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Abstract

The present case study considers fuel base substitution in operation of actual district heating system and in other
scenario replacing of district heating system by individual heating system in each apartment building and non-resi-
dential building in selected residential zone Zvolen-Sekier, Slovakia. The impact of each heating system was assessed
with focus on ambient air quality based on air dispersion modelling of NO, and CO pollutans using the AERMOD
dispersion model. To identify the exposure level on residents, the magnitude and duration of exposure to the hazard
were considered according to human health risk assessment method. Results showed that the individual heating
systems released significantly higher NO, and CO concentrations directly in the residential zone compared to district
heating system. The obtained results were highly variable for individual scenarios and averaged periods of pollutants
concentration. Investigated heating systems scenarios showed low (< 1.0) hazard quotient value, however, individual
heating systems would lead to adverse health effects, especially in infants and children population.
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Introduction

The growth of population and gross domestic product is
associated with an increase in energy demand. Ensuring
energy can be realized in the form of heating, cooling,
and electricity. Two basic systems, district heating system
(DHS) and individual heating system (IHS), can be used
to provide heating for residents [25]. The DHS is typi-
cal in most post-socialist countries of Central and East-
ern Europe, including the Slovak Republic, as the main
source of universally accessible energy service and plays
a major role in heating markets of these countries [38,
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55]. District heating is often considered as an environ-
mentally friendly form of heat supply [55]. According to
Guzzini et al. [14], DHS is considered as the best option
since it’s ability to ensure a better control of pollutant
emissions and greater efficiency than IHS.

The advantages of district heating such as high fuel effi-
ciency, lower heat production capacity requirement and
cheaper fuels most often make DHS cost efficient, espe-
cially in densely populated areas where the heat loss are
low [18].

Due to the fact that Slovak republic is a country that
has a large gasification, favourable natural gas prices for
protected customers and available boilers with high effi-
ciency, especially in recent years, there has been a signifi-
cant trend of disconnection of apartment buildings and
various non-residential buildings from DHS and con-
struction of IHS was carried out. Disconnecting from
DHS is primarily motivated by the expectations of resi-
dents for reduction in heat supply costs. Therefore, DHS
is compared with IHS by the cost point of view most often
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[39]. However, it is not only the economic aspects that
need to be taken into account, but also the environmental
aspects of the disconnection of the population from DHS
and the operation of IHS. Heat production is associated
with the production of various pollutants, such as PM,,
PM, s, NOy, SO,, CO and CO, [23]. A larger number of
small heat sources to ensure energy demands also repre-
sents a larger number of stationary point sources emit-
ting pollutants in the atmosphere [27].

So called small sources of emissions (with total rated
thermal input<0.3 MW) not necessarily equate to a
smaller volume of emissions. In fact, emissions from
smaller sources are several times higher than those from
larger sources. The control of air pollutant emissions
from such sources is practically non-existent due to inad-
equate legislative requirements and insufficient resources
allocated to cities and municipalities [2]. Air quality in
terms of the impact on the health of the population can
thus become unsatisfactory not only in industrial but also
in residential zones [27].

According to Baykara et al. [4], emissions from IHS
play an important role in urban air pollution, especially
during winter seasons. Compared to point sources with
higher release rates of pollutants, IHS release rates are
significantly lower, leading to potentially higher human
exposure. Combined with the low vertical agitation
during winter, emissions from the IHS heating sector
are becoming one of the main contributors to local air
pollution.

According to Brani$ et al. [5], despite the spreading
natural gas distribution network in last decades, heat-
ing in most small towns and villages in Central and East
European countries is still based on combustion of wood
and low quality coal. Also kerosene, biomass (wood, ani-
mal dung and crop waste), and waste such as plastics and
tyres are commonly used in poor regions. World Health
Organization [56] stated that over 4.2 million people a
year die prematurely from illness associated with house-
hold air pollution caused by the inefficient use of solid
fuels and kerosene for cooking and heating. This effect is
likely to exacerbate in the near future due to the Euro-
pean Union’s plans to reduce Russian gas imports which
will resulted to the expected shortage and high natural
gas prices. This issue is very widespread and beyond the
scope of this article.

