al-
low the analysis of performed interpola-
tions (Ding et al., 2018). The mean error
and the root mean square error were the
basic parameters used in validation of
obtained interpolation results. The ME
index was used for analysing interpola-
tion errors, while the RMSE was used to
compare interpolation quality.

Results and discussion

Table 2 summarizes the results of
measurements carried out in two measur-
ing series from all measuring points and
the characteristic types of odours noted
during field tests. The odour character
was described in accordance with the
odour descriptors contained in the Nasal
Ranger® manual. The conducted meas-
urements show that during the research
performed in the autumn/winter season,
the smell of poultry manure and smoky
was characteristic, there were also woody
and grain silage odours identified. How-
ever, during the spring/summer season,
only the smell of poultry manure was no-
ticeable in the field. The range of meas-
ured odour concentrations for the poul-
try manure odour, which is characteristic

of the plant’s production profile, was in
the range of 4-78 ou'm™ during the first
measurement series and was recorded at
seven measurement points, while in the
second measurement series the range of
the recorded concentration of odour for
poultry manure was 2-78 oum > and
was recorded at 11 measuring points.
The maximum odour concentration in
the first series for the character of the
poultry manure odour was reported at
measuring point 1 (78 oum™), and in
series 2 at measuring points 1 and 3.

The odour concentration values ob-
tained at the measuring points where the
poultry manure odour was noted were
used as input for the calculation of sta-
tistical surfaces representing the distri-
bution of odour concentrations in the
examined variants using the ordinary
kriging (OK) method and the inverse
distance weighted (IDW) method.

Figures 2—5 show the results of inter-
polation of measurement data obtained
during the sampling campaigns with the
use of dynamic olfactometry. Figures
2 and 3 show the results of the inverse
distance weighted method for measure-
ment series 1 and 2 respectively. Figures
4 and 5 show the results of surface mod-
elling with the use of the ordinary krig-
ing method for measuring series 1 and 2
respectively.

Interpolations carried out for select-
ed scenarios allowed to obtain a spatial
representation of given odour concentra-
tions. Visualization of odour concentra-
tions on the obtained distributions was
presented using eight classes represent-
ing a given concentration level (from
< 10 to < 80 oug'm™). The obtained
distributions allow for spatial analysis
of odour concentrations and allow for
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TABLE 2. A summary of odour concentrations measured by field olfactometry at measuring points in
the autumn—winter and spring—summer seasons

Odour Odour
. . Odour concentra- Odour
Me;asurmg Latitude | Longitude concefltrit won descriptor tion descriptor
point [oum™] [oum™]
series 1 (November 2018) series 2 (May 2019)
1 51.4473 | 15.1131 78 poultry manure 78 poultry manure
2 51.4469 | 15.1139 4 poultry manure 22 poultry manure
3 51.4475 | 15.1136 22 poultry manure 78 poultry manure
4 51.4471 | 15.1144 43 poultry manure 43 poultry manure
5 51.4466 | 15.1154 poultry manure 43 poultry manure
6 51.4463 | 15.1150 poultry manure 11 poultry manure
7 51.4459 | 15.1154 woody 43 poultry manure
8 51.4456 | 15.1147 BL" - 43 poultry manure
9 51.4454 | 15.1133 4 burnt wood poultry manure
10 51.4463 | 15.1128 BL - poultry manure
11 51.4459 | 15.1123 4 burnt wood 4 poultry manure
12 51.4454 | 15.1118 BL - BL -
13 51.4453 | 15.1103 2 smoky BL -
14 51.4457 | 15.1096 BL - BL -
15 51.4461 | 15.1092 smoky BL -
16 51.4464 | 15.1097 smoky BL -
17 51.4459 | 15.1110 smoky BL -
18 51.4462 | 15.1105 2 grain silage BL -
19 51.4469 | 15.1110 BL - BL -
20=CP4 | 51.4472 | 15.1100 BL - BL -
21=CP3 | 51.4476 | 15.1108 BL - BL -
22 51.4476 | 15.1118 1,73 smoky BL -
23 51.4472 | 15.1116 1,73 smoky BL -
CP1 51.4476 | 15.1095 BL - BL -
CP2 51.4455 | 15.1082 BL - BL -

*BL — below the limit of quantification.
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Odour
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FIGURE 2. Spatial representation of odour concentrations using the IDW method for measurement
series 1
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FIGURE 3. Spatial representation of odour concentrations using the IDW method for measurement
series 2
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FIGURE 4. Spatial representation of odour concentrations using the OK method for measurement se-
ries 1
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FIGURE 5. Spatial representation of odour concentrations using the OK method for measurement se-

ries 2

obtaining information on concentrations
in places not covered by measurements
during sampling campaigns. The visuali-
zation of IDW (Fig. 2) and OK (Fig. 4)
method for series 1 are similar in terms
of spatial distribution. The biggest visual
difference can be found between IDW
(Fig. 3) and OK (Fig. 5) during the sec-
ond measurement series.

In order to validate the continuous
surface modelling carried out, cross-val-
idation was performed for all four vari-
ants. The validation results are summa-
rized in Table 3.

Results gathered from the preformed
cross-validation shows that the ME in-
dex, which allows the assessment of
the average interpolation error, obtained
the lowest values in the case of the first
series of measurements for both meth-
ods (IDW: 0.17; OK: 0.21). The high-
est values were obtained in the second

measurement series (IDW: —0.53; OK:
—0.58). This indicator is largely de-
pendent on the data analysed, therefore
the differences in the cases taken into
account are observed due to the differ-
ences in data variability between the two
measurement series. Due to the fact that
this indicator to compare data interpola-
tion methods should be used when the
RMSE parameters are equal (Ding et al.
2018), which did not take place in the
analysed situations, the RMSE param-
eter was used as the main comparative
indicator. The RMSE indicator was used
to compare the models used in terms of
interpolation quality and correct model
matching. Lower values indicate higher
quality of obtained interpolations (Ding
et al., 2018). The lowest values of this
indicator were obtained in the case of
OK method, 14.47 and 14.20 for series
1 and 2. The IDW method is character-

TABLE 3. The cross-validation results for used interpolation methods (series 1 and 2)

IDW, IDW, OK, OK,
Measure . . . .

series 1 series 2 series 1 series 2
ME 0.17 -0.53 0.21 -0.58
RMSE 14.82 16.33 14.47 14.20
24 |. Séwka et al.




ized by slightly higher values, in series 1
this indicator reaches the value of 14.82
while 16.33 in series 2 and it is the high-
est of all analysed cases. The order of
the best match is: OK series 1 > OK se-
ries 2 > IDW series 1 > IDW series 2.
Despite the fact that RMSE indicator
was lower in case of kriging technique,
in both cases values of RMSE were rela-
tively high. The reason of that is the high
spatial variability of input data, odour
concentration used in interpolation tech-
niques vary from 2 to 78 oug'm >, which
can cause increased prediction errors.
To prevent that it is recommended to in-
crease amount of sampling points during
field olfactometry. When analysing ob-
tained continuous surfaces (Figs. 2-5) it
is clear that ordinary kriging gives better
spatial visualization of odour concentra-
tion in the cases under consideration.
Obtained visualization and values from
cross-validation indicate possible appli-
cation of ordinary kriging in spatial pres-
entation of odour pollutants obtained
from field olfactometry.

Conclusions

The obtained visualizations and the
results of the cross-validation carried
out for the method of weighted inverse
distances and ordinary kriging indicate
a potential better use of the ordinary krig-
ing method in spatial modelling of con-
tinuous surfaces using measurement data
obtained using field olfactometry. Due to
high concentration variability, both meth-
ods were burdened with measurement
errors obtained during cross-validation.
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Summary

The use of ordinary kriging and in-
verse distance weighted interpolation to
assess the odour impact of a poultry farm-
ing plant. The aim of the study was to deter-
mine the usefulness of spatial data interpola-
tion methods in analyses of the odour impact
of animal husbandry facilities. The interpola-
tion methods of data obtained from measure-
ments using the field olfactometry technique
were the ordinary kriging method (OK)
and the inverse distance weighted method
(IDW). The quality of the analyses that have
been obtained indicates the potentially better
use of the OK method in the presentation of
spatial odour concentration distributions.
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Przyklady wykorzystania testu OSTRACODTOXKIT F™
do oceny zanieczyszczenia pylow drogowych metalami

w aglomeracji wroclawskiej

The application of OSTRACODTOXKIT F™ test to assess
metals contamination in road dust in Wroclaw agglomeration
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toksyczno$¢, ruch drogowy, matzoraczki, Wro-
ctaw
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traffic, ostracods, Wroctaw

Wprowadzenie

Komponenty pytu drogowego sa $ci-
$le zalezne od sktadu gleby, emisji prze-
mystowych, depozycji sktadnikoéw spa-
lin samochodowych, startej nawierzchni
drog i startych elementow samochodu
takich jak opony samochodowe (Ro-
gula-Koztowska, Rogula-Kopiec &
Majewski, 2014). Jako ze pyl drogowy

sktada si¢ z tak wielu roznych sktadni-
koéw (w dodatku wystepujacych w roz-
nych formach: statej, ciektej i gazowe;j),
moze by¢ szczegdlnie niebezpieczny dla
zdrowia i zycia organizméw zywych,
a takze wptywac na stan §rodowiska na-
turalnego. Wazne jest tez, ze moze on
bardzo tatwo przedostawac si¢ do jed-
nolitych czegsci wod za sprawa sptywow
powierzchniowych.  Zanieczyszczony
metalami cigzkimi 1 weglowodorami
aromatycznymi pyt drogowy przedosta-
jac si¢ do wod, skaza osady denne, co ma
negatywne konsekwencje dla biocenozy
wodnej. Czesto prowadzi si¢ wigc bada-
nia dotyczace zawartosci zanieczyszczen
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w pytach drogowych oraz osadach den-
nych, ale zwykle polegaja one jedynie na
analizach chemicznych (Hwang, Fiala,
Park & Wade, 2016). Doskonalym ich
uzupetnieniem jest zastosowanie metod
biologicznych (Soldner i in., 2004). Jed-
na z takich metod jest test toksycznosci
chronicznej OSTRACODTOXKIT F™,
ktoryuzytow prezentowanychbadaniach.
Polega on na badaniach rozwoju skoru-
piakow — malzoraczkow Heterocypris
incogruens (Ostracoda), ktore naturalnie
zamieszkuja osady denne (Shuhaimi-
-Othman, Yakub, Ramle & Abas, 2011).
Toksyczno$¢ osadow dennych dla orga-
nizmow wodnych byta czgsto przedmio-
tem badan z wykorzystaniem tego te-
stu, ale toksyczno$¢ pytow drogowych,
a konkretnie wymywanie pytow do fazy
wodnej i ich toksyczno$¢ wobec organi-
zméw dennych, rzadko byta badana (Wa-
tanabe, Nakajima, Kasuga & Furumai,
2013). Co wigcej wigkszos¢ badaczy
skupila si¢ na ocenie wptywu rozpusz-
czalnego ekstraktu organicznego, ktory
moze zawyza¢ wskazniki biodostgpno-
$ci zwigzkow organicznych i wykluczaé
zwiazki nieorganiczne jako substancje
toksyczne (Watanabe, Nakajima, Ka-
suga & Furumai, 2011). Jak wiadomo,
drobna frakcja pytu z drogi jest uwaza-
na za gléwne zrodlo substancji toksycz-
nych w wodzie (Watanabe i in., 2011).
W Polsce nie badano wptywu wymytych
pytow drogowych na biocenozg wodna.
Jednoczesnie czystos$¢ i jakos¢ wod sa
bardzo waznymi aspektami oceny stanu
srodowiska (Wolf & Siedlecka, 2018),
a testowanie toksycznosci jest niezbed-

nym narzgdziem do oceny wptywu i losu
substancji toksycznych w ekosystemie
wodnym i jest powszechnie wykorzysty-
wane na calym $wiecie.

Podsumowujac, celem prezentowa-
nej pracy bylo wykazanie przydatnosci
testow toksycznosci z zastosowaniem
organizméw dennych do oceny tok-
syczno$ci pytdow drogowych, ktore sa
splukiwane wraz z deszczem do wod, a
w konsekwencji deponowane na wiele lat
w osadach dennych, zagrazajac bioceno-
zie wodnej, a posrednio tez wptywajac
na jakos¢ Srodowiska przyrodniczego
i zdrowie ludzi.

Materialy i metody

Badania przeprowadzono w aglome-
racji wroctawskiej, zarbwno w centrum
miasta, jak i na przedmiesciach (rys. 1).
Stanowiska, gdzie pobierano pyt dro-
gowy, 10znily si¢ intensywnoscia ruchu
samochodow. Szczegdtowy opis przed-
stawiono w tabeli 1.

Probki byly zbierane na przetomie
kwietnia i maja 2018 roku. Uzyskane
pyly przesiano przez sita w celu usunig-
cia wigkszych zanieczyszczen (do badan
wykorzystano frakcje pylu o S$rednicy
mniejszej niz 63 um). Aby otrzymac
roztwory wodne, wysuszone probki pytu
zmieszano z woda w stosunku 1 : 2, na-
stgpnie probki trzymano w ciemnosci
i odwirowano wedtug procedury podane;j
przez Watanabe i innych (2013). Konco-
wym etapem przygotowania probek byto
ich wytrzasanie przez 12 h.
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RYSUNEK 1. Plan rozmieszczenia miejsc poboru probek (zrodlo: Geoportal)
FIGURE 1. Map of sampling sites (source: Geoportal)

Test OSTRACODTOXKIT F™

Test ekspozycji matzoraczkow na
pyly drogowe przeprowadzono w formie
szesciu powtdrzen. Zbadano ekstrakty
wodne pyléow drogowych oraz probki
kontrolne, ktére stanowil osad referen-
cyjny przygotowany zgodnie z procedu-
rami operacyjnymi zestawu testowego
MicroBiotest Inc., Belgia (OSTRACOD-
TOXKIT F™). Poczatkowym etapem te-
stu byto przeprowadzenie wyklucia z jaj
organizmow testowych (matzoraczkow).

W tym celu uzyto inkubatora, gdzie
utrzymywano stala temperature 25°C
oraz state oswietlenie. Inkubacja trwala
52 h. Po uptywie 48 h przeprowadzo-
no wstgpne karmienie larw proszkiem
zawierajacym spiruling. Testy prze-
prowadzono w szesciu powtorzeniach
z uzyciem ptytek wielodotkowych za-
wierajacych mieszaning 1 ml badanej
probki, 2 ml pozywki i 2 ml zawiesiny
glondéw. Nastepnie probki inkubowano
w ciemnosci w temperaturze 25°C przez
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TABELA 1. Charakterystka stanowisk badawczych

TABLE 1. Basic characteristics of sampling sites

Natezenie ruchu
Micjsce pojazdow [$rednia
pobierania Wspotrzedne Opis liczba _Il)l(jjl?ZdOW.
probek Coordinates Description Traffic density
Sampling site [vehicles number
averaged-h']
Mo seogssony N e st vy e bniowi |
Grunwaldzki | 17°03°07.6”E Y
tensywnym ruchu samochodowym
Ulica znajduje si¢ w zachodniej czgéci mia-
sta 1 prowadzi w kierunku autostradowe;j
. 51°07°14.4”N | obwodnicy Wroctawia (AOW). W poblizu
Legnicka 16°59°41.6°E | jedno z najwickszych centréw handlowych 800
w miescie. Okolica o bardzo intensywnym ru-
chu samochodowym
ongs . | Ulica zlokalizowana w centrum miasta, blisko
51°06°28.1"N . .
Otawska onns " rynku. Okolica o wzmozonym ruchu samocho- 400
17°02°24.9”E
dowym
51908°44.9”N Ulica na pdtnocy miasta. Jest to trasa wyloto-
Obornicka snn - | Wa W kierunku Poznania. Okolica o wzmozo- 300
17°01°20.7E
nym ruchu samochodowym
Ulica znajduj¢ si¢ na potudniu miasta przy
Gliniana 51°05°39.6”N | drodze krajowej 98 w kierunku Bielan Wro- 300
17°01°57.1”E | ctawskich i dalej na potudnie Polski. Okolica
0 wzmozonym ruchu samochodowym
Przedmiescia Wroclawia (na potudniowy
Biclany 51902°55.5"N wschod od miasta). Zna_]dl.l_]e sig tz}m w1?le
. oms . | fabryk (przemyst rolno-spozywczy) i centrow 700
Wroctawskie | 16°57°01.6”E . .
handlowych. Okolica o bardzo intensywnym
ruchu samochodowym
Jedno z nowych osiedli Wroctawia potozone
onns . | Na polnocnym zachodzie, nieopodal autostra-
o 51°09°03.1"N . . L . s
Maslice oem> . dowej obwodnicy Wroctawia i stadionu miej- 250
16°57°00.2”E . . Lo
skiego. Okolica o niewielkim ruchu samocho-
dowym
Przedmiescia Wroctawia na poludniowy
onns o | Wschod od miasta, przy drodze krajowej 94
. 51°02°46.5"N . A .
Radwanice onms . | W kierunku Opola i niedaleko wschodniej ob- 200
17°07°09.5”E . . . S
wodnicy Wroctawia. Okolica o niewielkim ru-
chu samochodowym
Przedmiescia polozone na podinocny wschod
onas . od miasta, w odlegtosci okoto 12 km, potozo-
iy 51°09°56.2”N . Lo .
Mirkéw onasan 10 | N Wzdhuz drogi krajowej 98 w kierunku potu- 100
17°09°37.1"E . . e
dniowym. Okolica o niewielkim ruchu samo-
chodowym
30 M. Wrébel, J. Rybak, W. Rogula-Koztowska



6 dni. Po uptywie tego czasu zliczono
wszystkie zywe osobniki i zmierzono
ich dlugos¢, uzywajac szkietka mikro-
metrycznego i mikroskopu stereosko-
powego. Test toksyczno$ci uznano za
prawidtowo wykonany, gdyz spetnione
zostaly nastgpujace kryteria w probkach
kontrolnych: procentowa $miertelnos¢
malzoraczkoéw nie przekroczyta 20%,
a $rednia dlugos$¢ organizméw wzrosta
o wspolczynnik 1,5 w poréwnaniu do
poczatkowej $redniej dtugosci (Niyom-
maneerat, Nakajima, Tobino & Yama-
moto, 2017).

Analizy chemiczne

Oznaczono zawarto$¢ 12 pierwiast-
kéw: Mn, Ni, Cu, Zn, As, Rb, Sr, Ba,
Cr, Mo, Mg, Al. W celu ich oznaczenia
w pyle drogowym préobki suszono przez
48 h w temperaturze 50°C, nastepnie sor-
towanow celuusunigciawigkszych zanie-
czyszczen, a potem zwazono (0,3-0,7 g).

Kolejnym etapem byto trawienie probek
w mieszaninie 3 cm® HNO; (65%)
i 1 cm® HF (40%) przez 6 min. Po tym
czasie proby przeniesiono do kolb mia-
rowych o pojemnosci 10 ml i zmierzono
stezenia metali za pomoca plomienio-
wej spektrometrii atomowej z absorpcja
z uzyciem SpectrAA 880 (Varian) z lam-
pami UltrAA. Stgzenie metali w prob-
kach obliczono za pomoca wcze$niej
przygotowanych standardow Merck.
Stezenie metali wyrazono w 1 ng metalu
na 1 g suchej masy.

Wyniki i dyskusja

Probki pytow drogowych pobrane
W centrum miasta oraz na terenach prze-
mystowych (przemyst rolno-spozyw-
czy), tj. przy ul. Otawskiej i na Biela-
nach Wroctawskich, wskazuja na silna
toksycznos¢ pytow drogowych. Pyt
z Bielan Wroctawskich cechuje 100-pro-
centowa Smiertelno$¢ matzoraczkow,

TABELA 2. Wyniki testu OSTRACODTOXKIT F™
TABLE 2. Results of OSTRACODTOXKIT F™ test

Srednia dtugosé Srednia dhugos¢ ) Zahamowanie
Miejsce poboru organizmu, dzien 0 | organizmu, dzien 6 | Smiertelnos¢ wzrostu
proby The average length | The average length Mortality Growth
Sampling site of the body, day 0 | of the body, day 6 inhibition

mm %

Kontrola 182 510 - -
Most Grunwaldzki 191 300 76
ul. Legnicka 185 380 46
ul. Otawska 186 360 60 45
ul. Obornicka 196 370 0 44
ul. Gliniana 190 300 0 65
?K;re(l)aclllgwskie 147 0 100 B
Maslice 154 470 15
Radwanice 199 470 0 18
Mirkow 153 490 0 12
Przyktady wykorzystania testu OSTRACODTOXKIT F™... 31



a z ul. Otawskiej 60-procentowa $mier-
telno$¢ organizméw testowych. Smier-
telno$¢ na innych stanowiskach nie byta
obserwowana, chociaz odnotowano
zahamowanie wzrostu malzoraczkow,
ktoére wynosito od 12 do 76% (tab. 2).
Pyt z ulic Legnickiej, Obornickiej i Gli-
nianej cechuje stosunkowo duzy procent
zahamowania wzrostu matzoraczkow
(44-65%), co ma zwiazek z duzym na-
tezeniem ruchu w tych miejscach, gdyz
sa to drogi wylotowe miasta. Badania
wykazaly stabe zahamowanie wzrostu
matzoraczkéw jedynie na przedmie-
sciach Wroctawia (Radwanice, Maslice,
Mirkow). Ma to prawdopodobnie zwia-
zek z mniejszym natgzeniem ruchu na
tych terenach, co zostato potwierdzone
w obserwacjach. Badania prowadzone
przez Watanabe i innych (2011) wyka-
zalty, ze substancje toksyczne pochodza
glownie z ruchu drogowego. Z przepro-
wadzonych wczesniej testow toksyczno-
$ci (Khanal, Furumai & Nakajima, 2014;
Niyommaneerat i in., 2017) wynika, ze
czasami zroznicowanie $miertelnoSci
matzoraczkoéw moze by¢ tez spowodo-
wane réznym czasem przechowywania
badz niejednorodnos$cia probek osadow,
poniewaz drobne czastki moga akumu-
lowa¢ wyzsze stezenia substancji tok-
sycznych niz czasteczki piasku lub pyty
gruboziarniste. Jednakze w omawianym
przypadku czas przechowywania nie
mial wptywu na poziom toksycznosci,
gdyz probki byly przechowywane tyl-
ko kilka dni przed rozpoczgciem badan.
Jesli chodzi niejednorodno$¢ probek, to
badaniom poddano jedynie frakcje pytu
o $rednicy mniejszej niz 63 pm, dlatego
tez mozna wykluczy¢, ze roznice $Smier-
telnosci mogly by¢ spowodowane wy-
mienionymi czynnikami.

Al
5,68
3,81
7,29
0,67
424
3,83
2,73
321
5,70

Mg
5643,5
2839
3710
4396
3003
3073,5
4440
3511,5
4538,5

19,23
19,61
19,76
12,21
15,32
17,48
12,28

Mo
20,24
24,97

Cr
12,49
2,54
1,83

,86
5,17
1,80
3,82
4,25
14,32

Ba
81,47
40,21
52,45
43,32
34,48
45,77
22,99
63,05

26,16

Sr
541,33
166,45
180,40
136,92
350,94
100,88
293,26
103,28
1061,54

Rb
7,70
3,86
10,52
3,09

19,82
1,65
,40
2,60
6,54

As
3,42
1,46
2,09
0,77
2,35
2,67
3,97
3,67

4,02

Zn
5,32
11,07
1,4
1,64
11,34
6,66
5,45
1,95
9,00

Cu
27,34
26,78
15,23
425
56,89
22,02
14,16
15,33
23,38

N
9,45
5,25
6,27
4,12
12,29
4,99
7,00
8,61
7,96

Mn
47,68
0,68
153,28
34,50
1,53
21,56
193,21
7,76
51,25

Miejsce poboru proby
Sampling site

Most Grunwaldzki
ul. Legnicka

ul. Otawska

ul. Obornicka

ul. Gliniana

Bielany Wroctawskie
Maslice

Radwanice

Mirkow

TABELA 3. Stezenie metali w pyle drogowym na stanowiskach badawczych [ng-g ']

TABLE 3. Metal concentrations in road dust at sampling sites [ng-g™']
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Zawarto$¢ metali w ekstrakcie wod-
nym badanych pytow drogowych przed-
stawiono w tabeli 3. Pyl drogowy pobra-
ny z mostu Grunwaldzkiego cechowat
si¢ wysokimi st¢zeniami badanych pier-
wiastkdéw w stosunku do innych stano-
wisk, stezenie manganu wynosito 47,68
ng-g”!, miedzi 27,84 ngg!, strontu
541,83 ng-g”!, baru 81,47 ng-g”! (w tym
punkcie poboru odnotowano najwyzsze
stezenie tego pierwiastka), a stgzenie
magnezu wynosilo az 5643,5 ng-g!, co
sugeruje, ze ten pierwiastek moze po-
chodzi¢ gléwnie z pylu nawiewanego
(Zechmeister i in., 2006). Duza zawar-
tos¢ wymienionych pierwiastkow w pyle
drogowym pobranym w okolicy mostu
Grunwaldzkiego znajduje potwierdzenie
w szczeg6lnie duzym natezeniu ruchu
W tym miejscu, co znalazto bezposred-
nie odzwierciedlenie w wynikach testu
toksycznosci na matzoraczkach. Zaob-
serwowano tam zahamowanie wzrostu
badanej populacji skorupiakéw na po-
ziomie 76%. Pyly pobrane przy ul. Le-
gnickiej cechuje z kolei duza zawartos¢
miedzi, cynku, molibdenu i magnezu.
Stezenie molibdenu osiagngto tam war-
to$¢ maksymalng (24,97 ng-g™') w po-
rownaniu z innymi stanowiskami. Mo-
libden jest pierwiastkiem wystepujacym
w stopach, elektrodach i katalizatorach
wykorzystywanych w procesie rafina-
cji ropy naftowej. Jak wynika z obser-
wacji odnosnie zahamowania wzrostu
badanych organizméw, wplyw wy-
mienionych pierwiastkow nie byt az
tak toksyczny, poniewaz odnotowano
46-procentowe zahamowanie wzrostu
matzoraczkoéw. Z kolei pyt drogowy po-
chodzacy z ul. Otawskiej okazat si¢ bar-
dziej toksyczny od tego zebranego przy
ul. Legnickiej, poniewaz odnotowano

tam 60-procentowa $miertelnos¢ skoru-
piakow przy jednoczesnym porownywal-
nym poziomie zahamowania ich wzrostu
(pyt z ul. Legnickiej powodowat zaha-
mowanie wzrostu na poziomie 46%, a z
ul. Otawskiej na poziomie 45%). Jest to
prawdopodobnie rezultat odnotowanych
nizszych st¢zen metali cigzkich takich
jak miedz, cynk czy molibden na tym
stanowisku. Stwierdzono tam jednakze
najwyzsze spos$rod badanych stanowisk
stezenie glinu (7,29 ng-g™'), co moze
wplywa¢ na $miertelno$¢ skorupiakow
i $wiadczy¢ o toksycznym oddziaty-
waniu glinu na organizmy zywe. Glin
w pyle drogowym moze pochodzi¢ m.in.
z karoserii samochodowej. Na ul. Gli-
nianej odnotowano z kolei maksymalne
stezenie niklu (12,29 ng'g™') oraz miedzi
(56,89 ng-g™"). Stopy miedzi uzywane
sa do poprawy odpornosci na korozje
1 wytrzymatos$ci czgéci samochodowych,
a nikiel moze pochodzi¢ ze spalania
wegla, ropy, gazu lub z emisji przemy-
stowych (Chen, Lu, Li, Gao & Chang,
2014). Na tym stanowisku odnotowano
roOwniez najwigksza zawarto$¢ cynku
sposrod badanych pytow, ktory moze
pochodzi¢ ze zuzycia opon samochodo-
wych i1 z korozji ocynkowanych czesci
samochodowych (Naderizadeh, Kha-
demi & Ayoubi, 2016). Stwierdzone
wysokie stezania tych metali znalazly
takze odzwierciedlenie w zahamowaniu
wzrostu skrorupiakow, zaobserwowano
stosunkowo duzy procent zahamowania
ich wzrostu (65%). Probki pytow dro-
gowych pochodzace z przedmiesé Wro-
ctawia (Radwanice, Maslice, Mirkow)
zawieraja stosunkowo niskie st¢zenia
metali cigzkich w poréwnianiu z pyla-
mi zebranymi w centrum miasta (most
Grunwaldzki, ul. Otawska) oraz rejonach
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o duzym nat¢zeniu ruchu (ul. Legnicka,
ul. Obornicka, ul. Gliniana, Bielany Wro-
ctawskie). Znalazto to odzwierciedlenie
w obserwacji wzrostu matzoraczkow.
Stwierdzono bowiem, ze znajdujace si¢
w probkach pochodzacych z przedmiesé
oraz obszarOw o malym natg¢zeniu ru-
chu drogowego skorupiaki nie dos¢, ze
wszystkie przezyty eksperyment (Smier-
telno$¢ na tych stanowiskach wynosita
0%), to w malym stopniu miaty zahamo-
wany wzrost.

Whioski

Stwierdzono, ze pyt drogowy moze
mie¢ istotny wplyw na zahamowanie
wzrostu oraz zywotno$¢ matzoraczkow.
Badania wykazaty, ze na obszarach o
duzym natgzeniu ruchu (ul. Otawska i
Bielany Wroctawskie) §miertelnos¢ sko-
rupiakow byta znaczaca. Pyt drogowy
charakteryzowat si¢ wysokimi stgzenia-
mi badanych pierwiastkdéw na skrzy-
zowaniach i w obregbie gldownych drog
(ul. Ofawska, most Grunwaldzki, ul.
Legnicka, ul. Obornicka), co bezposred-
nio wptyneto na rozwdj skorupiakow.
Pyt drogowy zebrany na przedmiesciach
Wroctawia (Maslice, Radwanice, Mir-
kéw) nie powodowat Smiertelno$ci mat-
zoraczkoéw 1 tylko nieznacznie wptynat
na ich rozw¢j (zaobserwowano niewiel-
kie zahamowanie wzrostu). Po przepro-
wadzeniu badan stwierdzono, ze test tok-
sycznosci chronicznej na skorupiakach
jest przydatny do oceny toksycznosSci
pytu drogowego, ktory jest sptukiwany
z nawierzchni i wptywa na ekosystem
wodny. Nalezy mie¢ na uwadze, ze
z tego typu pylu mobilne formy metali
i metaloidow migruja w dalszej kolejno-

$ci do wod podziemnych i1 powierzch-
niowych. Szybka i prosta wskaznikowa
ocena toksycznosci wymywanego pytu
jest wige narzedziem niezwykle przydat-
nym do oceny stopnia zanieczyszczenia
wod na danym obszarze wlasnie zwiaz-
kami metali pochodzacymi ze sptywow
powierzchniowych.
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Streszczenie

Przyklady  wykorzystania  testu
OSTRACODTOXKIT F™do oceny zanie-
czyszczenia pylow drogowych metalami w
aglomeracji wroclawskiej. Zanieczyszcze-
nia obecne w pyle drogowym, pochodzace z
ruchu ulicznego takie jak WWA i inne zwiaz-
ki organiczne czy metale cigzkie, sa wymy-
wane wraz z deszczem i dostaja si¢ do wod,
ostatecznie kumulujac si¢ w osadzie dennym
na wiele lat, tym samym zagrazajac organi-

zmom wodnym oraz istotnie wplywajac na
jako$¢ wod. Aby zbada¢ wptyw tych zwiaz-
kéw na zdrowie organizméw zywych, nie
wystarcza tylko rutynowe badania chemizmu
wod i1 badania osadéw dennych, poniewaz
do tego celu bardziej nadaja si¢ organizmy
zywe. Z tego powodu chcac pozna¢ reakcje
na tego typu zanieczyszczenia organizmow
zywych, do badania toksycznosci pytéw dro-
gowych sptukiwanych z drég po raz pierw-
szy w Polsce zastosowano test toksycznosci
chronicznej OSTRACODTOXKIT F™, kto-
ry polega na obserwacji rozwoju Heterocy-
pris incongruens naturalnie wyst¢pujacego
w osadach dennych. Malzoraczki H. incon-
gruens wykorzystane w badaniach sa bar-
dzo wrazliwe na zanieczyszczenie metalami
cigzkimi, stanowia zatem odpowiednie na-
rzegdzie do badania toksycznosci pytu drogo-
wego wymywanego do fazy wodnej. Bada-
nia prowadzono w aglomeracji wroctawskiej
(w centrum miasta i na przedmiesciach), na
stanowiskach ro6zniacych si¢ intensywnos$cia
ruchu drogowego. Stwierdzono, ze pyt dro-
gowy ma istotny wplyw na zahamowanie
wzrostu oraz zywotno$¢ malzoraczkow, po-
niewaz na obszarach o duzym natgzeniu ru-
chu drogowego ich $miertelnos¢ byta bardzo
duza, co korespondowalo z podwyzszonymi
poziomami st¢zenia badanych pierwiastkow
na tych stanowiskach badawczych. Z ko-
lei pyt drogowy zebrany na przedmiesciach
Wroctawia nie powodowal $miertelnosci
matzoraczkow i tylko nieznacznie wptynat na
ich rozwdj. Podsumowujac, stwierdzono, ze
test toksycznosci chronicznej OSTRACOD-
TOXKIT F™ jest odpowiednim narzgdziem
do badania wptywu pytow drogowych na
ekosystem wodny.

Summary

The application of OSTRACOD-
TOXKIT F™ test to assess metals con-
tamination in road dust in Wroclaw ag-
glomeration. Pollutants present in road dust
deriving from traffic, such as PAHs and oth-
er organic compounds or heavy metals, are
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washed out with rain and get into the water
bodies accumulating in sediments for many
years and simultaneously posing a threat to
aquatic life and significantly affecting water
quality. To study the impact of these toxic
compounds on the health of living organ-
isms, routine tests of water and sediments
chemistry are insufficient as studies based
on living organisms are much more reliable.
And therefore, in order to know the response
of living organisms to road dust pollutants
which enter the water bodies the chronic
toxicity test OSTRACODTOXKIT F™ was
used. This test is based on the observation of
development of Heterocypris incongruens
that normally lives in sediments. Ostracod,
H. incongruens is very sensitive to heavy
metal contamination, thus it is a very good
tool to study toxicity of road dust washed out
with rain into the water bodies. The research
was conducted in the Wroctaw agglomera-
tion (in the city centre and suburbs) at sites
differing in the intensity of car traffic. We ob-
served that road dust had a significant effect
on growth inhibition and death of ostracods,
as highest growth inhibition and mortality in
the busy areas occurred which also corres-

ponded with highest concentrations of stud-
ied elements at these sites. On the other hand,
road dust collected in the suburbs of Wroctaw
did not cause death of H. incongruens and
only slightly affected their development. In
conclusion, we can state that the chronic tox-
icity test OSTRACODTOXKIT F™ is a
suitable tool to study the impact of road dust
on the aquatic ecosystem.
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Introduction

Energy is the basis of the economic,
social growth of countries, and is a meas-
ure of human development for all coun-
tries, including Iraq. The need for the
energy sector, especially electric power,
is constantly increasing, which in turn
increases the demand for energy to meet
these requirements (Keyhani, Ghasemi-
-Varnamkhasti, Khanali & Abbaszadeh,
2010). On the other hand, fossil fuels
are considered to be depleted and non-
-renewable. It is therefore necessary to
find new alternative and non-exhaustible
energy such as wind energy. By the end
of 2018 the overall output energy harvest
from all wind turbines installed world-

wide reached 600 GW, depending on the
statistics published by WWEA (2009).
Such that, about 54 GW were added in
the year 2018, little more than year 2017
where about 53 MW were installed. The
preceding amount of electricity genera-
tion represents a third largest number
installed since the years 2015 and 2014.
However, the recorded annual growth
rate shows that the year 2017 has the
most growing number with almost 11%.
While 2018 represents the lowest growth
in wind energy since the renewable in-
dustrial was begun at the end of 20" cen-
tury (WWEA, 2009; Elmokadem, Meg-
ahed & Noaman, 2016). In Iraq there
are many natural resources available in
different geographical sources, most of
these resources are distributed over large
geographical area, which allows for a de-
gree of flexibility in choosing locations
(Kazem & Chaichan, 2012).
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Inrecent years, many studies dedicat-
ed to study wind energy in Iraq. In 2007,
Amani (2007) presented a study that in-
cluded the possibility of using wind in
power generation, the study included (18)
stations distributed in different areas in
Iraq. Firas (2014) presented a study that
includes building a statistical-mathemat-
ical model for wind energy in Iraq using
different Weibull distributions functions
of wind data over five locations in Iraq.
Ali (2014) presented a study to guess
the best sites for erecting wind farms in
southern Iraq using WAsP model. Abaas
(2015) presented a comparative study
of five numerical methods to estimate
Weibull coefficients for wind applications
in Iraq, and use three hourly wind speed
data over 22 regions. Firas, Oudah and
Al-Baldawi (2018) presented a feasib-
ility study of wind power at Al-Shehabi
site was conducted using measured wind
data at different altitudes. Also, Kamal,
Ali and Amani (2018) studied the pos-
sibility of erecting 2 MW wind turbine
in the south of Iraq (Barjisiah site) utiliz-
ing WAsP model. Taghreed, Monim and
Amani (2019) presented a wind speed
and direction analysis by employing the
fast Fourier transform (FFT) spectrum

in Ali Al-Gharbi location in Iraq at three
different heights. It is known, the abun-
dance of wind in the coastal areas due
to the lack of obstacles and roughness
almost close to zero. Therefore, the aim
of this study is to know the usefulness
extent of use wind energy in Iraq coastal
region.

Area of study

The study area is located in the south-
ern part of Iraq, specifically in the prov-
ince of Basra and bordered on the east
by Iran and from the south side waters
of the Gulf Coast and the south-west of
Kuwait. The site was chosen as a coastal
area overlooking the Arabian Gulf, so it is
expected that its production of electricity
generated from wind turbines is high due
to the small surface roughness of the site.
Figure 1 shows the area of study and can
be described by geographical coordinates
268796.78m E, 3305314.19m N. Wind
data are taken from the NASA Agency
website for the period 1979-2016 with
a time interval 10 min and taken at height
of 50 m above the surface of the Earth
(Earthdata, 2020).

FIGURE 1. Area of study (Google Earth, 2020)
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Distribution of wind speed in Iraq

According to International Renew-
able Energy Agency (IRENA) wind at-
las map it is possible to divided Iraq into
three areas. The first area covered 85%
from the total area and it possesses wind
speeds that vary between 6-7 m's™'. The
second territory covered about 10% of to-
tal Iraq area and it possesses wind speeds
that vary between 4-5 m-s™!. The third
one covered about 5% of total Iraq area
and possesses low wind speeds less than
4 m's™' (Fig. 2). The approximate wind
power densities for all preceding areas at
height of 100 m are as follows: 150-800,
75-150 W-m2 and less (Fig. 3; Kazem
& Chaichan, 2012; IRENA, 2015).

opment purposes omn,

by the turbine is determined by the dif-
ferent wind velocities; (2) the potential
energy of wind regime and (3) the wind
speed distribution and behaviour within
the regime.

The total power produced by a wind
turbine can be calculated over a speci-
fied period of time by adding the pow-
er corresponding to all wind velocities
available in the regime where systems
operate. Also, from probability density
function belongs to different wind speed
and wind turbine characteristics it is pos-
sible to make energy calculations. It is
easy to determine the appropriate turbine
type for that location by determining
cut-in velocity, rated velocity, and the
cut-out velocity. Thus, it is necessary to

5 mis

B &mis
B 7

opmenr: I rpos

1: 6933486

FIGURE 2. Wind speed classes in Iraq (IRENA, 2015)

The factors affecting the wind energy
conversion systems (WECS) production
at any given location over a certain pe-
riod of time can be summarized as fol-
lows: (1) the power and energy produced

know the characteristics of the winds for
a site in order to reach a conclusion on
the possibility of investing wind energy
for a particular site (Keyhani et al, 2010;
Firas, 2014).
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FIGURE 3. Wind power density in Iraq (IRENA, 2015)

Equivalent energy method (EEM)

This method uses a function optimi-
zation procedure based on the distribu-
tion energy content in order to obtain
Weibull parameters which fit wind speed
distribution. The wind speed probability
which greater than a specific value (v), is
defined by (Firas, 2014):

v k
P.(v)=e ( ¢ j (D
The probability of wind speeds (P(v))

greater than or equal to v — 1 and lower
than v

P()=E.(v=1)~B.(v) @)

P(v)= e_(v‘jlj - e_(zj

Statistically, P, represented a stochas-
tic variable which can be defined as:

A3)

P,=P(v)+te= e_(v%l) - e_GJ +e(4)

Where ¢ corresponds to the stochas-
tic term. The Weibull scale factor (¢) can
be written as:

3 1/3
c=(v,3n/1“[l+jj
k

By substituting Eq. (5) in Eq. (4) it
yields:

©)
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P =e —e

Now, in order to find the Weibull shape
factor (k), the least squares technique to
the following expression can be
estimated

+e (6)
the advantages of local topography. The
description and classification of any area
to high potential and extensive effort to
classify the site of the study to low or
high winds, where the speed and direc-

(72

+e

where:
P,; — probability of having wind speeds
for i bin;
n — number of bins of the wind speed
histogram;
v; — the highest wind speed value of the
for i bin;
v;’n — mean cube (observed).

After k is compute, the scale factor is
calculated from Eq. (5).

Results and discussions

Wind speed analysis at height of 50 m

In contrast to solar energy, electrical
energy production from wind is difficult
to estimate. Wind energy depends on site
characteristics and topography. Wind
speeds can be significantly affected on

P (7
= Zi=l (gi)

tion of the wind in severe shifts in most
locations and require a detailed study of
the spatial and temporal changes of wind
speed values. Before locating the wind
farm, monthly and daily wind speed dis-
tributions, wind speed distributions and
wind power density should be analysed
carefully (Amani, 2007).

Monthly wind speed

The monthly mean wind speed val-
ues at Basrah coast are presented in Fig-
ure 4 for duration time 37 years (from
1 January 1979 to 3 January 2016). By
analysed mean wind speed data of 444
months, it can be inferred that the av-
erage wind speed distribution varies
markedly from month to month. This
figure also shows that the most monthly
frequent mean wind speed values are
between two values 5 and 6 m-sﬁl, but
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Monthly Wind Speed Profile
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FIGURE 4. Monthly mean wind speeds

there are also mean wind speeds over
than 6 m-s™! by rate 25%, From other
side, only a few mean wind speeds are
over 7 and under 5 m's™' by rate 16 and
8% respectively. The highest mean wind
speed value in June with 7.5 m's™, while
the minimum mean wind speed value is
observed in October with 4.9 m's™!. In
such a case, wind energy can be used to
boost electricity.