Air dispersion models play a pivotal role in understand-
ing and mitigating local air pollution. Several widely used
models, including AERMOD, ISC3, ADMS, and CAL-
PUFFE, are employed for this purpose. Each model has
unique features and advantages, making them suitable
for different applications. AERMOD (American Meteor-
ology Society-Environmental Protection Agency Regu-
latory Model), developed by the U.S. EPA, is renowned
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for its versatility and accuracy. It considers complex ter-
rain, various meteorological conditions, and different
sources of emissions. AERMOD’s advanced algorithms
and regulatory acceptance make it a preferred choice for
many environmental impact assessments. ISC3 (Indus-
trial Source Complex Mode), also developed by the
U.S. EPA, is a screening model suitable for simple ter-
rain and near-field applications. It provides quick esti-
mates of pollutant concentrations and is often used for
regulatory compliance checks. However, its simplicity
may limit its accuracy in complex environments. ADMS
(Atmospheric Dispersion Modelling System) is widely
used in Europe and is known for its user-friendly inter-
face. It considers a range of sources, emission types, and
complex terrain. ADMS is suitable for local-scale stud-
ies, making it valuable for urban air quality assessments.
The performances of AERMOD and ADMS models have
been tested in several studies involving stack emissions
under various meteorological and topographical condi-
tions [7, 41], Harsham and Bennet, 2008). Furthermore,
the results from AERMOD and ADMS have been tested
against measured results of gaseous emissions in flat and
complex terrain, respectively [17, 40]. According to above
mentioned studies, the dissimilarities between AER-
MOD and ADMS models, especially in their meteoro-
logical preprocessors and dispersion algorithms, lead to
divergent pollutant concentration predictions in certain
scenarios. Due of these variances, it is impossible to con-
clusively ascertain which of these models is better suited
for a specific application.

According to Hanna et al. [16], by comparing AER-
MOD, ADMS and ISC3 (Industrial Source Complex), the
ISC3 model typically overpredicts pollutans concentra-
tions. The ADMS performance is slightly better than the
AERMOD performance and both perform better than
ISC3. On average, ADMS underpredicts by about 20%
and AERMOD underpredicts by about 40%, and both
have a scatter of about a factor of two.

CALPUFF is a Lagrangian puff dispersion model capa-
ble of simulating long-range and short-range transport of
pollutants. It handles complex terrain and meteorologi-
cal conditions, making it suitable for regional and urban-
scale modeling. CALPUFF is often chosen for studies
involving pollutants with long-range transport potential.
According to Tartakovsky et al. [47], AERMOD predic-
tions were in a better agreement with the measurements
than those obtained by CALPUFE. On the other hand,
according to Gulia et al. [15], satisfactory performance of
CALPUFF over AERMOD might be due to its preditcing
capability in calm condition, in which all plume disper-
sion models failed. According to Mateusz [26], CALPUFF
model may be used for regulatory purposes on a local
scale only in justified cases, since AERMOD is currently
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more preferable model by the U.S. EPA. AERMOD is rec-
ommended model when estimating the air quality impact
of emissions from the receptor of concern is approxi-
mately less than 50 km from the source [35]. The CAL-
PUFF model, unlike AERMOD, has the capabilities of
handling both mesoscale and long range dispersion cal-
culations; hence it is recommended for dispersion calcu-
lations from about 50—1000 km [48] and [1].

The HYSPLIT (Hybrid Single Particle Lagrangian Inte-
grated Trajectory) model is a hybrid non-steady-state
puff/particle plume dispersion model, meaning it simul-
taneously combines both puff and particle approaches
to modeling an emission plume. The original purpose of
this model was to function as a swiftly deployable online
regional model for dispersing pollutants. It aimed to offer
short-term air quality simulations, ranging from 1 h to a
few days, primarily for emergency services. The model’s
key feature is its ability to calculate trajectories, enabling
the identification of local or remote sources of observed
air contaminants. The HYSPLIT model is most effective
within a geographic domain spanning approximately
10-50 km [10].

By comparing with other models, AERMOD’s accuracy,
flexibility in handling diverse sources and terrain, and
regulatory acceptance make it an ideal choice for mod-
eling local air pollution. Its robust capabilities empower
researchers to conduct detailed and reliable assessments,
ultimately aiding in effective pollution management and
policy formulation. For correlating long-term exposures
at deployed locations to future health outcomes, AER-
MOD would be the model of choice due to its very long
timescale and simple output.