Diurnal wind speed

Another important property of site
characteristics which should be studied
when preparing to any wind power project
is the profile of daily wind regime at area
of study. Figure 5 shows the change in
daytime of mean wind speeds at height
of 50 m above ground level (a.g.1.). From
this figure, we can also find that the hour-
ly mean wind speeds start in increasing
gradually from 12 pm up to the highest
value at 8 pm. Mean wind speeds then
become decreasing, while from 4 am to
11 am wind speed will remain calm. This
mean that at night time is almost windy

Aug Sep Oct Mow Dec

through whole the year, while the daytime
is quiet through whole the year.

Wind direction frequency

Wind direction calculations is im-
portant for conducting wind energy re-
searches and wind farms geometry. Also,
it displays the impact of geographical fea-
tures on the wind. There are many ways
used for wind direction charts representa-
tions one of these is shown in the polar
chart (concentric circles) and the method
of measurement is in degrees and the di-
rection of rotation is clockwise. This dia-
gram consist of 360° concentric cycles
divided into 16 sections, each one of them
included arc with 22.5°. In Figure 6, the
wind direction and its frequency data are
combined in the polar diagram for Basrah
coast (the area of study) are presented for
the period 1979-2016. It is clear that the
prevailing trend of wind throughout this
period is the northwest and within section
15 between 292.5° and 337.5°.

Also, it is convenient to study the
average monthly occurrences of wind
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speed blowing direction, this will give parison between different polar diagrams
an idea of how the wind changes for dif- for the monthly average wind speed fre-
ferent seasons. Figure 7 shows a com- quency and its relation with the direction
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FIGURE 8. Proportion of total wind energy in speed at height of 50 m versus wind direction
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from 1979 to 2016. The most probable
wind direction for that period is at 315°,
i.e. northwesterly winds. In the monthly
polar diagrams, specifically in the most
prevailing wind direction (northwest),
wind frequency seems to be good. On
the other hand, it should be noted that the
prevailing wind frequency overall years
ranges from 40-80%. The more stillness
percentage is occurred at three months
(June, July and August) which reach
about 80%, while the less percentage is
shown in April.

Also, it is convenient to study the re-
lation between wind potential energy and
wind direction. The average wind en-
ergy for each month from 1979 to 2016
as a relation with the direction of wind
blow can be given in Figure 8. This fig-
ure have the same behaviour of Figure 7
and shows the wind energy percentage
for each month. Jun has the most amount
of energy, in other side, the dominant di-
rection whole the year is northwest with
little amount of energy for southeast di-

rection except for June, July, August and
September.

Wind speed analysis at different
heights

The wind speed at height of 50 m is
taken as a reference height, then it was
adjusted and is estimated at different
heights: 30, 70 and 100 m a.g.l. Wind
speed is calculated using the power law
(Firas, 2014):

22
vy(23) = (z )(Z)a (8)
vy, v; — synthesized and reference
wind speeds at elevations z, and z,

respectively;
a — Hellmann exponent (friction or wind
shear).

The Internatioximum values in June
(about 8.3 m's™") atheight of 100 ma.g 1.,
while at height of 30 m the wind speed
will reach about 7 m's™! from other side,
the wind speed reach the minimum value

Monthly Wind Speed Profile
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FIGURE 9. Monthly mean wind speed variation in Basrah in 1979-2016
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in October, about 5.5 m-s™' at height of
100 m a.g.l., while at height of 30 m the
wind speed will reach about 4.5 m's™!

(Fig. 9).

Diurnal wind speed profile

The mean daily wind speed behaviour
for the year of study is very important in
wind energy projects, its represents one
of the facts that determine wind turbines.
As in the previous section where the data
taken from the source and at a height of
50 m were converted to different heights
of 30, 70 and 100 m a.g.l., for our area
of study (Basrah), daily wind speed vari-
ations are illustrated in Figure 10. From
this figure it is possible to say that, at
10 am the wind speed at height of 50 m
a.g.l. will increase gradually reaching to
its maximum value 6.5 m's™' at around
8 pm, then wind speed will gradually de-
crease to its minimum value 5.3 m-s .
The winds in this area are calm during

the day time but it starts to increase in
the evening, which gives an opportunity
to invest solar energy during the day and
wind energy at night.

Mean wind power density diurnal
profile

Another important characteristic of
the site is the diurnal variations for hour-
ly average data (reference and estimated
wind speed) along the study time at the
Basra coast site is shown in Figure 1.
Mathematically, the mean wind power
density in terms of wind speed is calcu-
lated as (Firas, 2014):

- (€))
where 7 is the total sample data for a pe-
riod of time.

The comparison showed the daily
patterns of the average wind speed in
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FIGURE 10. Diurnal mean wind speed
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order to obtain and determine the maxi-
mum and minimum speed used in the
production and generation of electricity
from the located turbine. It is possible
to observe the average maximum and
minimum wind power density during
the years of study of the wind at vari-
ous heights, where the maximum power
density at about 8 pm and the minimum
power density at 5 am. The maximum
value of wind power density for refer-
ence high at 50 m is almost 275 W-m™>
and near 240 W-m for minimum value
(Fig. 11).

Probability distribution function

The probability distribution function
(PDF) is used to demonstrate how the
site is suitable for wind energy systems
and also used for wind data analysis.
Figure 12 shows the distribution of wind
frequency for 12 months at height of
50 m. The bin size of the distribution

showing 0.5 m's™'. The curve plotted
against the frequency distribution of
measured wind speed is called Weibull
distribution function, and this curve rep-
resent the best fit to the measured wind
speed data. The two-parameter Weibull
distribution given by (Firas, 2014):

k(v k-1 v k
ot ()
c\¢C c

where:
k — shape parameter;
¢ — scale parameter [m-sﬁl].

(10)

Fitting depends on two parameters
called shape and scale parameters, best
fit is obtained using the equivalent en-
ergy method (EEM) which is explained
bellow. Weibull shape parameter for fit-
ting curve is equal to 2.10, while Weibull
scale parameter is 6.62 m's_'. The wind
speed is not uniform and take different
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values tend to produce different sets of
ranges. The value of scale parameter
shows the average wind speed at the
wind farm, while the low values of shape
parameter mean that the wind speed is
not uniform.

Monthly frequency by bin

The monthly Weibull probabil-
ity density of the measured data for the
whole year of the location is shown in
Figure 13. It is noticeable from this fig-
ure that the cold months (December,
January, February, March) that the wind
tends to quiet speed due to high pres-
sure of cold air masses. We also notice
an increase in wind speed in hot months,
in contrast to the previous, due to the
increasing in convection current of low
air masse pressure. It is also possible to
observe the increasing in wind speed fre-
quencies in October and May as months
in which seasons changes occur.

Wind speed statistical analysis

The Weibull PDF gives a better fit
for measured probability density distri-
butions than other statistical functions.
This it could be depends on the Weibull
PDF in order to find wind statistics. The
most important statistics is given in Ta-
ble 1. It show the characteristics of wind
speed for whole years of study at 50 m
a.g.l. with following observations:

1. The mean wind speed calculated for
this site point out to the suitability
of this location for micro and small
wind energy systems.

2. The mean and the median are almost
equal, then distribution appears to be
near symmetric.

3. The maximum frequency is 0.13 at
wind speed 4.8 m-s’l, which is also
called most probable wind speed.

4. The positive sign of 3™ raw moment
inferring to skewness of the distribu-
tion toward right.
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TABLE 1. Some Weibull statistics

Specification Value
¢[ms™ 6.62
k 2.1
Mean speed [m's™!], conventional method 5.8
Median speed [m's™'] 5.5
Modal speed [m's '] 4.8
Maximum frequency 0.13
1% raw moment (mean speed, Weibull-based) [ms '] 5.8
2" raw moment [m's '] 2 — measure of spread 42.9
3 raw moment [m's '] 3 — measure of skewness 367
4™ raw moment [m's~'] 4 — measure of peakedness 3524

The wind power density calculated
from Weibull parameters (Fig. 14) is
224 W-m2. In addition, the wind speed
that carrying maximum energy (maxi-

mum power density) is 9.1 ms L.

Wind statistics at different heights

Since mean wind speed has a loga-
rithmic variation with heights, thus wind
statistics will have variation with height.
Numerous mathematical equations were
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FIGURE 14. Power density versus wind speed at height of 50 m

used for the purpose of deriving wind
statistics at different heights from certain
source height. The extrapolation equa-
tion to get Weibull parameters at differ-
ent heights can be given in bellow.

If ¢; and k; are Weibull functions
at some anemometer height /; the val-
ues of Weibull parameters at different c,
and k, for any desired height %, (e.g. the
turbine hub height) can be assessed by
(Firas, 2014):

hy )
CcH=cC| = 11
2 1[]11] (11)
1—0.08811n[hlJ
ky =k h2 (12)
1-0.08811n [Zj
hy

Here £, is reference height of 10 m,
n was found to be:

~0.37-0.08811In(c))

1-0.08811n| /1
hy

n

(13)

The expected monthly or annual
wind power density per unit area of
a site based on a Weibull probability den-

sity function can be expressed as follows
(Firas, 2014):

PD,, =%pc3f(1+3/k) (14)

The total energy generated is given
by multiplication between annual wind
speed distributions / with turbine power
curve at wind speed v;:

E=)" h()p(v;) (15)

In order to yield the best estimation
of wind statistics for whole the years,
Windographer software uses power law
to compute synthesized wind statistics
(Firas et al., 2018). Table 2 shows the
reference statistics at 50 m a.g.l. and the
estimated of the synthesized wind statis-
tics at 30, 70 and 100 m a.g.l.

From Table 2 it is obvious that the
wind speed is increased with increas-
ing in height, reaching maximum value
6.4 m's™' at 100 m a.g.l. The semi-equal
values of mean and median wind speed
indicates that wind speed distribution at
that location tend to be almost regular.
Since scale factor (¢) is closely related
to the mean wind speed thus this value is
increased with height. In contrast to scale
factor value of shape factor is a fixed
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TABLE 2. Synthesized wind statistics

St | e |~ St | St
Measurement height [m] 100 70 50 30
Mean wind speed [m's '] 6.4 6.1 5.8 5.4
Median wind speed [m's '] 6.2 5.9 5.6 5.2
Weibull ¢ [m's™!] 7.29 6.94 6.62 6.16
Weibull & 2.09 2.09 2.09 2.09
Mean power density [Wm 2] 298 256 223 180
Mean annual energy content [kWh-m 2] 2609 2246 1950 1573

value and does not change with height,
this is because shape factor (k) is a meas-
urement of the width of the distribution
and it does not change with height. Fur-
thermore, it is shown that mean wind
power density at height of 50 m was 223
W-m2, and also keep the same class at
height of 100 m.

Wind power class

The wind energy class refers to en-
ergy content anywhere. Table 3 shows
seven classes and each one has a specific
range of wind power density at 50 m
a.g.l. By comparison between wind pow-
er density and Table 3 it is clear that the
study site is assigned to the second class
with marginal description. It is clear that
the wind farm project is not suitable for

TABLE 3. Wind power class (Firas et al., 2018)

Class | Description Power El\i? jnlt,yz]a £50m
1 poor 100-200
2 marginal 200-300
3 fair 300-400
4 good 400-500
5 excellent 500-600
6 outstanding 600-800
7 superb 800-2 000

electric power generation at height of 50
m, even for heights of 70 and 100 m. It
is worth mentioning that our studied area
has less power density compared with
Figure 3 due to different data sources.
Figures 2 and 3 were built by IRENA
using atmospheric simulation conditions
with SKIRON model and 5 km resolu-
tion. Such spatial resolution is small for
area representing the study site, while
the data studied in this research taken
from NASA depends mainly on record-
ing stations with data extrapolation can
be done for full coverage area.

Conclusions

In the present study, wind speed data
of the Basra coast in Iraq were statistic-
ally analysed. Also, the daily and month-
ly mean wind speed behaviours beside
probability density distributions were
derived and the distribution parameters
were identified, then Weibull parameters
were used to study wind potential en-
ergy. The most important outcomes of
the study can be summarized as follows:
— It was concluded that the study site

is not suitable for the installation of

large wind turbines, but this wealth
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can be used to build small wind ge-
nerators.

— NASA space data often give less
a guess than IRENA wind atlas map.

— May, June, July and August months
that the average wind speeds are the
highest all around the year.

— The mean wind speed at height of
50 m for the period 1979-2016 was
found about 6 m's™'.

— The mean wind power density va-
lue at height of 50 m for the period
1979-2016 was found about 224
Wem 2,

— The most probable wind direction is
315°, i.e. northwest 315°.

— In case of diurnal wind speed va-
riation evaluation, it was found that
wind speed values are higher during
the daytime.
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able energies have the potential to provide
relatively clean energy, mostly for domestic
energy. Wind power generation is expected
to rise in the near future and has grown ex-
ponentially over the past decade in many
countries. The most important parameter
that must be taken into consideration when
designing and studying wind power conver-
sion systems is the wind speed. Probability
density functions (PDF) such as Weibull is
often used in wind speed and wind power
analyses. This research presents an assess-
ment of wind power based on the Weibull
distribution statistics in the coastal of south-
ern Iraq at Basrah province. Wind speed data
for the study site were obtained from NASA
at a height of 50 m for the period 1979-2016
with a time interval of 10 min. The data at
a height of 50 m were extrapolated using
the power law in order to estimate the wind
speed at new heights: 30, 70 and 100 m. The
different parameters of the Weibull func-
tion as well as the daily and monthly wind
speeds, mean, variance and potential energy

at four altitudes were estimated and analysed
using Windographer software. Results indi-
cate that the maximum wind speed at 100 m
is 6.4 m's™, giving an average power density
of 298 W-mfz, which indicates that the lo-
cation of the study has marginal and useless
potential for installing large wind turbines.
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Introduction

Nowadays, the condition in which
the demand of domestic water cannot
be fulfilled has been perceived by many
parts of the world that caused by the
rapid growth of population (Liu et al.,
2017). One way to prevent water scarcity
is by managing the usage of water with
the intention of reducing the amount of
water used. Developing innovative meth-
odologies, tools and techniques that aim
to combat water quantity losses becomes
a priority action that must be done (Kana-
koudis et al., 2017), in order to provide
effective information to the people or
community for their contribution to wa-
ter conservation, thus create more sus-
tainable and desirable future. Currently,
there are many tools that can help people

to use less water or to limit water con-
sumption, such as flow restrictors, low
flow showerheads, water efficient white
appliances, water efficient toilets, and
urinal sensors (Queensland Government,
2009). Another device that provides real
time feedback about water consumption
with more accurate to the user is smart
water meter. The main advantage of us-
ing smart water meter is that the user can
monitor directly and receives more accu-
rate information regarding to the user’s
water consumption compared to con-
ventional water meter, via the Internet
of things (IoT) technology and Android
smart phone (Senderlund, Smith, Hulton
& Kapelan, 2014).

Household appliances that gener-
ally use the largest amount of water in
daily life are washing machine, shower,
and toilet. The general usage of sanitary
water consumption in residential indoor
could reach up to 111 1 daily, in which:
31.4 is used for shower, 23.3 for toilet,
23.0 for kitchen sink and 12.4 for wash-
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ing machine. The use of shower, toilet,
kitchen sink, and washing machine make
up about 81% of the total apartment wa-
ter use (Jordan-Cuebas et al., 2018).
Depends on the tank reservoir volume,
toilet water use could vary considerably.
The general water usage for ordinary
toilets could be 7.5, 9, or 13 1 per flush
(Gormley, Aspray, Kelly & Rodriguez-
-Gil, 2017). However, for the sake of wa-
ter usage reduction, it is also possible to
flush the toilet with 6 1 of water (USDoE,
2013).

The Internet of things has been uti-
lized to monitor and evaluate the sys-
tem of energy consumption in almost
every aspect of daily life, including in
the field of water management system.
In the present paper, clean water reduc-
tion strategy is designed by the help of
IoT devices such as water flow sensor to
measure the volume of water consump-
tion on washing machine, shower, and

o NN O

CONTROLLER

WATER MICRO
CONTROLLER

FLOW
SENSOR

WASHING
MACHINE

toilet. The amount of water consumption
will be monitored in real time through an
Android application in smart phone that
connected to those IoT devices. By the
help of user consideration, the applica-
tion of this system on such a small house
or apartment may has a great potential
in reducing the amount of clean water
used.

Methodology

The designed framework of water
reduction strategy using loT-based sys-
tem is illustrated in Figure 1. The system
starts by reading the water consumption
that used by three household appliances
that were considered using a lot of water,
which are: washing machine, shower,
and toilet. The water volume usage will
be measured by water flow sensors that
installed to the washing machine, show-

WATER SOLENOID
FLOW VE
SENSOR

. .
MICRO
CONTROLL

TOILET

ANDROID BASED

MOBILE
APPLICATION

FIGURE 1. Design framework of loT-based clean water reduction
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er, and toilet’s pipelines. A microcon-
troller that connects to each water flow
sensor was utilized to send the data of
water usage to the cloud server through
Internet. In the case of shower, besides
installing water flow sensor like in wash-
ing machine, a buzzer was installed to
alarm the user before the consumption of
water reached the maximum limit. User
can input the maximum limit of supply-
ing water volume for shower according
to their real requirement. For the toi-
let, after flushing the user should press
a “Refill” button on their smart phone as
a signal order to open the solenoid valve
to automatically fill the toilet’s water tank
for 6 1 of clean water. The data of water
consumption from these three house-
hold appliances will be sent to a cloud
server and the user could access the data
through an Android application.

Results and discussion

Hardware

The components used in this project
of water reduction strategy are Node-
MCU microcontroller, water flow sensor,
solenoid valve and buzzer, which could
be obtained easily from the market. The
open source Arduino software (IDE) was
utilized to program the NodeMCU mi-
crocontroller to read the water volume
consumption, as it measures the volume
of water, which flow through the water
flow sensor and causing the rotor inside
to spin simultaneously. At the time when
the rotor spins, a voltage/pulse will be
induced (Rajurkar, Prabaharan & Muth-
ulakshmi, 2017). The use of NodeMCU
module is to send water volume data

read from water flow sensor to a cloud
server. Water flow sensor and micro
controller will be occupied along with
the household appliances (washing ma-
chine, shower, and toilet) pipelines. The
schematic diagram of all hardwares and
its connection used in each household
appliance in the present loT-based water
reduction system can be seen in Figure 2.
Figure 2a exhibits the use of smart water
meter in general, water flow sensor was
connected to microcontroller to read wa-
ter volume that flowed through washing
machine’s pipeline. In Figure 2b, a buzz-
er was connected to the microcontroller
that used for the shower’s pipeline. The
buzzer’s function is to alarm the user
with different sounds that represents the
usage of water to the consumption limit
in percentage (75, 85 and 95%).

The user can lock the maximum
limitation for shower water consump-
tion, for example at 25 1. So, the sound
of alarm will alert the shower’s user
when the water usage has exceeded
18.75, 21.25 and 23.75 1 before it stops
when the water consumption in shower
reaches 25 1. Schematic for toilet’s pipe-
line is depicted in Figure 2c. Additional
components used are solenoid valve,
12 V power supply, 2.2 K resistor, TIP120
transistor, and diode. The 12 V power
supply was used to power the solenoid
valve which has the function to stop and
control the water flow, while other com-
ponents were used to support the control
of solenoid valve. Solenoid valve has
a magnetic rod which could block the
water flow to the pipe when the rod is
closed or to let the water flows when the
rod is open (Gopalakrishnan, Abhishek,
Ranjith, Venkatesh & Jai Suriya, 2017).
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FIGURE 2. Schematic connection for hardware: a — used in washing machine’s pipeline; b — used in

shower’s pipeline; ¢ — used in toilet’s pipeline

Application design

In this digital era, smart phones have
changed the way we live our lives. Things
could be easily done through the help of
a smart phone. By developing such ap-
plication (app), users could access in-
formation regarding their water usage
anytime and anywhere in real-time. In
this study the Android-based application
has been developed using the assistance
of Android development program of An-
droid Studio to visualize the water vol-
ume that has been consumed through the
water flow sensor and to control the so-
lenoid valve to refill toilet’s water tank.

The use of Android application as the
user interface will make it easier for user
to interact with the developed system.
Protocol based on 10T is used to guaran-
tee delivery of messages throughout the
system. The microcontrollers will send
the data of the water volume usage to the
cloud server every time when the water
flow passes through. In additional to that,
whenever the application is accessed by
the user, it connects automatically to the
cloud server that provides the informa-
tion of the water usage. The information
of water usage of the three household ap-
pliances will be presented, and the sum
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FIGURE 3. Flow of Android application process

of water usage will also be shown to the
user. An addition of a “Refill” button was
made to power up the solenoid valve in
the toilet’s pipeline and fills the toilet’s
water tank.

The flow diagram of Android appli-
cation process can be seen at Figure 3.
The associated visual display for An-
droid-based mobile application in user’s
smart phone to monitor the water con-
sumption is depicted in Figure 4.

Experimental result
of the components

One of the components that we use in
this project is water flow sensor, and this
component must be firstly calibrated to
measure the water volume passed through
the pipe shows the accurate measuring
number. Experiments were carried out to

compare the water volume measured by
the water flow sensor in particular time
(sensor read) and the water volume that
manually measured by a cylinder glass
(real volume). The calibration of water
flow sensor was made by adjusting the
Arduino IDE program so that the vol-
ume of water passing through the sen-
sor was set not to exceed 7% of the ac-
tual volume. The measurement result of
the quantity of water that being passed
through the water flow sensor in prede-
termined time, the actual volume water
and the percentage error as the compari-
son of those two is exhibited in the table.
As shown in there, the comparison of the
water volume that read by sensor and
that are manually measured by cylinder
glass shows no significant difference.
This means that the sensor used in this
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experiment was capable enough to meas-
ure the actual water consumption. The
same procedures have been performed
to other devices and the result shows the
similar result of percentage errors, which
lower than 5%. With the percentage er-
ror lower than 5%, this result shows that
the device prototype work properly and
its function performance in measuring
water volume is in accordance with the
project’s objective.

Potential water reduction
of the developed system

The potential of clean water which
might be saved by practical implement-
ing of our system can be explained from
the following feasibility study. Suppose
a person uses 31.4 1 of clean water for
shower (Jordan-Cuebas et al., 2018), and

13 1 of water for each flush (Gormley
et al., 2017) for toilet use in a day. By
using this system, a user can possibly re-
duce their water consumption on shower
to 25 1 which saves 6.4 | of clean water
per day. As for the consumption used
in conventional toilet can be reduced
through solenoid valve in our system to
6 1 per flush of water use, refers to
USDoE policy (USDoE, 2013), thus
it can save 7 1 of water for once use of
flushing toilet. For the reduction of clean
water in washing machine usage, it will
depend on the user by their own consid-
eration in consuming the water. Through
the water consumption data displayed on
the system, the user is expected to have
awareness and to realize the importance
of regulating water reduction for sub-
sequent use in washing machine usage.
Suppose that the contribution of wa-
ter reduction will come from the use of
shower and toilet, the user can possibly
save as much as 13.4 | of clean water per
day. Within a month, each user could po-
tentially save around 402 1 of clean water
or even more.

With the many advantages that can
be obtained through the application of
loT-based smart water meters compared
to the conventional one, such as: reduc-
ing the labour costs and direct control to
the real water consumption, it will be-
come appropriate if this system can be
adopted and widespread implemented
in residential customers to save million
litres of clean water. In addition of being
able to be used as one of the approaches
to integrated water resource manage-
ment, this system may also be one of the
answers to key issues of water scarcity
and water quality which are emerged in
several parts of the world.
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Conclusions

We have successfully designed and
implement the loT-based water reduc-
tion system as a one way to realize the
clean water reduction strategy or water
conservation. This system which may
potentially be implemented in such
a small house or apartment, can moni-
tor and provide real-time information on
how much water consumed by the user
daily. In this project, we used NodeMCU
microcontroller, water flow sensor, sole-
noid valve, and buzzer to monitor water
volume consumption at three household
appliances (washing machine, shower,
and toilet). Experimental testing of the
smart meters in measuring the quantity
of water supplied shows that these tools
provide performance accuracy more
than 95% from the actual water volume,
which is good enough to be used for es-
timating the real water consumption of
the user. The reliability of the remote ac-
cess data through Android-based mobile

TABLE. Testing data result for the water flow
sensor read after calibration

No Sensor read | Real vol- Pergfrr(l)trage
[ml] ume [ml] %]
1 640 650 1.54
2 997 945 4.95
3 905 863 4.86
4 844 815 3.56
5 848 835 1.53
6 891 880 1.23
7 813 830 2.05
8 975 940 3.72
9 945 915 3.28
10 612 625 2.08
Average percentage error 2.88

application demonstrates the good result
to keep updates the water consumption
records. Based on the feasibility study,
each user may potentially save clean
water up to 402 1 monthly. Through this
research, the IoT-based water manage-
ment system program using smart water
meters must be promoted as a substitu-
tion of the use of traditional water meter
because it has several advantages, espe-
cially in motivating users to contribute to
water conservation for more sustainable
and desirable future.

References

Gopalakrishnan, P., Abhishek, S., Ranjith, R.,
Venkatesh, R. & Jai Suriya, V. (2017). Smart
Pipeline Water Leakage Detection System.
International Journal of Applied Engineer-
ing Research, 12(16), 5559-5564.

Gormley, M., Aspray, T.J., Kelly, D.A. & Rodri-
guez-Gil, C. (2017). Pathogen cross-transmis-
sion via building sanitary plumbing systems
in a full scale pilot test-rig. PLoS ONE, 12(2),
e0171556.  https://doi.org/10.1371/journal.
pone.0171556

Jordan-Cuebas, F, Krogmann, U., Andrews, C.J.,
Senick, J.A., Hewitt, E.L., Wener, R.E.,
Sorensen Allaci, M.A. & Plotnik, D.
(2018). Understanding apartment end-use
water consumption in two green residential
multistory buildings. ASCES Journal of
Water Resources Planning and Management,
144(4), 04018009. https://doi.org/10.1061/
(ASCE)WR.1943-5452.0000911

Kanakoudis, V., Papadopoulou, A., Tsitsifli, S.,
Curk, B.C., Karleusa, B., Matic, B., Altran,
E. & Banovec, P. (2017). Policy recommen-
dation for drinking water supply cross-border
networking in the Adriatic region. Journal
of Water Supply: Research and Technology
—AQUA, 66(7), 409-508.

Liu, J., Yang, H., Gosling, S.N., Kummu, M.,
Florke, M., Pfister, S., Hanasaki, N., Wada,
Y., Zhang, X., Zheng, C, Almaco, J. & Oki, T.
(2017). Water scarcity assessments in the

60

H-Ch. Ho, K.S. Puika, T.P. Kasih



past, present, and future. Earth’s Future,
5(6), 545-559.

Queensland Government (2009). Water smart
buildings: water use reduction in govern-
ment built assets. Queensland: Queensland
Department of Public Works. Retrieved
from:  http://www.hpw.qld.gov.au/SiteCol-
lectionDocuments/WaterMgtPracNote.pdf

Rajurkar, C., Prabaharan, S.R.S., & Muthu-
lakshmi, S. (2017). IoT based water man-
agement. In International Conference on
Nextgen Electronic Technologies: Gaza City
23-24 October 2019 (pp. 255-259). Piscata-
way Township, New Jersey: IEEE.

Senderlund, A.L., Smith, J.R., Hutton, C. &
Kapelan, Z. (2014). Using smart meters for
household water consumption feedback:
knowns and unknowns. Proceedia Engineer-
ing, 89, 990-997.

United States Department of Energy [USDoE]
(2013). Energy and water conservation
standards: Title 10. Energy, Section 430,
Subpart C. Washington: USDoE. Retrieved
from: http://www.gpo.gov/fdsys/pkg/CFR-
2011-title10-vol3/pdf/CFR-2011-title10-
vol3-sec430-2.pdf

Summary

Development of IoT-based water re-
duction system for improving clean wa-
ter conservation. Water is one of the basic
necessities of life; however, due to the in-
creased growth of population and without
any changes of people’s current water con-
sumption rate the world would face water
scarcity in the near future. Developing tools
and techniques that aim to combat the loss of
water quantity becomes a priority action due
to it can provide actionable information to the
community in its contribution to clean water
conservation. In this study, the IoT-based

water reduction system has been developed
to measure water volume at three household
appliances (washing machine, shower, and
toilet) by installing flow sensors to those of
each pipeline. Each sensor was connected to
a microcontroller that sends water volume
data and it will be stored in the cloud server.
This technology could help users in reducing
clean water consumption by: alarming user
whenever water volume reaches 75, 85 and
95% of the limit volume for each showering
session by installing a buzzer to the shower’s
pipeline; limiting the water used for the toi-
let flushing by installing a solenoid valve for
the toilets’ pipelines; and allowing users to
access the information of all water consump-
tion through Android-based mobile applica-
tion. Through this study, IoT technology has
great potential to support clean water reduc-
tion strategy due to it could save clean wa-
ter up to 402 1 monthly. Application of IoT
technology can be started to be installed in
such a small house or apartment in which
the user can directly monitor their water
consumption.
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Introduction

During many production processes
there are created accessory substances,
which could be used at the site of the plant
in auxiliary installations to e.g. manu-
facture technological media. Running
these type of operations usually brings
about an economic gain, but before they
are undertaken, an environment impact
analysis should also be conducted.

Paying more attention to environ-
mental issues inclines to searching the
alternative fuels, which could supersede
fossil fuels. In many research activities
conducted in technical scale, pilot and
industrial scales there is suggested to re-
place diesel oil or heating oil from petro-
leum by liquid fuels like: bioethanol, bi-
odiesel, butanol, water-oil emulsions and

others (Marmentini Vivas & Zanoelo,
2011; Nigam & Singh, 2011; Chelemuge,
Yoshikawa, Takeshita & Fujiwara, 2012;
Ghorbani & Bazooyar, 2012; May-Carle
et al., 2012; Saez, Flores-Maradiaga &
Toledo, 2012; Keramiotis, Zannis, Ske-
vis & Founti, 2013; Lazaroiu et al., 2018;
Plante et al., 2019). The main objective
of the research is to achieve a stability
of combustion process and a high heat
capacity at the lowest possible pollution
emission into the atmosphere.

In Poland, many research activities
on energy utilization of liquid fuels of
biogenic origin apply to animal and veg-
etable fats (Orszulik & Lenkiewicz, 2007;
Szule & Golimowski, 2010; Karcz, 2014;
Krajewska, Slaska-Grzywna & Andrejko,
2015). An advantage of using heating oils,
made from new and used vegetable fats
and animal fats is that these fuels are bio-
degradable, nontoxic and also they come
from renewable energy sources.

In one of the national industrial in-
stallations to process animal fats, the
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fat coming from meat industry is be-
ing processed. That material belongs
to the category 3 of products unfit
for consumption according to the Regu-
lation (EC) No 1069/2009.

In the technological process fat is
preliminarily cleaned by filtration with
the use of the bleaching earth, and af-
terwards is broken (in reaction of hy-
drolysis at the elevated temperature, ca.
250°C and at the elevated pressure ca.
5.5 MPa). In this process there occurs
a physical splitting of the material to wa-
ter solution of glycerin and to fat acids.
The fatty acids after separation from wa-
ter solution of glycerin are distilled in or-
der to isolate each fractions of fat acids.
As aresult ofthis process, also the residue
after distilling fatty acids is obtained (so-
-called FADR) — which is a heavy frac-
tion containing the heaviest hydrocarbons
(> C18) in the amount of 5-8%, which
requires further management. Fatty acids
distillation residues make up a material
of biogenic origin, formed only as a re-
sult of physical processing of animal fats
without using additional chemicals.

At the Institute of Chemical Process-
ing of Coal the research was under-
taken to manage/use the FADR as a lig-
uid fuel in the boiler house of the plant,
exploiting oil boilers fired with heavy
heating oil (HFO). The purpose of this
research was to determine the impact of
the FADR on the process of combustion
and change of emission of the pollution
to the atmosphere in comparison to com-
bustion of HFO.

Materials and methods

Samples of the fatty acids distilla-
tion residues (FADR) and of the heavy

fuel oil (HFO) currently burned in boiler
room of the plant were subjected to ex-
amination of the essential parameters in
terms of potential energy usage as a li-
quid fuel. To complete each separate de-
termination (of the parameters) the same
research methodology has been applied.

Density was determined by the aero-
metric analysis at the temperature of
60°C. Ignition temperature was deter-
mined by the Marcusson method. The
sample was placed inan open crucible and
heated with constant rate of (3°C-min™").
To the sample of a liquid fuel the flame
of the blowtorch was brought closer,
after achieving gain of the tempera-
ture by 1°C, till ignition of the volatile
products released from the fuel. The ash
content was determined in accordance
with the technical procedure of Institute
for Chemical Processing of Coal at the
temperature of 815°C. Measurement of
dynamic viscosity was made by means
of the Engler viscometer. Selection of
temperatures at which to measure the
dynamic viscosity was dependent on the
texture/consistence of the products and
technological conditions during the test
of combustion. Measurements of viscos-
ity have been conducted at the shearing
velocity of 500 1-s™'. To conduct an ul-
timate analysis the analyser of company
named Elementar model Vario Cub was
used. Distillation has been conducted in
a typical setup of laboratory distillation
used in research of coke tar and oils de-
rived from its processing, in accordance
with prerequisites specified in a standard
PN-C-97055:2001. The higher heating
value and lower heating value were de-
termined in a calorimeter with applica-
tion of the typical methodology to test
the heating oils.
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Afterwards there have been conduct-
ed tests of combustion of both materials
in industrial conditions with usage of fire
and water tube steam boiler of the type
of FH4000 made by LOOS.

This boiler is used to make steam for
technological or heating purposes. Boiler
installation does not have a system of the
flue gas cleaning, which are fed directly
into the stack. At the boiler the burner of
a C.I.B. Unigas S.p.A. model PBY510
is mounted. This is a monoblock type
burner with axial air flow to the burners,
which ensures an even distribution of air
essential for high efficiency of heating
oil combustion in wide range of capac-
ity. Hot flue gases from the burner flow
through the fire tubes and outside water
tubes. Table 1 lists basic operating pa-

TABLE 1. Parameters of the oil boiler burner
— heavy fuel oil (own studies)

rameters of the PBY 510 burner. Figure 1
presents a diagram of boiler installation
at which the research was conducted.

Comparative tests of combustion
of HFO and FADR were conducted at
the nominal and reduced capacities of
the boiler. The boiler during combust-
ing of each of the evaluated substance
was operating at the conditions of the
present burner capacity. Boiler capacity
was controlled by means of changing the
steam flow rate at the maintained con-
stant thermal parameters of the boiler
that are presented in Table 2.

Both tests were conducted according
to the same testing procedure. A refer-
ence fuel (HFO) was pumped into the
boiler burner from existing fuel supply
installation equipped with a main tank
and also with a small intermediate tank
heated up to 120°C. On the other hand,
FADR was supplied into the burner

Parameter Unit Value from a special plastic container through
Fuel flowrate kgh™! 130-400 a heated small intermediate tank.
Minimum capacity kW 1500 During each test there were con-
Rated capacity kW 4500 ducted emission measurements in range
§ =
s Temperature., I
'\\ pressure ,-’ J [
FADH tank Fl 1|
I
From HF O | | [
main a1 [EdE e == B
¥ ¥ Bumer [T | /Temperaur>, | |
— |« ]| { semposwonot ) [y
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Heater IR [k ! l—'l—'—}' l|.
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FIGURE 1. Diagram of oil boiler installation at which the research was conducted (own elaboration)
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TABLE 2. Oil boiler operating parameters (own
studies)

Parameter Unit Value
Steam temperature °C 170-175
Pressure in boiler bar 8.4-8.6
Feedwater temperature °C 106

of: dust, CO and CO,, NOy, SO, and
also polycyclic aromatic hydrocarbons
(PAHs). Flue gas samples were taken in
a measurement point localized in flue di-
rectly upstream of the stack.

To measure composition of the flue
gas there was used an analyser GASMET
DX4000 + analyser of oxygen. Analyser
GASMET DX4000 is equipped with a
heated sampling channel and it operates
based on a method of analysis of absorp-
tion of the infra-red radiation of gases
(FTIR). This system makes it possible to
measure gas constituents concentrations
in ranges of: CO,: 0-100% and 0-45%,
CO: 0-6,000 ppm and 0-50%, NO,:
0-200 ppm, NO: 0-1,000 ppm, N,O:
0-200 ppm, SO,: 0-6,000 ppm, SOj;:
0-6,000 ppm, COS: 0-100 ppm, CS,:
0-100 ppm, H,O: 0-30%.

Flue gas samples to determine
concentration of PAHs were retrieved
through setup that consists of an aspira-
tion probe, heated ash separator, mois-
ture separator, tubes filled with sorption
material (resin XAD-2 and activated car-
bon) and also of a gas aspirator.

Concentration of each PAH was
determined by means of a gas chro-
matograph (Trace-GC) equipped with
ZB-5MS column and flame ionization
detector.

Results and discussion

In Table 3 there are presented phys-
ico-chemical properties of both burned
materials. FADR is a viscous, fatty sub-
stance that has dark colour and also a dis-
tinctive and characteristic odour. Texture/
/consistence of the substance changes into
liquid in temperature above 30°C. From
research represented in Table 1 it results
that HFO as well as FADR have similar
physico-chemical properties. Nonetheless
FADR is characterized by lower ash and
sulphur content, which is beneficial due to

TABLE 3. Physico-chemical properties of the
distillation residues and reference fuel (heavy
heating oil) used in the test (own studies)

Emission results of combustion process of fatty acids distillation residue...

Parameter HFO FADR
Density at 60°C [kg'm~] 864 882
Tﬁashpoint [OC] 250 227
Ash [%] 0.36 0.28
Dynamic viscosity [Pa-s™!]
in 60°C 0.0570 | 0.0255
in 80°C 0.0244 | 0.0142
C [%] 85.0 76.6
H [%] 13.51 12.45
N [%] 0.56 0.85
S [%] 0.62 0.16
Cl [%] <0.050 | <0.005
Distillation beginning [°C] 168 98
to 235°C [%] 2.0 1.9
235-270°C [%] 1.8 1.0
270-300°C [%] 2.4 3.0
300-330°C [%] 5.5 52.5
330-360°C [%] 35.9 -
Distillation residue [%] 47.5 31.9
Distillation losses [%] 4.9 9.7
HHV [MJkg™] 45.222 | 39914
LHV [MJkg™!] 42251 | 36.619
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potential pollution emission during com-
bustion. Both materials practically do not
contain chlorine, which prevents forma-
tion of polychlorinated dioxins and furans
in a combustion process. FADR has
a lighter character than HFO. Distillation
of FADR starts and ends in lower temper-
ature. Main ingredient of distillation of
a tested sample of FADR is boiling frac-
tion in the range of 300-330°C (52.5%).
In contrast for HFO — boiling fraction is
in the range of 330-360°C (35.9%). Low-
er heating value of both tested products is
on a similar level, although it is slightly
higher for heating oil. The results of re-
search shows that usefulness of the tested
material (FADR) as a substitute or a com-
ponent of heating oil.

During operation of the boiler with
the maximum of the burner capacity,
combustion process proceeded stably,

Stabilization

Combustion of HFO (nominal power)

without explicit differences related to
type of the fuel burnt. The obtained tem-
perature of the flue gas at the maximum
capacity of the boiler for both fuels was
fluctuating in the range of 295-325°C.
Combustion of the additional fuel can
occur as well as simultaneously as sepa-
rately to the combustion of heavy heat-
ing oil. During the research it was not
ascertained technological contraindica-
tions in area of mixing FADR with HFO.
Both substances do not exhibit symp-
toms of mutual chemical interaction. For
both fuels as well as their mixtures there
could be used existing storage layout and
handling fuel to oil boilers.

Changes of concentrations of basic
ingredients of actual flue gases during
tests are presented in Figures 2 and 3.
Averaged values of concentrations of
each ingredients of the flue gases meas-

Combustion of HFO
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FIGURE 2. Concentration of main ingredients of the flue gases during combustion of heavy heating oil

(real flue gases) (own studies)

66

R. Wasielewski, K. Gtod



Stabilization Combustion of FADR
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FIGURE 3. Concentration of main ingredients of the flue gases during combustion of the distillation

residue (real flue gases) (own studies)

ured during stable work of the boiler are
shown in Table 4.

In calculations of average values
were neglected the temporary states of
instability of the combustion process,

TABLE 4. Main composition of the flue gases (real

which have taken place during com-
bustion of the distillation residue of the
fatty acids at the reduced capacity of the
boiler.

flue gases) during combustion of the reference fuel

(heavy heating oil) and the fat acid distillation residue (own studies)

Mean value/Population standard deviation
Compound | Unit HFO FADR
nominal power reduced power nominal power reduced power
CO, % 11.57 0.12 11.69 0.65 11.60 0.17 11.84 0.09
Cco ppm | 5.70 1.11 2.13 1.10 3.76 1.66 1.88 0.74
NO, ppm | 0.08 0.25 0.10 0.30 0.00 0 0.00 0
NO ppm | 132.02 2.26 132.26 | 10.40 | 104.91 4.12 103.92 3.22
NH;3 ppm | 0.001 0.01 0.00 0.00 0.380 0.38 0.050 0.05
SO, ppm | 256.87 2.69 261.33 | 14.31 13.82 1.05 10.37 0.34
SO; ppm | 0.00 0.0 0.00 0.0 0.34 0.13 0.47 0.05
COos ppm | 0.0071 0.01 0.0217 0.01 0.0002 0.0 0.0000 0.0
H,0 % 10.80 0.11 10.93 0.64 11.29 0.24 11.49 0.16
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The combustion process of both
substances was stable during the tests.
However, concentration of NO and SO,
in flue gas presented insignificant fluc-
tuations. It was observed that those fluc-
tuations for HFO were more evident for
reduced burner efficiency then for nomi-
nal. The data shown clearly indicates
a lower emission of SO, during com-
bustion of FADR, which derives mainly
from the very low content of sulphur in
this material. Also emission of nitric ox-
ides in case of combustion of FADR was
lower in comparison to heavy heating
oil in spite of a bit higher content of this
element (i.e. nitrogen) in FADR. It was

found that the burner of the tested boiler
works clearly more effectively at the
level of higher capacity. This is reflected
in comparison of emission of the same
pollutants during combustion of each of
the tested materials for two levels of boil-
er capacity (see Table 1). The only excep-
tion is emission of ammonia NH3, which
is higher during combustion of FADR.
Concentrations of NHj calculated for the
only one emitter of this compound do
not exceed, however a 10% hourly refer-
ence value and do not exceed mandatory
standards of air quality in Poland, which
is evidence of its slight influence on air.
The largest concentration fluctuations in

TABLE 5. Emissions of polycyclic aromatic hydrocarbons [pgm,] (own studies)

Emission (recalculated into 3% oxygen content
in dry flue gas)
Compound HFO FADR
nominal reduced nominal reduced

power power power power
Naphtalene 1.5 4.9 2.7 0.9
Acenaphtylene 18.1 17.1 9.9 12.2
Acenaphtene 2.7 34 55 4.7
Fluorene 1.0 4.6 2.9 1.5
Phenanthrene 5.8 18.4 30.2 12.6
Anthracene 96.4 99.5 55.1 102.0
Fluoranthene 2.4 8.0 6.2 5.2
Pyrene 17.6 18.6 11.9 18.1
Benzo(a)anthracene 0.9 0.9 4.1 3.8
Chrysene 2.5 0.9 4.9 32
Benzo(b+k)fluoranthene 27.7 339 23.4 33.0
Benzo(e)pyrene 0.9 0.9 5.1 1.8
Benzo(a)pyrene 2.0 7.3 1.8 4.8
Perylene 111.5 7.2 5.7 4.9
Dibenzo(a,h)anthracene+indeno(1,2,3)pyrene 0.9 0.9 6.4 4.6
Benzo(g,h,i)perylene 0.9 0.9 9.1 4.1
Total PAHs 289.4 222.8 184.8 214.7
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flue gas were observed for NO and SO,
(with HFO much higher at reduced ef-
ficiency). In Table 5 there are arranged
concentrations of each 16 PAHs in flue
gases during combustion of HFO and
FADR in a tested oil boiler (referred to
the 3% O, content basis).