The aim of this paper is to evaluate the impact of hypo-
thetical massive disconnection of households and com-
mercial sector from DHS in the selected residential zone
Zvolen-Sekier on ambient air quality based on modelling
of dispersion of pollutants using the U.S. EPA preferred
AERMOD dispersion model. The case study consid-
ers replacing DHS with small sources of air pollution in
each apartment building and non-residential building in
this residential zone. Also, an alternative fuel substitution
of biomass and lignite by natural gas at DHS plant was
considered.

Material and methods

Description of the study area

The present study focuses on the residential zone Zvolen-
Sekier situated in the city territory of Zvolen in central
Slovakia. The total area of the Zvolen city is 98.73 km?
With approximately 43,000 inhabitants, and it is the
twelfth most populated municipality in the Slovak repub-
lic. Currently, the density of the population is 426.33/km?
[45].
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The study area is located in the southern region of the
Zvolenskd Kotlina basin. The river Hron and the river
Slatina formed river terraces and the city of Zvolen has
developed since mediaeval ages on one of the terraces.
The Zvolenskéa Kotlina basin is one of the basins of the
Western Carpathians that have strongly rugged terrain.
The altitude ranges from 290 m above sea level (masl) to
851 masl. The climate in the studied area is continental,
with a maximum of 27 °C in July (summer). In winter,
maximum temperatures are around O °C, with an aver-
age minimum of -3 °C. Average annual precipitation is
685 mm [42].

The model domain consists of a square area centred
in residential zone Zvolen-Sekier (at X=364,042.40; and
Y =5,380,590.58) with the domain boundaries summa-
rized in Table 1.

Determined study domain includes an area which
extends beyond the residential zone itself, but it is an
area in its immediate vicinity which has been chosen
to better understand the distribution of pollutants. It is
necessary to mention that the closest distance between
existing DHS plant and residential zone Zvolen-Sekier is
only approximately 700 m. Therefore, there is a reason-
able concern about the assessment of the impact of this
source of emissions on the health of the population.

The model domain was discretized at 441 receptors
using a uniform Cartesian grid in AERMOD. Receptors’
heights were considered at ground level.

Dispersion modelling
The air dispersion modelling approach was based on the
American Meteorological Society (AMS) and U.S. Envi-
ronmental Protection Agency (U.S. EPA) Regulatory
Model (AERMOD). Due to its extensive development,
the AERMOD is currently the most recommended dis-
persion model in the U.S. EPA. Specifically, AERMOD
View software (v.10.0.1, Lakes Environmental, Water-
loo, ON, Canada) was used to perform air dispersion
calculations.

The AERMOD is considered a state-of-art modelling
system based on planetary boundary layer (PBL) turbu-
lence structure and scaling concepts, including treatment

Table 1 Domain boundaries and parameters

Domain axis Length [m] Spacing [m] Boundary points
UTM 34N [m]

X Axis 4003.60 200.18 360,546.28 (X in)
369,346.91 (X0

Y Axis 4014.00 200.70 537781353 (Vi)
5,383,284.05 (Y,,,)
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of both surface and elevated sources, and both simple
and complex terrain. The model set up requires three
main steps: meteorological and land cover data process-
ing by AERMOD meteorological pre-processor (AER-
MET); elevation data processing by AERMOD terrain
pre-processor (AERMAP); and AERMOD Gaussian
plume model that performs the dispersion calculations
[37]. AERMET uses PBL, which serves as a replacement
to the Pasquill-Gifford stability classes previously used
by plume dispersion models. AERMOD calculates the
effects of vertical variation of wind, turbulence profiles
and temperature [12].

The 1-h, 8-h (only for CO pollutant) 24-h, and average
concentration values were calculated for a study domain
in complex terrain. For simplicity, we considered the
complete conversion of NOy to NO, as the worst case
situation.
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Meteorological and terrain data

Weather conditions, especially wind speed, wind direc-
tion and ambient temperature affect air dispersion of pol-
lutants in Zvolenskd Kotlina basin. Moreover, as can be
seen in Fig. 1, study area is significantly affected by local
orography which causes low wind velocity and frequent
calm winds and inversion situations in winter season
[43]. Topographic map of study area in Fig. 1 was pre-
pared by a digital elevation dataset obtained during the
Shuttle Radar Topography Mission (SRTM3) with resolu-
tion of 90 m [9]. Digital elevation data were preprocessed
by AERMAP (U.S. [49].

Hourly meteorological data from 2013 to 2021, as an
input for AERMOD were used. Meteorological data
were obtained from the Automated Surface Observing
System (ASOS) situated at Slia¢ airport (5,388,981.31N,
362,816.25E; 313 masl) which is located approximately
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Fig. 1 Elevation contours based on SRTM digital elevation dataset in Zvolen and surroundings
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9 km northern from investigated residential zone Zvolen-
Sekier. According to U.S. EPA’s memorandum, the ASOS
meteorological data are suitable for application in AER-
MOD model (Fox, 2013). The raw meteorological data
were arranged into the SAMSON format (.SAM). Upper
air data were purchased from the AERMOD service hub
as AERMET-Ready Weather Research and Forecasting
(WRE) met data. Subsequently, surface meteorological
data were processed into the FSL format (.FSL) by mete-
orological data preprocessor AERMET (AERMET View
v.10.0.1, Lakes Environmental, Waterloo, ON, Canada).
The output from AERMET were surface data file (.SFC)
and profile data file (PFL) required by AERMOD model.
Output data were checked by a quality assessment pro-
cess for missing data, or data outside the range of accept-
able values. For this purpose, default surface variable
ranges in AERMET were used (U.S. [50]. Surface rough-
ness, albedo and Bowen ratio were selected for urban
land use type and annual average season conditions.
Complete available meteorological data were care-
fully chosen for main heating season months that we

TOTAL COUNT.

56216 hrs.

AVG. WIND SPEED:

2.06m/s

WIND SPEED
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3 >=11.10
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[ 210-360
[ os0-2.10

Caims: 21.16%
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considered from 1 September to 31 December and from
1 January to 30 April of each year. According to wind
rose (Fig. 2), prevailing wind direction in study area is
the northern wind. The average wind speed during heat-
ing season is 1.96 m/s and average percentage of calm
situations is approximately 20%. This meteorological
conditions relates to the Zvolenska Kotlina basin inverse
position.

Evaluated heating systems scenarios
Existing district heating system (scenario 1)
Production and heat supply is the primary activity of
investigated DHS located in Zvolen-Sekier area. Power
plant with parameters shown in Table 2 focus mainly on
central heating and domestic hot water (DHW) prepa-
ration for communal sector, and industrial activities as
well. Part of the produced superheated steam (540 +5 °C)
is used to produce electricity in a back-pressure turbine
with 25 MW, generator and voltage of 6.3 kV.

DHS as the source of air pollution consists of two
boiler units, which are venting into a common stack with

TOTAL COUNT.

37851 hrs.

AVG. WIND SPEED:

1.96m/s

WIND SPEED

(mis)

[ >=11.10

Bl sc0-11.10
Bl s570-s80
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[ os0-2.10

Caims: 19.60%

Fig. 2 Windrose diagram for data period from 1 January 2013 to 31 December 2021 (left) and windrose diagram for heating season months
(right). Compiled using WRPIlot View (v.10.0.1, Lakes Environmental, Waterloo, ON, Canada).

Tab 2 Technical parameters of existing DHS

Boiler units Total rated thermal Steam output Efficiency Fuel type Commissioning
input

- [MW] [t/h] (%] - -

Boiler B1 39.50" 55.00 83.00 woodchips, lignite 1990

Boiler B2 39.50 55.00 83.00 woodchips, lignite 1991

"Thermal input of boiler was reduced from 126 MW after power plant modernisation in 2020

2Thermal input of boiler was reduced from 75 MW after power plant modernisation in 2020
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a height of 183.00 m. Primary deNOy methods and elec-
trostatic precipitators are used to reduce pollutants in
flue gas. Boiler B2 serves as a cold backup for boiler B1.
Both boiler units are constructed as single-drum steam
granulation boilers with membrane walls and natural cir-
culation. The boilers are designed for primary combus-
tion of lignite (low-sulphur content with a calorific value
from 13.00 to 20.00 MJ/kg is used), including co-combus-
tion of woodchips (calorific value from 8.50 to 12.00 MJ/
kg), and natural gas as fuel stabilizer.