Although emission of PAH is not,
in a tested case, limited by the emission
standards however it is worth to notice
that, despite differences for each hydro-
carbons their combined concentrations
in the flue gases are lower for combus-
tion of FADR in comparison to HFO in
both tested capacity levels of the boiler.

Measured emissions of the selected
flue gas ingredients were compared with
legal mandatory standards of emission.
Values of acceptable emissions of NO,,
SO, and dust regarding combustion of
liquid fuels were taken from the Reso-
lution of Environment Minister from
1 March 2018 (appendix 4) and were
compared to values obtained during
phase of stable combustion of heavy
heating oil and also of the distillation
residue. This comparison is featured in
Table 6.

Featured data indicates the fulfill-
ment of the emission standards of SO,,
NO, and ash regarding tested instal-

lation with combustion of both lig-
uid fuels, but for FADR it has been
observed twenty-fold lower emission of
SO,. Emissions of NO, during combus-
tion of FADR are 30% lower in compari-
son to combustion of HFO. Measure-
ments of concentrations of particulates
in the flue gases demonstrated that, both
combusted materials have in this range
a very similar characteristics. The level
of ash/particulates emission for both fu-
els is noticeable, especially at the mini-
mum capacity of the boiler. Admittedly
still FADR 1is characterized by lower
ash content in comparison to the tested
HFO.

Conclusions

Physico-chemical  properties  of
FADR point to possibility of using this
material in a combustion process as
a substitute of HFO or as a component
of liquid fuel. During industrial tests it
was stated that combustion of FADR in
a tested oil boiler does not cause any dif-
ficulty and does not require intervention
in existing technological layout of the
boiler room. No threats were demon-
strated related to the increase of pollu-

TABLE 6. Comparison of pollution emissions* during combustion of HFO and a FADR with the emis-
sion standards valid for the oil boiler installation (own studies)

_ ) Measured emission
Emitted —}py pp | Permitted HFO FADR
substance emission
nominal power | reduced power | nominal power | reduced power
SO, mgm”’, | 850 813 827 44 33
NO, mgm>, [ 400 300 300 239 237
Dust mgm”, [ 50 47.0 47.0 432 46.0

*Substance concentration in flue gas in stipulated conditions recalculated into 3% oxygen content in

flue gas.

Emission results of combustion process of fatty acids distillation residue...

69



tion emission in to the atmosphere. Boil-
er installation meets emission standards
required for combustion of liquid fuels.
Combustion of FADR contributes to the
reduction of the previous emission of
pollutants from burning of the HFO, sig-
nificantly in scope of SO,. Energy usage
of FADR can bring also additional eco-
logical and economical effects, because
this material is considered as zero emis-
sion biomass in relation to CO, (i.e. it is
CO; neutral).
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Summary

Emission results of combustion pro-
cess of fatty acids distillation residue in
an oil boiler — comparison to heavy fuel
oil. The results of the research on energy us-
age of the fatty acids distillation residue are
presented. Distillation residue constitutes
amaterial of biogenic origin, which is created
only as a result of physical processing of ani-

mal fats without using additional chemicals.
This material exhibits similar physicochemi-
cal properties as the heavy heating oil and
may be its substitute. Industrial comparative
tests of combusting of distillation residue and
also of the heavy heating oil in an oil boiler
were conducted. The research was conducted
at the rated and minimum capacities of the
boiler. It has been stated that combusting of
the distillation residue of the fatty acids in
a tested oil boiler does not bring about any
technological difficulties. No threat of the
elevated emission of pollutants into the at-
mosphere was exhibited. Installation of the
boiler fulfill all emission standards required
for combustion of the liquid fuels. Combus-
tion of fatty acids distillation residue contrib-
utes to the reduction of the previous emission
of pollutants from burning of the heavy fuel
oil, significantly in scope of SO,.
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Introduction

Permeability coefficient (k) is the
basic parameter that characterizes the
soil properties from the point of view
of construction works (Matusiewicz &
Wrzesinski, 2018; Wrzesinski, Kowal-
ski & Miszkowska, 2018). This param-
eter characterizes the filtration ability of
water in laminar movement through the
soil and is a measure of the soil’s hydrau-
lic permeability. Filtration takes place
through a network of channels formed
from soil pores. The permeability coef-
ficient depends on the soil properties,
i.e.: soil type, porosity, grain size, soil
structure, water viscosity (Todd, 1980).
Approximate typical ranges of the per-
meability coefficient for cohesive and
non-cohesive soils are presented in Ta-
ble 1.

TABLE 1. Approximate typical ranges of the per-
meability coefficient for cohesive and non-cohe-
sive soils (Witun, 2013)

Soil Permeability COjfﬁ—
cient (k) [m's™]

Fine gravel 10721073
Coarse and medium sand 10731074
Fine sand 1074107
Silty sand 10°-107°

Silt 10701078
Clay with , = 10-20% 108-10710
Clay with ,=20-30% 10°-10711
Clay with 7, >30% 10710-107"2

There are many methods for de-
termining the permeability coefficient,
ranging from uncomplicated calculations
to complex field and laboratory methods
(Wdowska & Lipinski, 2016). Each of
the methods gives more or less similar
value of the permeability coefficient to
the real value. The choice of a method
for determining the permeability coef-
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ficient depends largely on the soil type.
Eurocode 7 distinguishes four methods
of testing the permeability coefficient:
empirical correlations, field tests, labo-
ratory tests and estimation based on the
oedometer test. In non-cohesive soils,
the permeability coefficient is often de-
termined based on empirical formulas.
On the basis of empirical formulas, the
value of the permeability coefficient is
determined with regard to the grain size
of'the soil (most often the effective diam-
eter of grain dyg), porosity and specific
surface area (Twardowski & Drozdzak,
2006; Szymkiewicz & Kryczatto, 2011).
On the other hand, empirical formulas
do not take into account the influence of
soil structure, anisotropy of permeability
and the shape of soil grain. Research in-
dicates that the permeability coefficient
of the same material calculated on the
basis of different empirical relationships
may vary significantly (Parylak, Zigba,
Buldys & Witek, 2013). As a result, the
approximate value of the permeability
coefficient is often obtained on the basis
of empirical formulas. Field tests that re-
flect the heterogeneity of the geological
structure of the subsoil and anisotropy of
hydraulic permeability are the most ac-
curate way to determine the permeability
coefficient. The most commonly used
method of field tests is pumping test,
which involves pumping water out of
a well to obtain a hydrodynamic reaction
of the subsoil (MacDonald, Barker &
Davies, 2008; Polak, Kaznowska-Opala,
Pawlecka & Klich, 2014). This reaction
allows identification of permeability pa-
rameters of the subsoil, well perform-
ance parameters and inflow conditions.
Pumping test can only be used to de-
termine the permeability coefficient in

well-permeable soils. In low-permeable
soils, the BAT probe test is most often
used. The BAT probe test involves com-
bining a piezometer with a probe meas-
uring part which has a glass water con-
tainer. The test entails registration of the
pressure changes inside the container.
The permeability coefficient is calculat-
ed based on pressure changes as a func-
tion of time. In the laboratory constant
or variable gradient methods are used
to measure the permeability coefficient.
Constant gradient methods are applied to
measure the permeability coefficient in
well-permeable soils. The most common
constant-gradient tests are the ones in
the Rowe chamber, ZW-K2 apparatus or
Trautwein system (Head & Epps, 2011).
Variable-gradient methods are only used
to determine the permeable parameters
of low-permeable soils. The most com-
mon are tests in a modified oedometer
supplemented with a burette, test using
aKamienski tube and flow-pump method.
Of the above mentioned variable-gradi-
ent methods in laboratory conditions, the
most common is the flow-pump method.
This method involves setting a constant
speed of water flow through the sample
and measuring the pressure difference at
the bottom and top of the soil sample.
The test continues until the pressure dif-
ference between the bottom and the top
of the sample stabilizes.

Laboratory tests for determining the
permeability coefficient are less accu-
rate compared to field tests, especially
for non-cohesive soils. In laboratory
tests, the value of permeable param-
eter is mainly affected by the change in
geological structure in relation to field
conditions.
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The purpose of the research present-
ed in the paper is to determine and com-
pare the values of the permeability coef-
ficient in non-cohesive soils determined
in selected laboratory and field tests.

Materials and methods

Permeability coefficient tests were
carried out by the pumping method and
in a consolidometer. Pumping tests were
started by selecting sites in the field where
the subsoil has homogeneous permeable
soils and it is possible to carry out the
tests. A total of 18 sites were selected for
testing. Pumping tests were performed
according to the standard method (Dri-
scoll, 1986; Krusemann & de Ridder,
1994; Dabrowski & Przybylek, 2005;
ICRC, 2011). In each test site one well
and two piezometers were installed. Field
tests began with the installation of a well
with a diameter of 400 mm at designated
test sites. Depending on the borehole, the
wells were installed to a depth of 1.20—
—1.80 m. Piezometers with a diameter of
140 mm were installed near each well.
One at a distance of 2.0 m from the edge
of the well, while the other at a distance
of 5.0 m. Installation was carried out ex-
cluding the causes and effects of adverse
events (Rybka, Bondar-Nowakowska &
Potonski 2016). Wells and piezometers
were made of ready-made PVC materi-
als. The wells and piezometers used in
the research are shown in Figures 1 and
2. A typical schematic of the test pump-
ing system is shown in Figure 3.

Before pumping test, a dynamic
light probe SL tests were performed near
the well to determine the density index
of the tested soils. Simultaneously, soil

LALLLLLL

—
—_—

FIGURE 1. Well with a diameter of 400 mm made
of PVC material used in pumping tests

FIGURE 2. Piezometer with a diameter of 140
mm made of PVC material used in pumping tests

samples for laboratory tests were taken
from the subsoil. Pumping tests con-
sisted of pumping water out of the well
and measuring the changes of the water
table in piezometer. In each well the tests
were performed several times to verify
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Range of impact
of pumping test

FIGURE 3. Typical schematic of the pumping test system: p; — piezometer 1, p, — piezometer 2,
h — water table outside the well, iy — water table inside the well, A/ — difference in water table inside
and outside the well, s — lowering the water table at the well, sq — lowering the water table inside the
well, s; — lowering the water table in the piezometer 1, s, — lowering the water table in the piezometer
2, z; — water table in the piezometer 1, z, — water table in the piezometer 2, R — distance of lowering the

water table around the well

the obtained results. The differences
between the values of permeability co-
efficients obtained at the same test site
did not exceed 5%. Measurements in the
piezometers were also carried out for 30
days after the finish of the pumping tests.
The permeability coefficient (k) was de-
termined according to the equation:

Y
‘e H(Z%-le)

X1

In Xy

where:
QO — flow of pumped water,

z1 — water table in piezometer 1,

z, — water table in piezometer 2,

x; — distance between piezometer 1 and
well,

x, — distance between piezometer 2 and
well.

The following tests were carried out
in the laboratory: tests on soil grain size,
tests on a scanning electron microscope
and tests on a permeability coefficient.
Tests on soil grain size were performed
to determine soil type according to EN
ISO 14688-1:2002 and EN ISO 14688-
-2:2004. Photos in a scanning electron
microscope (XL series, QUANTA 200)
were taken to determine the shape of
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particles of the tested soil. Some photos
for the same soil type and similar density
index from two different test sites are
shown in Figure 4. Permeability coeffi-
cient tests were carried out in a labora-
tory using consolidometer (Fig. 5). Test-
ing of the permeability coefficient in the
consolidometer began with the compac-
tion of soil samples in the Proctor appa-
ratus to the density index determined in
the field tests with a light dynamic probe
SL (Head, 1980; Tymosiak & Sulewska,
2016).

FIGURE 4. Photos of fine sand (FSa) with simi-
lar density index (/p) from two different test sites
(wells 1 and 6)

FIGURE 5. Consolidometer used in tests

After compaction, the sample with
a diameter of 150 mm and a height of
60 mm, was placed in a consolidom-
eter. The tests were carried out with a
continuous inflow of water from below
with constant gradients of 0.50. The dif-
ferences between the values of filtration
permeability obtained with the same gra-
dients did not exceed 5% for each soil.
Summary of grain size distribution and
density indexes of analysed soils are pre-
sented in Table 2.

Results and discussion

The performed tests allowed to de-
termine the permeability coefficient of
selected non-cohesive soils by two meth-
ods: pumping test and consolidometer
test. The values of obtained permeability
coefficients for the tested soils are pre-
sented in Table 3.
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TABLE 2. Grain size distribution and density indexes of analysed soils

. o Density index
Well Soil Fraction* (4] (Up) [-]

Gr Sa Si Cl 0.55

1 FSa 0 91 9 0 0.49
2 FSa 1 90 9 0 0.67
3 FSa 0 92 8 0 0.61
4 FSa 1 92 7 0 0.64
5 FSa 2 90 8 0 0.41
6 FSa 0 94 6 0 0.54
7 FSa 1 93 6 0 0.51
8 FSa 0 97 3 0 0.56
9 FSa 0 95 3 2 0.39
10 FSa 0 95 5 0 0.50
11 MSa 0 99 1 0 0.48
12 MSa 0 98 1 1 0.41
13 MSa 1 96 3 0 0.58
14 MSa 2 97 3 0 0.52
15 MSa 0 98 2 0 0.61
16 CSa 8 92 0 0 0.71
17 CSa 12 87 1 0 0.68
18 CSa 19 81 0 0 0.59

*According to EN ISO 14688-1:2002 and EN ISO 14688-2:2004.

The performed research indicates
that lower permeability coefficients were
obtained in laboratory tests compared
to field tests. The impact of the density
index on the obtained permeability coef-
ficients are important in the tested non-
cohesive soils. Generally, lower per-
meability coefficients were obtained in
soils that were characterized by a higher
density index.

It should be noted that the value of
the permeability coefficient is influenced
by the shape of soil particles and their
mutual arrangement. Irregularly shaped
sand grains hold more water bound in the
micro-cavities compared to more regular

ones which was confirmed in the per-
formed tests. In the cases of the same soil
type and similar density index, the differ-
ences in the values of the permeability
coefficient are significant. For instance, in
the case of fine sand (FSa) from wells 1
and 6, the difference in the values of the
permeability coefficient is two times. The
influence of grain shape and density in-
dex on the value of the permeability coef-
ficient is greatest in fine sands (FSa).
Differences in the values of tested
parameter obtained in field and labora-
tory tests indicate that only field tests re-
flect actual field conditions. The value of
permeability coefficient in non-cohesive
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TABLE 3. Values of permeability coefficient from pumping test and consolidometer test

Well . Permeability coefficient (k) [m-s !
pumping test consolidometer test
1 FSa 2.31-107° 2.19-107
2 FSa 3.70-107 3.41-107
3 FSa 2.08:107 1.99-107
4 FSa 1.25:107 1.34:107
5 FSa 5.76:107 5.65:107
6 FSa 4.67-107 444107
7 FSa 3.78:107 3.65:107
8 FSa 4.39:107 3.98:107
9 FSa 4.79-107 4.65:107
10 FSa 5.60-107 528107
11 MSa 1.68:10°% 1.57-10%
12 MSa 2981074 293107
13 MSa 2.27-10°% 2.12:10%
14 MSa 1.50-10°% 1.45-107
15 MSa 1.31-10% 1.32:10%
16 CSa 3.72:107% 3.68:107
17 CSa 4.12:107* 3.84-10%
18 CSa 4.86:107 478107

soils is largely influenced by the hetero-
geneity of the subsoil and the geological
structure, which is very difficult to reflect
in laboratory tests.

Conclusions

The paper aims to comparison the
permeability coefficient in non-cohesive
soils by the method of pumping test and
based on tests in a consolidometer. The
performed research indicates that lower
permeability coefficients were obtained
in laboratory tests compared to field
tests. The impact of the density index
and the shape of soil grains on the ob-
tained permeability coefficients are sig-
nificant in the tested non-cohesive soils.

For the same soils but with different den-
sity indexes, the permeability coefficient
differs even several times. Studies have
shown that also large differences in the
values of the permeability coefficient
are in the case of the same soils with
a similar density index but with different
grain shapes. Permeability coefficient
tests are often carried out only for large
construction projects, while in smaller
investments the values of permeability
coefficients are calculated with empiri-
cal formulas. Using empirical formulas
to determine permeability coefficients
results in approximate values often sev-
eral times smaller or larger than the real
ones in the field. Field tests are costly,
which is why permeability coefficient
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are often determined based on laboratory
tests or empirical formulas. In labora-
tory tests, the value of permeability pa-
rameter is often affected by the changed
geological structure in relation to field
conditions. Empirical formulas give only
approximate values of the permeability
coefficient, because they do not embrace
real field conditions. In the case of non-
-cohesive soils, it is difficult to reproduce
the appropriate compaction and mutual
arrangement of soil particles, which
can immensely affect test results. Field
tests allow to determine reliable results
since they reflect the real heterogeneity
of the geological structure of the subsoil
and anisotropy of hydraulic permeabil-
ity. This is due to the representation of
a larger soil surface in field studies com-
pared to laboratory tests and occurrence
of natural conditions in the subsoil.

It is hard to carry out the pumping test
in densely built-up areas due to their im-
pact on neighbouring buildings and if the
change of the water table goes beyond the
plot area, the additional water and legal
permits are required. Therefore, laboratory
tests, both the test methodology and ap-
paratus, should be improved to best reflect
the real conditions that occur in the field.
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Summary

Permeability coefficient tests in non-
-cohesive soils. The paper aims to compari-
son the permeability coefficient in non-cohe-
sive soils by the method of test pumping and
based on tests in a consolidometer. The tests
were carried out on 18 types of non-cohesive
soils with different fraction. Pumping tests
were carried out according to the standard
method i.e. by making one well with a diam-
eter of 400 mm and installing two piezom-
eters at different distances from the well. The
water table change was measured in piezom-
eters during water pumping from the well.
Tests in the consolidometer were carried out
on soil samples that were first compacted to
the same density index as in the test site. The
tests were carried out with a continuous in-
flow of water from below with constant gra-
dients of 0.50. The tests presented in the pa-
per allow to verify and compare the values of
the permeability coefficient in non-cohesive
soils determined in the field and laboratory

tests.
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Introduction

The concentration of gases responsi-
ble for the development of global warm-
ing has been steadily rising for decades.
Global energy-related CO, emissions
grew by 1.7% in 2018 to reach a historic
high of 33.1 Gt CO, (IEA, 2019). It turns
out, that it’s biggest contribution can be
accredited to urban areas. Although they
occupy only 3% of the area of our globe,
they are responsible for over 70% of
emissions. According to American esti-
mations, the on-going trend of popula-
tion migration from rural areas to cities
will still transpire in the decades ahead.
While today 55% of the world’s popula-
tion lives in cities, it is estimated that in
2050 it will be 68% (UN DESA, 2018).

In the EU 70% of the population already
are city inhabitants. The progressing ur-
banization and population growth may
cause main metropolises to contribute
to the further increase of greenhouse
gases emissions in the world, if one does
not take any remedial steps. The major
sources of urban emissions at present
are residential houses, office buildings
and other buildings, which generate over
half of all greenhouse gases emitted by
these agglomerations. On the EU scale
the entire municipal-household sector
produces approx. 36% of CO, emis-
sions, and it’s development is connected
to the further increase in demand for en-
ergy (Report COM(2013) 483 final/2).
According to the Ecofys report (Wong,
Jager & van Breevoort, 2016), buildings
in Poland consume as much as 40% of
all energy used in the country, 70% of
which is accounted for heating. Right
at first sight one can recognize, that it is
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this sector where considerable savings
can be sought.

Emissions from buildings are con-
tributing not only to the issue of global
warming. The external air quality is im-
portant for the natural environment and
human health. It is known, that the air
pollution in urban agglomerations, which
generate smog, comes mainly from indi-
vidual heating devices used in the muni-
cipal-household sector. In order to reduce
the emissions, apart from implementing
technologies utilizing renewable energy
sources, the EU promotes and puts into
action energy efficiency and smart build-
ings. The last one is the reaction to the
recent development of the computer
systems: building management system
(BMS) and building and energy manage-
ment system (BEMS).

In 2010 together with the revision
of the Directive 2002/91/EC energy
performance in buildings directive (Di-
rective 2002/91/EC; Directive 2010/31/
/EU), the EU introduced as a goal
“Nearly zero-energy buildings” and re-
quires implementing this standard for a
building in newly erected facilities from
January 2021 onwards in all member
countries. As an important building type
to diminish energy use and greenhouse
gas emissions in the construction indus-
try, NZEB has attracted much attention
since 2006 already (Christian, Richards,
Atchley, Childs & Moon, 2006). An
overview of definitions and energy-ef-
ficient measures of NZEB is presented
in detail in Deng, Wang and Dai (2014).
The low amount of energy that NZEB
require comes mostly from renewable
energy sources. Beginning on 1 January
2021 in Poland a building which is to be
considered nearly zero energy needs to

fulfil the requirements of heat protection
of buildings included in the 2017 techni-
cal conditions (Regulation of the Minis-
ter of Infrastructure and Construction of
12 April 2002). For public buildings, it
means that the value of the non-renew-
able primary energy indicator EP for
heating, preparing hot water, cooling and
integrated lighting or the one ensured by
the auxiliary equipment in these systems
cannot exceed 95 kWh-m 2-year™' for
buildings without a cooling system and
120 kWh-m2-year™! for buildings with a
cooling system.

The above-mentioned EU direc-
tives have recently been changed as part
of the “Clean energy for all Europeans
package”. Also, after this EU amend-
ment in 2018 (Directive (EU) 2018/844),
the planning of buildings in accordance
to the NZEB standard, which integrate
renewable energy sources, becomes
mandatory.

The enumerated EU directives are
a very significant instrument for enforc-
ing actions, that will help in achieving
highly efficient and decarbonised build-
ing resources by 2050.

Due to the above mentioned require-
ments many new and modernized build-
ings are currently being built in Europe in
NZEB standard (Attia, Polyvios, Xeni &
Morlot, 2017; Brambilla, Salvalai, Imper-
adori & Sesana, 2018). One of them is the
Posejdon complex in Szczecin, Poland.

Analysed object

The Posejdon service complex
(Fig. 1) is the largest facility in Poland
with low energy consumption (NZEB). It
is situated in the very centre of Szczecin
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and consolidates the existing building of
the former department store with a com-
pletely new part which together will con-
stitute one functional unit. The existing
building was erected on 28 November
1928 and was opened to the public the
following year as the department store
DeFaKa (Deutches Familien-Kauthaus).
After the war, the preserved part of the
building was restored — but in a differ-
ent shape from the original and in a less
embellished form. Already in 1951 the
building was opened again to the public
as the universal department store and had
been in business until 2009. Since 2015
the owner of the city block, in which
the store had been located, has been the
Szczecin Porto company, which received
a building permit in October 2016 and
the investment is planned to be complet-
ed at the end of 2019.

The complex will include an office
building with an area of nearly 20,000 m?,
a conference centre for approx. 1,000
people and two hotels belonging to the

s <
FIGURE 1. Visualisation — A partial view on the historic facade of the Posejdon building (author: Fe-
deracyjne Biuro Architektoniczne)

Marriott chain — courtyard by Marriott
and Moxy — which together will offer
255 hotel rooms. The compound will
encompass a publicly available patio
on the first floor of the office part where
a vertical wall of green, several meters
high, will be created (Fig. 2). This living
green external wall acts as extra insula-
tion with a layer of air between the plants
and the wall. It also reduces noise levels
by reflecting, refracting as well as ab-
sorbing acoustic energy. Like all plants,
green wall plants remove carbon dioxide
from the air and release oxygen. This air
filtering process of the most significant
greenhouse gases is certainly a remark-
able improvement to air quality. Achiev-
ing BREEAM Excellent status was one
of the primary objectives for this project
and one contributory factor to realising
this was the specification of a green wall
solution.

The Posejdon complex in Szczecin
will self-sufficiently generate most of
the necessary heat and cooling. It will be
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FIGURE 2. Visualisation — the vertical wall of green of the Posejdon patio (author: Federacyjne Biuro

Architektonicze)

equipped with, among others, a modern
HVAC installation based on RES tech-
nology, powered by photovoltaic cells
situated on the roof of the building and
a rainwater system for toilets, and de-
vices characterised by very high energy
efficiency.

Installations in the Posejdon
NZEB

A huge ground heat exchanger was
constructed under the building and there-
fore it will be possible to derive energy
from the ground. The exchanger consists
of 46 vertical boreholes, each 300-meter
deep, situated under a foundation slab in
the area of the underground garage (Figs.
3-4). The installation is filled with 28%
ethylene glycol. It’s design tempera-
tures will amount to 12/8°C in winter
and 26/30°C in summer. The medium
from ground exchangers is directed to
two exchangers — water/glycol (power of

z s“)’.‘ "
FIGURE 3. Drilling for the ground heat exchan-
ger (source: www.posejdoncenter.pl)

e
U

2 x 400 kW) working for the water loop
heat pumps (WLHP) system. In case the
temperature at the outlet from the heat
pump loop reaches its minimal value
(6°C), the system starts operating with
water/glycol exchangers supported by
a reserve heat pump. In the summertime,
the cooling system is to be backed up by
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FIGURE 4. The comparison of the depth of the ground heat exchanger with the highest buildings in
Szczecin and the Palace of Culture and Science in Warsaw (source: www.posejdoncenter.pl)

two evaporator-cooling towers built on
the roof of the building.

Energy extracted from the ground
will be used to heat the facility by means
of high-efficiency local heat pumps
(WLHP) in the office and service areas
and also for the needs of producing do-
mestic hot water for the hotel. On the oth-
er hand, in summer, cooling derived from
the ground will be used for air-condition-
ing of the office and service areas also
thanks to the local heat pumps (WLHP).
For this purpose, the office and service
part of the complex was equipped with
910 inverter heat pumps units (WLHP)
placed under the ceiling, which will be
responsible for maintaining the required
temperatures in the rooms. The energy
efficiency class of the applied units in

ventilation and air-conditioning systems
is A+ both for heating and cooling.

The primary heat source for the sys-
tem of producing domestic hot water will
be the district heating substation with
hot water storage tanks. Additionally,
hot water will be preheated using energy
from ground heat exchangers. It was es-
timated that 50% of the demand for do-
mestic hot water will be generated from
the district heating substation, whereas
the remaining 50% from the RES sys-
tem. Cooling achieved in this way by use
of the heat pump will decrease the water
temperature in the water loop.

Electric energy necessary to supply
auxiliary energy in HVAC installations,
circulation pumps in the RES system and
pumps in the district heating substation,
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DHW electric heaters (intended for the
office part) and internal lighting will be
taken from the PV panel system with a
total power of approx. 102.6 kWp (kWp
is the peak power of a PV system). The
installation will be constructed on the
roof of the building and will consist of
342 photovoltaic monocrystalline mod-
ules. The planned annual production of
electric energy from the PV roof panels
system amounts to approx. 81,880 kWh.

Artificial lighting in rooms where
users are in temporarily (bathrooms,
staircases, an underground car park) will
be controlled by motion sensors. The
application of motion sensors allows to
obtain relevant savings resulting from
rational electric energy consumption.

The building will be equipped with
LED lamps. Due to low energy needs,
they contribute to the decrease of en-
ergy production which directly affects
the reduction of carbon dioxide emission
harmful for the environment.

In the building many solutions to
limit water use have been envisaged.
Treated rainwater (a grey water system)
is supposed to be used for toilet flushing,
watering green roofs and a green wall.
Consequently, a separate installation of
treated water run to bathrooms of the
office part and to water the greenery on
a publicly available patio situated over
the ground floor has been designed.

Heating and cooling of the office-
-service part

In the office-service part mainly
air heating and cooling systems have
been provided. On the roof of the build-
ing and in technical rooms there are air

handling units equipped with a high ef-
ficiency heat recovery system based on
rotary or crossflow heat exchangers. The
units for the office part are additionally
equipped with coolers running on an
ethylene glycol solution. The air han-
dling units supply air, which will be hu-
midified to a humidity of 40%. The air
distribution system will be equipped with
CAV controllers. The ventilation system
has been designed with consideration
for the variable flow rate depending on
the internal air quality and controlled by
the automation and BMS systems. The
ventilation flow rate will be decreased to
a minimum, when users are not present
in the building. The introduced solutions
should substantially reduce the energy
consumption of the ventilation and air-
-conditioning systems.

The heating and cooling of the office
and service area will be carried out by
means of the water—air heat pumps, so-
-called water loop heat pumps (WLHP),
which are also denoted in literature as wa-
ter system heat pump (WSHP) systems
and are the alternative to conventional
air conditioning with heating systems.
In the Posejdon office-service complex
part there are 910 such pumps. The main
feature of the system is generating heat-
ing and cooling energy directly in the lo-
cation where it is used (thus, the system
is decentralised), which has a positive
impact on energy efficiency. However,
the system needs a central heat and cool-
ing source. In the case of Posejdon, the
ground is the main heat source. When
the demand for heat is maximal, glycol/
/water exchangers can be supported by
a reserve heat pump. The cooling source
is also the ground exchanger backed up
by cooling towers (Fig. 5).
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FIGURE 5. The diagram of the heat source: 1 — the ground heat exchanger (48 vertical boreholes with
double-U geothermal probes); 2 — manifold wells; 3 — the pump set (three pumps adapted for operation
in 2 + 1 system); 4 — water/glycol exchangers (with power of 2 x 400 kW); 5 — the reserve heat pump;
6 — two evaporator-cooling towers built on the roof of the building; 7 — the set of circulation pumps
(three pumps adapted for operation in 2 + 1 system); 8 — the two-step district heating substation in
a serial-parallel connection with hot water storage tanks for the hotel part; 9 — the water/water exchan-
ger for preheating tap water; 10 — the water/water heat pump for heating warm water; 11 — the flow heat
exchanger for heating water in load circulation of hot water storage tanks, WSHP 1-6 — 910 local heat
pumps creating six two-pipe loops diagram of the heat source (author: Dorota Leciej-Pirczewska)

Single heat pumps have the certifi-
cate of high energy efficiency class (A+)
with ratings: COP > 4.1, EER > 5.9,
LW hax < 37.5 dB,. They are responsible
for maintaining the required tempera-
ture in the office and commercial-ser-
vice rooms. Each of the 910 heat pumps

will be connected to the installation by
a piping system with a control valve,
a sieve filter and shutoff valves (Fig. 6).
Due to the variable needs for cooling and
heating by the rooms being operated by
the water loop, it is essential to apply
a very accurate flow regulation. Because

FIGURE 6. The heat pump (WLHP) connected to the water installation by the pipe system with the
control valve, the sieve filter and shut off valves (author: Dorota Leciej-Pirczewska)
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of that, modern balancing ABQM valves
with the newest NovoCon® digital drive
of the Danfoss company have been
chosen as control valves.

In order to constitute a coherent and
well-functioning unity with all building
energy systems, the building will operate
the building management system (BMS)
— an advanced system of automatic regu-
lation and control complemented by the
functionalities allowing to manage en-
ergy consumption.

The standard of the HVAC and elec-
tricity systems in Posejdon goes far beyond
currently existing norms. Additionally, ap-
plied technologies allowed to obtain the
prestigious BREEAM ecological certifi-
cate in the latest version New Construction
2016 on the level “Excellent”.

Environmental impact: CO,
emissions savings in analysed
object

In accordance with the previously
mentioned EU directives, reference is
made to the importance of the reduction
of CO, emissions in the generation of
energy associated with buildings. Con-
sequently, the most important objective
of this paper is to characterize the CO,
building emissions and savings in CO,
emissions achieved thanks to the opera-
tion of all technologies installed in the
renovated office-service part of the Posej-
don building.

Methodology of research

The amount of CO, emission gener-
ated by the grid for heating, obtaining
hot water, air conditioning, ventilation

and room lighting is directly affected by
the energy performance of the building.
The emissions are obtained after calcu-
lation of energy use in accordance with
Polish and European regulations using
climatic conditions taken from a Polish
meteorological database for the region
Szczecin-Dabie. The heat consumption
was verified according to the regulation
on the methodology of determining the
energy performance of a building (Regu-
lation of the Minister of Infrastructure
and Construction of 20 December 2016)
valid in Poland. The general calcula-
tions of the energy demand for heat-
ing, cooling and ventilation are based
on methods from CEN standards (EN
ISO 13790:2008). Emission factors for
electricity are taken from the report of
National Centre for Emission Manage-
ment (KOBiZE, 2018). Emission rate for
the district heat, a value in accordance
to the regulation on the methodology
of determining the energy performance
of a building (Regulation of the Minis-
ter of Infrastructure and Construction of
27 February 2015), was assumed, be-
cause of a lack of data from the supplier.
On that basis, CO, emissions were calcu-
lated. The energy consumption necessary
to fulfil the building’s energy demands
were compared for a WLHP system to-
gether with the described below com-
bination of auxiliary heat sources and
aconventional district heating substation,
which was used for the energy supply of
the building before modernisation.

Results

The calculated index of annual de-
mand for final energy for heating and
ventilation of the analysed office-ser-
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vice building before renovation is EKy =
=201.71 kWh'm2-year"!. The improve-
ment of the energy performance due
to the renovation results in a reduction
of approx. 85% of building energy de-
mand referring to final energy for heat-
ing in the modernised building. This
means the value of EKy decreases to
EKj=129.28 kWh-m 2-year . As Figure
7 shows, heating, ventilation, and air-
conditioning (HVAC) consume most of
this energy, followed by lighting. This
building presents little demand for do-
mestic hot water (DHW). Indoor heat-
ing accounts for approx. 36% of the en-
ergy demand, whereas 12% of the total
energy consumption is to meet cooling
requirements.

In the case of electrical energy that is
taken from the grid a reduction of 81,880
kWh-year™! results from the application
of photovoltaic panels, which will cover
approx. 36% of the required electrical
energy that concerns the energy perform-
ance of the building in question (Regula-

Auxillary energy;
16%

Lighting; 30%

Heating and ventilation;
36%

FIGURE 7. Percentages of the consumed final
energy in the analysed office building after reno-
vation

tion of the Minister of Infrastructure and
Construction of 20 December 2016). Ac-
cording to this regulation it applies to in-
door lighting, auxiliary energy, running
devices of the HVAC system and heating
domestic hot water.

It was calculated by (KOBIZE,
2018), that the average CO, emissions
for electricity in Poland are approx. 778 g
CO,'kWh™!. Using this specific CO,-fac-
tor for electricity in the Posejdon build-
ing, savings from the photovoltaic instal-
lation amount to 64.7 t of CO,-year .

Figure 8 shows the improvement of
the thermal characteristic of the build-
ing envelope after the renovations. The
results show that the implementation of
these strategies as well as using renew-
able energy sources and ensuring a high
energy efficiency of the installed sys-
tems, instead of conventional solutions
before building renovation, could re-
duce CO, emissions up to 752.7 t-year!
(Fig. 9), thus minimising the environ-
mental impact. This constitutes a reduc-
tion of CO, emission on the level of
90%.

As aresult, in this modernised build-
ing it was possible to achieve a very low
CO, emission factor related to the usable
area of the building. It is on the level of
approx. 5.35 kg CO,'m 2-year . In both
cases, before and after renovation, there
is no emission directly from the build-
ing, but released indirectly through the
district heating and power plants.

It was calculated in Communication
COM/2011/0112 that in order to reach
the EU’s 2050 target CO, reductions of
80%, a reduction of emission of approx.
90% in the building stock would be suf-
ficient. The presented building meets
these requirements.
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FIGURE 8. Thermal transmittance (U) of the building envelope before and after renovation
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FIGURE 9. Carbon dioxide emission savings in office-service part of the Posejdon building

Conclusions global warming can be significantly
improved by upgrading the building’s

From the example of the modernised envelope, using a more energy efficient
building Posejdon it can be concluded, HVAC system and by generating energy
that the energy performance, CO, emis- from renewable energy sources as well
sion and other gases responsible for as applying occupancy-dependent smart
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controls. In this aspect the Posejdon
building is an example of best practices
in the area of energy efficient renovation
of non-residential buildings for the full
decarbonisation of the European build-
ing stock by 2050. The list of elements
being included in the renovation strat-
egy, as set out in this article, provides an
example that can be used as a guideline
to fulfil this target.
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Summary

The way to limit emission — energy ef-
ficient buildings. The example of the larg-
est facility in Poland in nearly zero-energy
building standard. In Szczecin a mixed-use
complex Posejdon is being constructed. It
will be the first nearly zero-energy building

(NZEB) in Poland that meets the strict eco-
logical standards that all buildings will have
to meet after January 2021. The project was
presented at the COP24 United Nations Cli-
mate Change Conference in Katowice. The
calculated building CO, emission is very
low. Based on the example of the Posejdon
complex’s office-service section before and
after renovation modern technical solutions
for meeting the buildings energy demand and
the resulting reduction of CO, emission have
been presented. The emissions were obtained
after the calculation of energy use in accor-
dance with Polish and European regulations
concerning the energy performance of buil-
dings using climatic conditions taken from
a Polish meteorological database. The de-
scribed renewable energy technologies imp-
lemented in the Posejdon building, serve as a
reference to export management and design
strategies to other NZEB with similar cha-
racteristics in the same region.
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Introduction

Human comfort is affected by both
physical and psychological factors. Hu-
man requires an optimum environmen-
tal condition to work effectively and
efficiently. Bridger (2003) in his book
mentioned several things that cause hu-
man comfort, for instance: temperature,
light emitting, humidity, air circulation,
odor, dust, sound and lighting. The mi-
croclimatic parameters around the MRT
depend on its layout, material, size,
air/wind flow through the surrounding
buildings and quality of the air carried
by a moving train. The British stand-

ard BS EN ISO 7730:2005 defines heat
comfort as conditions and situations of
the human mind that express his/her sat-
isfaction towards the heat level of the
surrounding environment. Heat comfort
describes psychological conditions that
indicate feeling cold or hot. Heat com-
fort is subjective and as the result, it is
difficult to define what “comfortable”
is. According to the standard ASHRAE
55-2004, thermal comfort is the level of
human perception related in expressing
their satisfaction towards the thermal en-
vironment and this perception depends
upon subjective views. Ponni and Baskar
(2015) explained that thermal perform-
ance of a building is a description of the
process of modeling energy transfer be-
tween a building and its environment.
The Health and Safety Executive
noted that the most suitable indicator of
heat comfort is number of individuals
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working in a workspace who are satisfied
with the temperature of the workspace.
Therefore, HSE believe that a minimum
of 80% of workers occupying a building
should find the temperature reasonable
(HSE, 2017). Hoppe (2002) stated three
types of thermal comfort approaches:
thermophysiological, heat balance and
psychological. Researchers have inves-
tigated thermal comfort for trains, both
thermal comfort on the train and at the
station. Jenkins, Gilbey, Hall, Glenis and
Kilsby (2014) investigated the impact of
thermal discomfort due to clime change
in underground railways. Temperature
changes due to urban development will
have an impact on human thermal com-
fort of MRT passengers. As an addition,
Li et al. (2009) used computational fluid
dynamics (CFD) simulations to evaluate
the level of thermal comfort through three
air conditioning installation schemes. This
research mainly investigated the influence
of wind speed, temperature, altitude and
angle from the improvement of air circu-
lation through air conditioners. The strong
majority of the research studies concern-
ing on MRT thermal comfort inside the
MRT train and inside the underground
MRT station. That is no specific research
which discussed thermal comfort in out-
door elevated MRT station more than 20
m above ground level. Assimakopoulos
and Katavoutas (2017) discussed the ther-
mal comfort affected by the occupation of
the railroad platform, namely the depth
of the railroad canal to the train station
surface. Furthermore, they were investi-
gated thermal comfort conditions at the 0
m platforms of the outdoor Athens Metro.
Tropical and subtropical climates will
also make a difference in the character of
thermal comfort.

Geographically, Jakarta has tropical
climate and therefore, the highest aver-
age temperature takes place in October
(36.2°C for north-south and 37.7°C for
the east-west), while the lowest occurs in
November and February (approximately
32.5°C) (Maru, Ahmad, Malaysia & Ma-
laysia, 2014). Rural Chemical Industries
(Aust) Pty Ltd (n.d.) in their article men-
tioned that the highest relative humidity
in Jakarta takes place in February (85%)
and the lowest one is in August (68%).
Another factor contributing to this is that
the fact that Indonesia is situated between
two oceans and two continents. Indone-
sian standard SNI 6390:2011 described
the national guidelines of thermal com-
fort. It explains that temperature comfort
of working space is 25.5°C (x1.5°C) and
relative humidity (RH) is 60% (£5%). For
semi-outdoor space such as lobby, and
open-space MRT station, temperature for
thermal comfort is 28.5°C (£1.5°C) with
relative humidity of 60% (£10%). In
general, human starts to produce sweat
at the temperature of 26°C. Human pro-
ductivity is degrading when the tempera-
ture is higher than 24°C (Lan, Wargocki
& Lian, 2011). Working performance
decreases by 2% when the temperature
increases by 1°C above 25°C (Seppénen,
Fisk & Faulkner, 2005). It is difficult for
human to work at the temperature be-
tween 33.5 and 35.5°C. Human being
cannot perform well at the temperature
of over 36°C (Sugiono, Swara, Wijan-
arko & Sulistyarini, 2017).

Comfort thermal evaluation using
predicted mean vote (PMV) is suitable for
semi-outdoor building, for example el-
evated MRT station. Predicted mean vote
will measure comfort by calculating the
combination between ambient tempera-
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ture and relative humidity. AREN 3050
(2005) used PMV scale translated from the
ASHRAE thermal sensation scale guide-
line. Kurazumi et al. (2012) emphasized
on the use of PMV to analyze climate
change and stress level of urban commu-
nity. Predicted percentage of dissatisfied
(PPD) represents satisfaction level of res-
idents towards thermal comfort. Based on
standard ASHRAE 55-2004, the accept-
able and recommended PPD for thermal
comfort is lower than 10% of dissatisfied
residents (Stanton, Hedge, Brookhuis,
Salas & Hendrick, 2004). Many schol-
ars used PPD to analyze thermal level,
for instance Pourshaghaghy and Omid-
vari (2012) investigating thermal com-
fort in hospital building. Simion, Socaciu
and Unguresan (2016) used PPD/PMV
to analyze thermal comfort in vehicles.
Computational fluid dynamic simulation
was developed to describe airflow pattern
that hit human. Studies involving CFD to
predict thermal comfort were conducted
by several researchers, for example Mo-
chida, Yoshino, Takeda, Kakegawa and
Miyauchi (2005), Stavrakakis, Zervas,
Sarimveis and Markatos (2010), Alajmi,
Baddar and Bourisli (2015).