Table 3 shows input data for AERMOD dispersion
model in Scenario 1. Data were obtained from the Con-
tinuous Emission Monitoring System (CEMS) which
is a mandatory part of the operation to monitor the
flue gas streams resulting from combustion in such
industrial process. Data from CEMS represent period
from 2013 to 2021 during main heating season months
(September—April).

Technology and fuel base substitution at district heating
system (scenario 2)

Scenario 2 represents the potential reconstruction of
DHS and complete fuel base substitution for power plant.
The using of biomass and lignite in existing boiler Bl

Table 3 Input data for AERMOD dispersion model in scenario 1

Parameter Unit Value
Stack (release) height [m] 183.00
Stack hydraulic diameter m] 4.85
Level of O, in flue gas' [vol-%] 1313
Flue gas temperature' rq 160.39
Flue gas volume flow (standard conditions) " INm?/s] 36.18
Flue gas volume flow (operational conditions) ? [m?/s] 59.85
Flue gas velocity [m/s] 1.96
NO emission rate? lo/s] 2857
CO emission rate> lg/s] 3.03
SO, emission rate ¥ lg/s] 4087
PM emission rate? [g/s] 2.18

' Data reported by CEMS. Standard conditions refer to 0 °C (273.15 K) and
101,325 Pa

2 Real operational conditions were recalculated by the Combined Gas Law
Formula

3 Emission rate of pollutants expressed at real operational conditions
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was replaced by 100% natural gas combustion in two hot
water boilers (HWB) with parameters shown in Table 4.
Up-to-date HWB with an economiser are considered as
an appropriate solution in increasing the efficiency of
existing power plants which is one of the priorities in line
with the EU’s commitments to reduce greenhouse gas
emissions and achieve several other environmental goals
[13].

In Scenario 2, the flue gas with parameters shown in
Table 5 was considered. Flue gas emissions in the ambi-
ent air were modelled through separate stack from each
HWB.

Individual heating systems (scenario 3)
Design of IHS depends on the specific situation, espe-
cially on the energy parameters of the building, the
economic aspect, the location in which the building is
situated and many other factors which cannot be gen-
eralized. For the purpose of this study, we considered
gas-fired condensing boilers as substitution of DHS in
all local apartment buildings, retirement home, school
buildings and other commercial objects (non-residential
buildings) in residential zone Zvolen-Sekier.

Gas-fired condensing boilers are suitable for individual
houses, as well as, for entire apartment buildings and
non-residential buildings. Usually, individual house with

Table 5 Input data for AERMOD dispersion model in scenario 2

Parameter Unit Value
Stack (release) height [m] 2x31.90
Stack hydraulic diameter [m] 2x0.80
Level of O, in flue gas [vol-%] 2.10-3.00
Flue gas temperature [ 97.00
Flue gas volume flow (standard conditions) INm?/s] 330

Flue gas volume flow (operational conditions) [m?/s] 447

Flue gas velocity [m/s] 8.90

NO, emission rate' lg/s] 040

CO emission rate’ [g/s] 0.07

! Emission rate of NOy was calculated at the level of guaranteed emission 90 mg/
Nm? and expressed at real operational conditions

2 Emission rate of CO was calculated at the level of guaranteed emission 15 mg/
Nm? and expressed at real operational conditions

Table 4 Technical parameters of HWB as alternative technology and fuel base in scenario 2

Boiler units Total rated thermal Steam output Efficiency Fuel type Fuel consumption
input

- [MW] [t/h] [%] - [m?/h]

HWB1 10.34 18.95 96.00 natural gas 1034.00

HWB2 10.34 18.95 96.00 natural gas 1034.00
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floor area about 100 m* requires only one boiler unit. On
the other hand, for apartment buildings and non-residen-
tial buildings two or more boiler units connected in cas-
cade are appropriate. In this way, the installed capacity of
gas condensing boilers can be effectively increased, and
individual boilers can also be switched on and off accord-
ing to current requirements. Thus, one of the most signif-
icant advantages of cascade connection is the variability
of boiler room.