Research theory

Thermal comfort

Hoppe (2002) mentioned three ap-
proachesofthermal comfort, thermophys-
iological, heat balance, and psychology.
Karyono (2001) defined thermal comfort
as hot or cold sensation as response from
our skin towards the surrounding tem-
perature. Parsons (2014) argued that it is
the thermal state of the human body that
determines the thermal sensation. Stand-

ard BS EN ISO 7730:2005 stated that

condition of mind expresses satisfaction

with the thermal environment (Epstein

& Moran, 2006) and is assessed by sub-

jective evaluation (ASHRAE 55-2004;

Bean, 2012). According to standard ISO

7730:2005 thermal (heat) balance is ob-

tained when the internal heat production

in the body is equal to the loss of heat
to the environment. Boutet (1987) noted
that psychological factor is an aspect to
consider in thermal comfort as each indi-
vidual has different perception on com-

fort (Purnomo & Rizal, 2000).

Heat is the main factor affecting hu-
man activities and performance. To per-
form well, human requires a comfortable
and constant temperature. Lippsmeier
(1997) stated that the suitable tempera-
ture for people living in the equator is
between 19 and 26°C. The classification
is as follows:

— at the temperature of 26°C, human in
general starts to produce sweat;

— Dbetween 26 and 30°C, resistance and
performance start to decline;

— between 33.5 and 35.5°C, human
can barely adapt to the condition of
the environment;

— Dbetween 35 and 36°C, human can no
longer adapt to the condition of the
environment.

Human body produces heat as the re-
sult of metabolism and controls it while
maintaining body heat balance. Increase
or decrease of internal temperature (high-
er or lower than the normal range) will
disturb both mental and physical activi-
ties, and in an extreme temperature dif-
ference, serious physiological or health
issues may take place. Human or animals
increase their temperature so that their
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PMYV in human thermal comfort (Sugiono et al., 2017); B — PPD calculation based on PMV (ASHRAE

55-2004)

immune system can work effectively to
kill bacteria or viruses.

Predicted mean vote refers to index
used to predict an overall thermal sen-
sation that individuals in a large group
experience (Stanton et al., 2004). Model
of PMV shows that thermal sensation
can be described as function of thermal
load in effector mechanism of the human
thermoregulatory system. In normal situ-
ation, the thermoregulatory system will
automatically modify skin temperature
and sweat secretion to maintain body
heat balance. Predicted mean vote de-
termines range of temperature sensation
human experiences towards his or her
surrounding. Predicted mean vote scale
is between —3 (extremely cold) and +3
(extremely hot). Figure la explains six
factors of PMV to define the human ther-
mal comfort. According to the figure, it
can be divided into two categories: mi-
croclimatic parameters (radiant tempera-
ture, air temperature, wind speed, and
relative humidity) and personal factors
(clothing isolation and activity level).
Predicted mean vote equation can be
used when activity (metabolism pace)
and clothing (thermal resistance) are es-
timated, and some parameters of the en-

vironment, such as: temperature, mean
radiant temperature, relative air velocity,
and relative humidity, are measured di-
rectly (Simion et al., 2016).

Predicted mean vote can be estimated
based on Equation 1 combining four mi-
croclimatic parameters and two personal
factors mentioned previously (Stanton et
al., 2004).

PMV=(0.303¢"%9M+0.028) {(M—W) —
—3.05-10[5733 — 6.99 (M — W) — p,] —
— 042[(M — W) — 5815] — 1.7:10°M
(5867 — p,) — 0.0014M(34 — t,) — 3.96-
1078,0(t + 273)* — (MRT + 273)*] —
_fclhc(tcl - ta)} (D

In which:
t, =3.57-0.028(M - W)~
~113.96-107° f,[(1, +273)" -

_(g+273)4]+fcl 'hc '(tcl _ta)}hc =
=2.38(t, —1,)"%

for 2.38 (1, —1,)"% >12.1\Ju,,

h, =12.1Jo,, for2.38(t, —1,)"* <12.1 /o,
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f.y=1.00+1.290 I,
for 1,;< 0.078 m>°Cw!

fy=1.05+0.645 I,
for ;> 0.078 m?-°C'- W!

Predicted percentage of dissatisfied
(PPD) is derivation of PMV predicting
percentage of dissatisfied individuals
from a large group towards the tempera-
ture (thermal comfort) (Stanton et al.,
2004). Once PMV has been obtained,
PPD can be measured based on Equa-
tion 2:

PPD=100-95 -
. e—(0.03353~PMV4 +0.2179 - PMV2) @)
To measure PPD for room with di-
rect sun radiation, we should make some
adjustment towards the equations first.
Equation 3 (Chaiyapinunt, Mangkorn-
saksit & Phueakphongsuriya, 2004) is
the result of the adjustment. Figure 1b
shows the relationship of PMV and PPD
values for human thermal comfort. En-
vironmental conditions that are too hot
(+PMV) and too cold (—PMV) give a
high PPD value (discomfort perception).
According to the graph, the lowest per-
centage of PPD is 5%, it means that even
in neutral condition 5% individuals will
be dissatisfied

PPD = PPDno solar + PPDsolar radiation (3)

Human heat stress

Heat stress can be defined as com-
bination of environmental and non-en-
vironmental factors that cause heat ra-
diation to enter the body or prevent heat
dissipation by the body (Bridger, 1995).
Heat stress can occur when the body ab-

sorbs or produces more heat than that can
be discharged through the thermoregula-
tory process, and illness and death can
occur as a result of rising core tempera-
tures (Stanton et al., 2004). Outdoor con-
ditions can indicate the risk of heat stress
that people who live in hot climates can
experience. Heat stress can occur in
unique situations, such as fire fighting.
Indoor, heat stress occurs in many work-
places, such as iron and steel smelting,
glass making factories, bread making
factories, commercial kitchens, laundry,
and power plants. Individual behavioral
factors, such as wearing protective cloth-
ing can also increase risk of heat stress.
Heat stress varies between individuals
depending on physiological risk factors
that an individual has.

Heat stress may result in several heat
disorders and severe heat disorders may
cause death. According to EU-OSHA
(2012), some examples of heat disorders
induced by heat stress are: heat stroke,
heat exhaustion, heat syncope, heat
cramps, heat rash, and transient heat fa-
tigue among others. Heat stroke has sev-
eral symptoms, namely hot, red, freckled
or bluish dry skin, perspiration, confu-
sion, loss of consciousness, seizure, fast
pulse, and rectal temperature higher than
40°C. The cause of heat stroke is partial
or overall failure of sweat mechanism
and as the result, the body is unable to
get rid of excess heat. Treatments for
heat stroke are contacting medical pro-
fessionals and reducing victim’s tem-
perature immediately. Heat stroke can be
prevented by acclimation, close monitor-
ing on the symptoms of heat stroke, med-
ical screening, and plenty of water. Tran-
sient heat fatigue has several symptoms,
such as decreasing working perform-
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ance, particulary in skilled physical la-
bor, mental labor and type of work where
concentration is required. The causes of
transient heat fatigue are discomfort and
exposure to heat. Transient heat fatigue
can be prevented by acclimation and
training. Thermal comfort on trains oc-
curs in many locations which are divided
into three locations: inside the train, in-
side the station and locations outside to
the station. Based on the initial survey,
the high temperature outside the station
(> 30°C) and setting the temperature in-
side the train at temperatures of 20—22°C
is a problem that must be investigated.
Furthermore, passengers were feel hot
and cold in some location of Jakarta
MRT.

Research methodology

As mentioned before, the main objec-
tive of this paper is to measure the exist-
ing thermal comfort of passengers in the
elevated MRT station and then to give
some recommendations to gain more
comfort. There are seven elevated sta-
tions (outdoor) in the city so far, namely
Lebak Bulus, Fatmawati, Cipete Raya,
Haji Nawi, Blok A, Blok M, and Sisin-
gamangaraja. Based on the review of re-
lated literatures, the approaches used to
evaluate thermal comfort of passsengers
in MRT station were PMV and PPD that
involved six factors, including clothing
isolation, pace of metabolism, relative
wind speed, temperature, relative humid-
ity, and a series of average temperature.

To understand design of the exist-
ing MRT stations from thermal comfort
point of view is a vital aspect in this
study. To achieve the goal, the study

used descriptive approach. Descriptive
study comprises of exploration, clarifi-
cation, and interpretation of phenomena
on thermal comfort. The primary data,
condition of the MRT stations, were ob-
tained from field observation, while data
on the parameters thermal comfort and
a 3D model of the MRT stations were
obtained from direct measurement, ob-
servation and interviews. Observation
was conducted to identify passenger’s
activities, the reference for the pace of
metabolism (contact), and passenger’s
clothes, the reference to determine cloth
insolation score (clo). Airvelometer (Al-
nor AVM440-A) is used to measure ve-
locity, temperature, humidity and calcu-
lates flow and actual/standard velocity.
The secondary data were readily avail-
able data or ones prepared by the MRT
officials. The secondary data were the
dimensions of the elevated MRT stations
and its interior design.

Figure 2a shows the research proce-
dures which are starting from data col-
lection, PMV and PPD calculation and
probing ideas on solutions of the pas-
sengers’ heat stress. The first step was
to collect data on PMV factors from sev-
eral MRT locations. Predicted mean vote
was used to predict PPD using Equation
2. The following steps were to develop
a 3D model of the MRT using the CAD
and test it using the CFD simulation to
describe the real situation from the dis-
tribution of air velocity, temperature and
relative humidity contour. Computation-
al fluid dynamics (CFD) is a computa-
tional method used to identify dimen-
sion, area and volume of fluid media; it
shows calculation for each denominator.
The advantages of CFD software are it
is time and cost-efficient. The CFD can
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terms of thermal comfort; b — Fatmawati station

also be used to measure the parameters
of airflow such as velocity, relative hu-
midity, temperature, and average radiant
temperature. The CFD can reduce de-
sign engineering process. These are the
importance of CFD simulation to under-
standing characteristics of flow of fluid in
studies on heat. This simulation provides
graphic, vector, contours and animated
videos. Validation was conducted by
making comparison between PMV score
from the primary data and one from CFD
simulation. When average PPD is higher
than 10%, changes should be made on
the condition of the MRT station. In this
case, CAD model and CFD simulation
were the key factors to improve heat
comfort of the warehouse workers.

The object of the study was Fatma-
wati MRT station, the highest elevated
MRT station in Jakarta. Other considera-
tions to select the MRT station as the ob-
ject were its building complexity and the
flyovers nearby (Fig. 2b). The length of
Fatmawati MRT station is 175 m, width is
22.3 m, and height reached 34.3 m (from
the surface of the road to the roof of the
station) and 25.6 m (from the surface of
the road to the passenger platform). The
station roof adopted natural ventilation
system allowing air circulation freely.
Measurement of the environment (tem-
perature, air velocity, and relative hu-
midity) was conducted on the ground,
the first and the second floor (platform).
The researchers selected several loca-
tions in which a lot of passengers passed
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by or conduct their activities. There are
four locations for collecting the environ-
mental data: ticket purchase queue, MRT
station entrance, passenger waiting room
and cafe. Data collection was conducted
between 7:00 a.m. to 8:00 p.m. based on
the ASHRAE. The highest temperature
occurred between 11:00 a.m. to 3:00 p.m
on the dry season (June, July and Au-
gust). Passenger’s metabolism was eval-
uated based on how much they sit down
and walk, while clothing isolation data
were obtained based on casual or work-
ing attires the passengers wore.

Results and discussions

Investigation of parameters thermal
comfort in elevated MRT station worked
in three conditions: train arriving, train
departing, train arriving and departing.

Comparison of six factors (relative
wind velocity that hit the passengers,
metabolism rate, relative humidity, mean
radiant temperature, air temperature and
cloth insolation), represented in PMV
score, at four seats in the station (right/
/left of the train) are the basis for identi-
fying and improving the elevated MRT
station design. Figure 3 shows a 3D
model of the highest elevated MRT sta-
tion — Fatmawati station. Unlike the oth-
er stations, this MRT station has an inter-
mediate area located under the concourse
area. For easy access from the road to the
intermediate area, passengers can choose
one among the three staircases, two
escalator, and one elevator. The MRT
officials will add another escalator later.
To get to the concourse area from the
intermediate area, passengers can select
one of the two staircases, two escala-

tors, and one elevator. The best roof for
the three stations it is working on is the
U-650. This roof mounting system does
not require any bolt and therefore, causes
no damage to the roof and reduces the risk
of leakage in the overlap. The advantage
of this system is its seaming technology
on the overlap between the sheets. Wave
height of 100 mm makes the U-650 roof
very effective for buildings with a small
degree of slope, up to 2°. Roofs with
high waves can drain rainwater more
effectively. U-650 roof can be installed
for buildings with very wide spans.
U-650 is a product that has been obtained
FM APPROVED certification under FM
APPROVAL Standard Class 4471 with
a mixture of zinc and aluminum.

First step investigation is to compare
the PMV scale between real condition
and CFD simulation results. The input
parameters of the PMV calculation that
need to be considered in comparison are
microclimate parameters in the form of
ambient temperature, relative humidity
and wind speed. Based on the compari-
son, it can be concluded that a 3D model
is valid with level of error of 0.95%.
Both PMV and PPD were employed to
describe thermal comfort or discomfort
of passenger at Fatmawati MRT station.
The data shows that the highest tempera-
ture was 34.8°C with the relative humid-
ity of 63.28% and the wind velocity of
0.32 m's™!. The analysis was conducted
at the height of 100 cm from the floor
level (passenger chest area when sitting
position) (Piasecki, Fedorczak-Cisak,
Furtak & Biskupski, 2019). Types of
clothing MRT passengers are divided
into two: casual wear (t-shirt, shorts and
sandals) and formal wear (suits/shirts
and shoes). Based on the cloth insola-
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FIGURE 3. Elevated MRT station (Fatmawati station) in a 3D CAD model

tion table ASHRAE 2004:16, insolation
of each condition is 0.3 and 1.1 clo. Fur-
thermore, the metabolism of the MRT
passengers while they are sitting on the
platform is low (1 met) (Stanton et al.,
2004). Predicted mean vote can be meas-
ured using Equation 1, PMV scores of
the four sitting positions were 3.65, 3.60,
3.64 and 3.65 (extremely hot) with the
PPD of 100% (everyone felt discom-
fort). Predicted mean vote of the arrival
of one or two trains does not have signif-
icant influence towards the overall PMV;
change occurred only when the wind hit
the passengers.

Figure 4 shows the impact of wind
speed due to train arrival. When there are
no trains coming or leaving the station,
the wind speed only comes from outside
the station (Fig. 4a). The wind speed
that arises and hits the seated passenger
is around 0.258 m's™! and will produce
PMV equal 3.67. When the MRT train
enters the station at low speed, the train
carries a gust of wind that hits passen-
gers sitting in the platform waiting room
(Fig. 4b). Gusts of wind from the com-
ing train have changed the distribution
of wind speed. The results of the simula-
tion show that the average velocity of the
wind (v) around the seat is 0.271 m's™!
and produces PMV of 3.63, slightly low-

er than without a train. The third condi-
tion (Fig. 4c) is the arrival of trains and
trains leaving the MRT station, which
also changes the contour of the airspace
that hits passengers sitting in the wait-
ing room. From the CFD simulation,
v of 0.271 m's™! and PMV of 3.62 are
produced. Changes in wind speed due to
trains do not significantly reduce PMV
values.

Based on the simulation as described
on Figure 4, arrival and departure of the
train at the elevated MRT station did not
have significant influence towards wind
velocity that hit the passengers. Fur-
thermore, change of wind velocity was
unable to maintain passengers’ thermal
comfort by decreasing PMV and PPD at
extremely hot category. Using the first
and second formulation, sensitivity fac-
tor that develops PMV and PPD, which
can reduce heat stress level rapidly, was
to decrease temperature. To improve
thermal comfort, the relationship be-
tween temperature, PMV and PPD must
be known. This relationship was tested
in the temperature range of 25-36°C, as
shown in Figure 5. From these graphs it
can be explained that at temperatures less
than 27°C will give a negative PMV value
(increasingly felt cold) and vice versa at
temperatures greater than 27°C will give
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arriving and departing at the same time

a positive PMV value (the more heat is
felt). This situation is used as a basis for
determining the target temperature bal-
ance that occurs in the passenger lounge
for elevated MRT stations. Simulations
will be conducted at two temperature
values: at 26°C which produces PMV of
—0.74 with PPD of 16.7% and at 29°C
which produces PMV of 0.71 with PPD
of 15.8%. Standard ASHRAE 55-1992R
which states that the maximum allow-
able PPD value of 10% will be used as

a reference to find the right temperature
value in the passenger’s waiting room.
There are several alternatives to re-
duce the temperature around the wait-
ing room of the elevated MRT station of
which height is higher than 25 m from the
ground surface. The alternatives are to
install air conditioning, add certain types
of plant in the waiting room, and reduce
heat exposure by modifying the material
used for the station roof. Previous stud-
ies (Sugiono et al., 2017) have investi-
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gated the effectiveness of plants (English
Ivy, peace lily, Boston fern and Rhoeo
spathacea) to improve thermal comfort.
Plants are able to maintain slower heart
rate compared to people in a room with-
out any plants. Predicted percentage of
dissatisfied for room without plants was
59.1% and white lily reduced PPD drasti-
cally to 11.1% and Boston fern reduced
the index to 14.3%. In conclusion, plants
can reduce heat stress among human and
work like air conditioning. Heat trans-
fer through conduction, convection, and

radiation from a building mostly takes
place through wall, windows and ceilings
(Humphreys & Fergus Nicol, 2002). Roof
with high solar reflective index (SR/) and
high emission play pivotal role in cooling
down a building and increasing thermal
comfort (Latha, Darshana & Venugopal,
2015). The roof of Jakarta MRT station is
made of zinc—aluminium, has low absorp-
tivity (short wave) and emissivity (long
wave) from sun radiation. Uemoto Sato
and John (2010) explained that lime silica
brick (0.45 absorptivity, 55% brightness)
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and pine wood (0.4 absorptivity, 50%
brightness) are suitable material for roof.
Another alternative to reduce the
temperature is changing the design of
the elevated MRT station from semi-out-
door to indoor station and then, to add
air conditioning (AC). Installation of six
units of AC is adjusted to the velocity
contour plot from the existing model that
hit the train station, so that airflow from
the AC decreases the temperature of the
waiting room more effectively. Figure 6a
shows the installation site for six air
conditioners (2pk) located on the sta-
tion wall. Several experiments with CFD
simulations were carried out to get the
right AC setting temperature, which is
at 23°C for AC) 5345 and 24°C for ACg.

a

Temperature
Velacity RRF
Relallve Humidiy

Temperature
Veloeiy RRF
Relative Humidity

Based on the simulation, AC installation
reduced PMV in a significant manner
to the targeted thermal comfort. Refer-
ring to Figure 6b, the PMV for Seat 1
(T = 26.64°C, RH = 48.16%, v = 0.116
m's™") is —0.03 with PPD of 5%, for
Seat 2 (T = 25.85°C, RH = 44.68%,
v = 0.147 m's™") is —0.04 with PPD
of 8.3%, for Seat 3 (7T = 26.70°C,
RH = 48.42%, v=0.118 m's™) is —0.03
with PPD of 5%), and for Seat 4 (T =
=25.73°C,RH= 44.22%,v=0.18 1 m's™")
is —0.58 with PPD of 12.1%. In con-
clusion, installation of six units of AC
can effectively change the passengers’
perception of a room from discomfort/
extremely hot (PMV = £3.6) to neutral/
comfortable (PMV = =£0.04).
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FIGURE 6. Semi-outdoor elevated MRT station with additional AC installations: a — axonometric over-
view; b — contour plot, result of the CFD simulation
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Conclusions

The paper shows how to employee
thermal comfort knowledge to optimise
the design of elevated MRT stations at
Jakarta. The investigation worked to
find the best set up of air conditioning
which will consume less energy. Ther-
mal comfort method of predicted mean
vote (PMV) and predicted percentage
of dissatisfied (PPD) involved six main
parameters: air temperature, mean ra-
dian temperature, wind velocity, relative
humidity, cloth insolation and metabolic
rate. Based on the analysis, the thermal
comfort of existing station model pro-
duced PMV of 3.6 and PPD of 100% (all
passengers in the waiting room feel dis-
comfort due to heat).

Based on the CFD simulation, va-
riety of PMV parameters for relative
humidity, wind speed, metabolism, and
clothing insolation did not reduce PMV
value significantly as the higher of air
temperature. As consequence, to increase
the human thermal comfort needed to
control (reduce) air temperature by using
air conditioning (AC) in indoor elevated
MRT station. Installing six units of AC
(2pk, 23°C for AC| 3345, 24°C for ACy)
successfully reduced PMV scale into
—0.04 (comfort zone) with PPD less than
10%. Putting some trees/flowers can also
improve air quality and air fresh (more
oxygen) that indirectly maintain thermal
comfort.
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Summary

Impact of elevated outdoor MRT sta-
tion towards passenger thermal comfort:
A case study in Jakarta MRT. Comfort of
the train passengers is the main priority of
modern mass rapid transit (MRT) manage-

ment. Objective of this paper is to investigate
the thermal comfort of the elevated MRT sta-
tion in tropical climate. The first step of this
study was to conduct literature review on
human thermal comfort, environment ergo-
nomics, computational fluid dynamic (CFD),
computational aeroacoustics (CAA), and
predicted mean vote (PMV). Air quality in
elevated MRT station was measured based
on several parameters: relative humidity,
wind speed, temperature, and wind direction.
A 3D model of MRT designed was used to
describe existing condition prior to simula-
tions with CFD and CAA softwares. Predict-
ed mean vote is arranged based on the value
of metabolism, wind speed, ambient tem-
perature, mean radiant temperature, amount
of insulation from clothing, and relative
humidity. Whereas predicted percentage of
dissatisfied (PPD) can be derived from PMV
calculations. The analysis shows that the av-
erage PMV of existing condition for elevated
outdoor MRT station is 3.6 (extremely hot)
with PPD is 100% (all passengers felt dis-
comfort). Some recommendations to reduce
heat stress were addressed such as: adding
plant, changing materials of the MRT station,
and change the design of the elevated MRT
station. Modifying open elevated MRT sta-
tion into indoor elevated MRT station with
installing six units of AC (2pk, £23°C) can
improve air quality and maintain the thermal
comfort scale of PMV to be —0.04 (comfort)
with PPD of < 8%. Based on the analysis, it
can be concluded that the most suitable de-
sign for elevated MRT station in tropical cli-
mate (hot and humid) is indoor MRT station
with pay attention to both direct and indirect
heat exposure that hit the station.
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Introduction

Waste has accompanied humanity
from the beginning of the development
of civilization. Always, at all stages of
development, the manner of waste man-
agement was delayed in relation to the
scale of generated waste and its accumu-
lated amount. The use of thermal meth-
ods for the disposal of municipal waste
began at the end of the 19" century. The
first professional municipal waste incin-
eration plant (named ‘Destructor’ — pat-
ent GB 3 125) was founded in 1874 in
Nottingham (England). It had a capacity
of about 24,000 Mg-year '. The mass
use of thermal methods began in the
1960s and is currently one of the most
important technologies applied in mu-
nicipal waste management in the most
industrialized countries of the world

(Wielgosinski, 2016). In some countries
it is even a dominant technology (e.g. Ja-
pan, Switzerland) with over 70% (Gohl-
ke & Martin, 2007; Lombardi, Carnevale
& Corti, 2015). More and more the so-
-called third world countries also decide
to build incinerators — Brazil, Argentina,
Chile, Egypt, Ethiopia, India, Pakistan,
Malaysia, Vietnam, etc. Currently, there
are over 2,000 waste incineration plants
in the world (operating according to
various technologies), with about 1,200
installations located in Japan, about
200 in the United States and over 250
in China. Currently, in many European
Union countries, in terms of tonnage
waste incineration constitutes about
30-50% of the methods used, however,
in many countries, and especially in Po-
land, such plants raise a lot of fears and
controversies, becoming a field of open
conflict between local government au-
thorities and groups of residents.

At the moment, there are nearly 500
waste incineration plants in Europe,
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in which nearly 72 million Mg of mu-
nicipal waste is thermally transformed
(Table 1; Fraunhofer UMSICHT, 2010;
ISWA, 2012).

Since the beginning of the 1980s,
the construction and operation of waste
incineration plants have encountered
increasing social resistance, mainly due
to the risk of air pollution. Numerous

research works carried out in the 1990s
made it possible to develop effective
emission reduction technologies, while
stringent legal regulations (identical in
the entire EU) introduced at the begin-
ning of the 21% century forced signifi-
cant reduction of pollutant emissions.
These regulations are much stricter than
the requirements for combustion of

TABLE 1. Municipal waste incineration plants in Europe (data according to Eurostat for 2017)

Amount Numbf;r
Amount of . Percentage of of working
municipal waste of municipal incinerated municipal waste
No State generated . Waste waste incineration
incinerated plants
thous. Mg-year ! % pces
1 Austria 5018 1944 38.74 11
2 Belgium 4659 2002 42.97 17
3 | Czech Republic 3643 634 17.40 4
4 Denmark 4503 2380 52.85 26
5 Estonia 514 217 42.22 1
6 Finland 2812 1 646 58.53 9
7 France 34393 12220 35.53 126
8 Spain 21530 2780 12.91 12
9 | The Netherlands 8 787 3901 44 .40 12
10 Ireland 2763 480 17.37 2
11 Lithuania 1286 236 18.35
12 Luxembourg 362 161 44.48 1
13 Germany 52342 16 185 30.92 98
14 Norway 3949 2088 52.87 18
15 Poland 11 969 814 6.80
16 Portugal 5012 988 19.71
17 Slovakia 2058 197 9.57
18 Switzerland 5992 2 846 47.50 30
19 Sweden 4551 2 400 52.74 34
20 Hungary 3 768 358 9.5 1
21 Great Britain 30911 11578 37.46 40
22 Italy 29 583 5634 19.04 39
Total 240 405 71 697 29.82 494
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fuels in power plants, combined heat and
power plants and heating plants (Table 2),
but for many people waste incinera-
tion plants are a synonym of thick black
smoke from chimneys with unpleas-
ant smell, containing a lot of toxic sub-

TABLE 2. Applicable emission standards for waste incineration

stances including heavy metals as well
as dioxins and furans: polychlorinated
dibenzo-p-dioxins and polychlorinated
dibenzofurans — PCDD/Fs (Directive
2010/75/EU; European Commission,
2010).

Currently applicable BAT conclusions
Parameter Unit daily 30-minute -
average A B new existing
(100%) | (97%)
Total suspended particles
TSP 10 30 10 2-5
Sulfur dioxide SO, 50 200 50 5-30 5-40
Nitrogen oxides NO,as 200/400 | 400 | 200 | 50-120 | 50-150
NO,
Carbon monoxide CO 50 100? 150° 10-50 10-50
The sum of organic
compounds as TOC 10 20 10 3-10 3-10
Hydrogen chloride HC1 10 60 10 2-6 2-8
Hydrogen fluoride HF 3 1 4 2 <1 <1
- mgim "y
Ammonia NHj — — — 2-10 2-10
Mercury and its compounds 50° 5-20° 5-20°
as Hg - 1-10° 1-10°
Cadmium and thallium and ¢ ¢
their compounds as Cd + Tl 0.05 0.005-0.02
Antimony, arsenic, lead,
chromium, cobalt, copper,
manganese, nickel and vana- c ac
dium and their compounds 0.5 0.1-0.3
as Sb+As +Pb+ Cr+ Co +
+Cu+Mn+Ni+V
B 0.19 0.01-0.04 | 0.01-0.06"
PCDD/Fs ng [-TEQm ™,
- 0.01-0.06° | 0.01-0.08°
5 0.01-0.06Y | 0.01-0.08"
PCDD/Fs + dI-PCBs ng WHO'm 3, -
0.01-0.08° | 0.01-0.10°

A —100% of the daily average results for the year may not exceed the limit values given in column A;
B — 97% of the daily average results for the year may not exceed the limit values given in column B.

2 for fluidized bed installations, the standard is 100 mg'm > as an hourly average; ® 10-minute average
value; ¢ average value for measurement lasting for from 30 min to 8 h; d average value for measurement
lasting for 6-8 h; © average value for measurement lasting at least 14-30 days.
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Permissible concentrations of pollut-
ants in flue gases from waste incinera-
tion plants in accordance with the cur-
rently applicable regulations (Directive
2010/75/EU; European Commission,
2010; Regulation of the Minister of the
Environment of 1 March 2018) and the
proposed so-called best available tech-
nique (BAT) conclusions that will apply
starting from 2023 are given in Table 2.

In order to meet the emission stand-
ards shown in Table 2, waste incineration
plants are equipped with efficient and ef-
fective flue gas treatment systems. At the
turn of the 20™ and 21! centuries, it was
widely believed that the flue gas treat-
ment system at a waste incineration plant
must consist of an electrostatic precipita-
tor for dust removal, a wet scrubber for
acid gas removal and an SCR catalyst to
reduce nitrogen oxides and decompose
PCDD/Fs (Quina, Bordado & Quinta-
-Rerreira, 2011). This system was often
supplemented with a permanent adsorb-
er with activated coke to remove dioxins
and heavy metals (Wielgosinski, 2016).
Currently, thanks to the progress made
in textile technology, as well as in meth-

ods for removing impurities from waste
gases, a typical exhaust gas treatment
system in the incineration plant consists
of a dry or semi-dry scrubber for acid
gas removal, a fabric filter and a system
for non-catalytic reduction of nitrogen
oxides — SNCR (Gottschalk, Buttmann
& Johansson, 1996; Liu, Wang, Wang &
Zhu, 2015; Jurczyk, Mikus & Dziedzic,
2016a, 2016b). It is often supplemented
with an injection of powdered activated
carbon before entering the fabric filter.
This system allows for equally effective
removal of impurities from waste gases
as previously used systems with an elec-
trostatic precipitator, absorber and cata-
lyst, and is much cheaper (Wielgosinski
& Zarzycki, 2018).

At present, there are eight modern
municipal waste incineration plants in
Poland. In addition to a small incinera-
tion plant launched in 2001 in Warsaw, in
the years 2013-2018 incineration plants
were built in Biatystok, Bydgoszcz,
Konin, Krakow, Poznan, Szczecin and
Rzeszoéw. Table 3 presents a summary
of the most important parameters of the
waste incineration plants in Poland.

TABLE 3. Summary of parameters of Polish waste incineration plants

Annual Number One line Thermal Electrical

Location yield of lines capacity power power

Mg-year! pcs Mgh™! MW, MW,
Krakow 220 000 2 14.1 35 10.7
Poznan 210 000 2 13.5 34 15
Bydgoszcz 180 000 2 11.5 27.7 9.2
Szczecin 150 000 2 10.0 32 9.4
Bialystok 120 000 1 15.5 17.5 6.1
Rzeszow 100 000 1 12.5 16.5 4.6
Konin 94 000 1 12.05 15.5 4.4
Warsaw 40 000 1 5.4 9.1 1.4
Functioning of the flue gas treatment system... 111



The total capacity of Polish waste
incineration plants currently amounts to
approx. 1.1 million Mg per year, which
is about 9.3% of the total amount of mu-
nicipal waste generated in Poland. This
is definitely not enough to complete the
municipal waste management system in
our country. In particular, the problem
today is the need to burn about 2.5-3
million Mg of combustible (oversize)
fraction separated from the municipal
waste stream in mechanical-biological
waste treatment installations, usually
called refuse derived fuel (RDF). Part
of this stream is burned in the existing
municipal waste incineration plants, part
in cement plants, but approx. 2 million
Mg annually cannot be managed. Table 4
presents the amount of waste incinerated
in Polish waste incineration plants.

into primary and secondary. Primary
methods are based on interference in the
technological process of thermal waste
conversion and creating such conditions
that the amount of pollutants generated
is as low as possible. The primary meth-
ods include good incineration process
conditions, proper temperature in the
incineration process and its distribution
in the installation, high flue gas flow rate
(high flow turbulence) in heat recovery
systems, exhaust gas recirculation, or
an appropriate level of oxygenation of
the incineration zone. Secondary meth-
ods are based on the use of physical,
chemical or physicochemical methods.
The following processes are used here:
dust removal (electrostatic precipita-
tor, fabric filter), acid gas removal (wet,
semi-dry and dry methods), removal of

TABLE 4. The amount of waste burned in Polish waste incineration plants in 20162018

Annual Amount of waste burned Amount Offrj ;"]use derived
Location yield 2016 2017 2018 2017 2018
Mg~year’1 %
Krakow 220 000 115 583 219 994 218 351 48.2 44.0
Poznan 210 000 - 210 000 209 972 0 0
Bydgoszez| 180 000 135 873 138 875 154 464 32.0 36.5
Szczecin 150 000 - - 113 537 - 88.8
Biatystok 120 000 105 999 114 703 114 121 53.1 64.8
Rzeszow 100 000 - — - - -
Konin 94 000 93 952 93 454 89 081 40.1 31.0
Warsaw 40 000 52 339 37 147 46 021 17.8 19.6
Total 1 114 000 503 746 814 173 945 547 - -

Flue gas treatment systems

There are many methods for flue gas
treatment. Taking into account the way
they are carried out, they can be divided

nitrogen oxides (SCR, SNCR), removal
of organic impurities and volatile heavy
metals (adsorption on activated carbon)
(Jannelli & Minutillo, 2007; Pozzo, An-
tonioni, Guglielmi, Stramigioli & Coz-
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zani, 2016; Wielgosinski, 2016; Pozzo,
Guglielmi, Antonioni & Tugnoli, 2017;
Wielgosinski & Zarzycki, 2018). The
flue gas treatment systems applied in
European waste incineration plants are
shown in Table 5 (European Commis-
sion, 2010; Fraunhofer UMSICHT, 2010;
ISWA, 2012; Loschau, 2014).

The Warsaw waste incineration
plant is equipped with a three-stage flue
gas treatment system. The first stage is
a non-catalytic reduction of nitrogen ox-
ides (SNCR) with injection of ammonia
vapours into flue gases. The next stage
is dry scrubbing of acid gases with cal-
cium hydroxide powder and dust remov-
al on a bag filter. The last stage includes
a WKV flow adsorber with activated
coke. It is used to reduce emissions of di-
oxins, furans, heavy metals and aromatic
organic compounds (Oleniacz, 2014).
Flue gas flows through a 1.5-meter layer
of granulated activated coke and is then
directed to the chimney. The technology
of incineration and flue gas treatment
was provided by Italian Termomeccani-
ca Ecologia.

In the waste incineration plants in
Konin and Poznan semi-dry flue gas
scrubbing systems are applied. The first
stage of purification is the system for
non-catalytic reduction of nitrogen ox-
ides (SNCR), and then semi-dry scrub-
bing is used to remove acid gases. Dust
is removed from the flue gas on a fabric
filter and before that activated carbon
is introduced into the gas. This ensures
effective dust removal from flue gases,
reduction of emissions of acid gases, or-
ganic substances as well as dioxins and
furans. The technology of incineration
and flue gas treatment was supplied to
the Konin waste incineration plant by

the Austrian company Integral and the
German company Martin. The supplier
of technology for the Poznan plant was
the Swiss company Hitachi Zosen Inova,
while the Belgian company Keppel Seg-
hers was the supplier for the Biatystok
plant. Both installations have a similar
flue gas treatment system as in the Konin
incineration plant.

The Municipal Waste Thermal Con-
version Plant in Krakow uses the same
flue gas treatment system as the above-
-mentioned incineration plants in Konin,
Biatystok and Poznan. The first stage is
selective non-catalytic reduction of ni-
trogen oxides carried out with the help of
25% aqueous urea solution. Acid impuri-
ties are removed by the semi-dry method
with injection of limewater suspension.
Dust is removed from the flue gas also by
means of a fabric filter. As part of the flue
gas treatment system, additional injec-
tion of activated carbon into the flue gas
was used to reduce emissions of dioxins
and volatile heavy metals. The project
was carried out by the Korean POSCO
company, and the boiler technology was
supplied by German Doosan Lentjes.

The semi-dry flue gas scrubbing
system, dust removal on a fabric filter
and non-catalytic reduction of nitrogen
oxides are also used in the incineration
plant in Bydgoszcz. In addition, the ex-
haust gases after the heat recovery stage
are cooled with an aqueous NaOH solu-
tion, which is an additional element of
removing acidic impurities (wet meth-
od). The project was carried out by Ital-
ian companies Astaldi and Termomec-
canica Ecologia.

In contrast to other installations,
the Szczecin waste incineration plant is
equipped with a wet scrubbing system

Functioning of the flue gas treatment system...
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for acid gas removal, as well as a system
for non-catalytic reduction of nitrogen
oxides and an adsorption system for or-
ganic substances, dioxins, furans, heavy
metals and mercury on activated carbon.
This is so far the only installation for
the thermal treatment of waste equipped
with a wet flue gas cleaning system (ab-
sorption in aqueous NaOH). The tech-
nology supplier was RAFAKO together
with the German company Mitsubishi
Hitachi Power Systems Europe.

The recently built incineration plant
in Rzeszow uses non-catalytic reduction
of nitrogen oxides, semi-dry method,
fabric filter and injection of activated
carbon. The technology supplier was the
Italian company Termomeccanica Ecolo-
gia. An interesting fact is the recovery of
heat from flue gases after their purifica-
tion system, which increases the amount
of heat produced.

Table 6 shows the amount of raw
materials consumed in the flue gas clean-
ing process at individual waste treatment
plants.

Efficiency of flue gas treatment
systems

The most important task of flue gas
treatment systems is to remove substanc-
es that after being emitted to the envi-
ronment could have a negative impact
on the environment, as well as people
and animals (Wielgosinski, Namiecinska
& Czerwinska, 2018, Xiao et al., 2018;
Zhang, Yu, Shao & He, 2019). Table 7
presents a summary of emissions from
five Polish waste incineration plants to-
gether with the limit values. None of the
waste incineration plants shown exceeds
the permissible values of the listed pol-
lutants (Table 7). Moreover, since the
beginning of their use, no cases of ex-
ceeding emission standards have been
recorded. Table 8, on the other hand,
presents a list of dioxin emissions from
thermal waste treatment plants.

Based on the results of measurement
presented above, it can be stated that
none of the waste incineration plants ex-
ceeds the limit value for dioxin and furan

TABLE 6. Raw materials used for flue gas treatment (data for 2018)

Raw material consumption index

Amount :

of waste calcium NaOH activated NH,OH urea
Location reagent CaO,| aqueous aqueous aqueous

burned . carbon . .

Ca(OH), solution solution solution
Mg-year ! kg-Mg™! m>Mg ™! kgMg !

Krakow 218 351 0.0151 0.0018 0.3496 - 1.3962
Poznan 209 972 7.5790 - 0.2490 - 1.8249
Bydgoszcz 157 464 10.8296 3.7967 0.2901 3.5451 -
Szczecin 113 537 2.9163 2.3229 0.3122 1.0772 -
Bialystok 114 121 11.6473 - 0.1793 - 1.4590
Rzeszow — — — — — —
Konin 89 081 12.9696 - 0.5336 4.8018 -
Warsaw 46 021 10.4730 - 0.9841 1.4615 -
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TABLE 7. Average pollutant emissions in Polish waste incineration plants in 2018 [mg-m ]

Parameter ;sz,;; ]iitflz ) Szccilzle- Poznan | Konin 5:1?11;
Total suspended particles TSP 2.00 2.15 0.35 4.59 3.29 10
Sulfur dioxide SO, 11.20 | 7.15 5.40 19.90 | 19.28 50
Nitrogen oxides NO, as NO, 145.60 | 74.85 | 132.50 | 176.13 | 155.84 | 200
Carbon monoxide CO 14.70 5.20 29.00 3.31 6.12 50
Total organic compounds as TOC 1.24 0.35 1.20 0.34 0.29 10
Hydrogen chloride HCI 1.20 0.73 0.30 2.51 2.63 10
Hydrogen fluoride HF 0.44 0.00 0.11 0.16 0.02 1
Mercury and its compounds as Hg 0.001 | 0.002 | 0.005 | 0.001 | 0.001 0.05
S:Iir;éiﬁld:‘;‘i té‘zlk“Tnll and their 0.023 | 0.018 | 0.020 | 0.001 | 0.011 | 0.050
Antimony, arsenic, lead, chromium, cobalt,

:ﬁg"tflgiflj:i;‘ﬁ:&::sk;‘Ti:afadl“m 0.080 | 0.007 | 0.070 | 0.094 | 0.134 | 0.5
+Pb+Cr+Co+Cu+Mn+Ni+V

TABLE 8. Dioxin emissions in Polish waste incineration plants in 2018

I\j:l‘g};’s:e?f Measurements PCDD/Fs emissions Average as per-
Incineration plant ments minimum | maximum average cent of limit value
TEQ'm 3, %

Biatystok 9 0.000660 0.000660 0.005682 5.68
Bydgoszcz 9 0.000190 0.021000 0.005054 5.05
Konin 9 0.002320 0.009620 0.004777 4.78

8 0.001000 0.068000 0.015163 15.16
Krakéw

8 0.000900 0.049000 0.011688 11.69

9 0.000180 0.066000 0.015792 15.79
Poznan

9 0.000030 0.053000 0.010722 10.72
Rzeszow 4 0.007000 0.018000 0.010450 10.45

) 4 0.000864 0.006345 0.003076 3.08

Szczecin

4 0.000779 0.007240 0.002834 2.83
Warsaw 7 0.002200 0.082400 0.041000 41.00
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emissions, moreover, these emissions are
usually around 10% of the limit values.

Conclusions

Thermal waste treatment is an im-
portant element of the municipal waste
management system without which it is
not possible to build the system. Waste
incineration plants have been known in
the world for 145 years, and for over 50
years they have been used on a massive
scale, but they still give rise to fears and
controversies. Despite over 2,000 instal-
lations operating successfully around the
world and positive experience in the field
of minimizing environmental impact,
every proposal to build a new installa-
tion raises social protests. An analysis of
eight municipal waste incineration plants
working in Poland shows that their de-
sign and operation parameters do not
differ from similar installations in other
European countries, and the emission of
pollutants does not exceed the permis-
sible values. This is important because
the emission of pollutants into the at-
mospheric air, in particular the emission
of dioxins and furans, is what protesters
fear the most. From the presented data it
is clear that this emission is much small-
er than allowed by strict regulations in
this field. Taking into account that the
emission standards for thermal waste
treatment installations are stricter than
the emission standards for energy and
heating, any initiative in a heat energy
company to replace an old coal boiler
with a waste-burning boiler, e.g. RDF,
should not cause concern, as the new
source will certainly emit less pollutants
(Wielgosinski et al., 2018). On the other

hand, the first three years of operation in
Poland of large modern municipal waste
incineration plants confirm that they are
safe, low-emission installations that do
not cause deterioration of air quality.
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