Table 6 shows the basic parameters of the most com-
mon gas-fired condensing boilers used in residential
and non-residential buildings on the basis of informa-
tion obtained from the manufacturers of these devices
and companies dealing with their installation in Slovakia,
respectively.

According to Slovak Innovation and Energy Agency
[44], typical heat demands in Slovakia for average
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apartment with 70 m? floor area require approximately
4.50 kW for heating and 2.00 kW for DHW preparation,
respectively. In total, 6.50 kW of heat supply is needed
for average apartment with 70 m? of heated floor area.)
The number of apartments in buildings varies, because
several architectural types of apartment buildings were
built in Slovakia, especially during the 1960s and 1980s.
Apartment buildings type A (Fig. 3) and type B (Fig. 4)
occurred in investigated residential zone. Moreover, it
is a common phenomenon to connect buildings Type A
into larger blocks with three entrances [29].

The following parameters of the average apartment
building in investigated residential zone shown in Table 7
were considered.

To obtain the required thermal power of the apartment
building the parameters of boiler units shown in Table 6.
Cascade connection and adequate thermal power and

Table 6 Parameters of gas-fired condensing boilers considered as reference devices

Type of gas-fired condensing boiler Thermal power Fuel consumption Stack diameter Flue gas
temperature
[kw] [m3/h] [mm] [°cl
BUDERUS Logamax plus GB162 100 10.50 200-250 76
BUDERUS Logano plus GB312 240 24.40 200-250 75
VIESSMANN Vitodens 200-W 150 15.00 200-250 74
VAILLANT ecoTEC plus VU 80-120 kW 120 12.10 200-300 85
WOLF MGK2 130 13.10 250-300 65
170 16.80 65
210 21.00 65
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Fig. 3 Architectural section drawings of apartment building type A: front view (left) and cross-section in side view (right)
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Fig. 4 Architectural section drawings of apartment building type B: front view (left), side view (centre) and cross-section in side view (right)

Table 7 Types of apartment buildings in study area and heat
demand specification

Parameter Unit TypeA Type B
Building height [m] 22.80 22.80 25.67
Number of entrances - 2 3 1
Number of floors - 8 8 8
Number of apartments at each floor - 3 3 3

Total number of apartments in building 48 72 24

Heating demand for a building dur- [kw] 312 468 156
ing heating season

corresponding natural gas consumption were calculated.
Natural gas consumption was the key factor for the sub-
sequent calculation of pollutants emission rate based
on emission factors for natural gas combustion shown
in Table 8. An average fuel consumption for 156 kW,
312 kW and 468 kW boiler room was 15.76 m>/h,
31.20 m3/h and 47.27 m®/h, respectively.

Based on the emission and fuel consumptions Inven-
tory for medium and large stationary sources in Slo-
vak republic, the average thermal power of boiler room
in school buildings (n=249) is approximately 564 kW,
which corresponds to 56.97 m3/h of natural gas (SPIRIT,
2023). To meet the aim of the study, the same thermal

Table 8 Emission factors for natural gas combustion

Boiler Unit Type Thermal Power PM SO, NOy CO

(MW]
>030+<1.00

[kg/10% m? of natural gas]

Gas-fired Condensing 0.00 0.00 53840 146.10
Boilers With Low-emis-

sion Burner

Note: emission factors refer to natural gas combustion from the public
distribution network in Slovakia

power and fuel consumption was considered for other
non-residential buildings.

Emission factors in Table 8 were compiled on the basis
of current measurements of gas-fired condensing boilers
for regulatory purposes. The flue gas parameters consid-
ered in Scenario 3 are shown in Table 9.

More detailed AERMOD s input data on each individ-
ual heating system considered in this study are available
in Additional file 1.

Human health risk assessment

The aim of Human Health Risk Assessment (HHRA)
is to identify the population exposed to the hazard, the
magnitude and duration of exposure to the hazard. Our
study assumed the inhalation route as the major route
of exposure to the investigated NO, and CO pollutants.
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Table 9 Input data for AERMOD dispersion model in scenario 3

Parameter Unit Type A Type B Non-
residential
buildings

Number of entrances - 2 3 1 -

Stack (release) height") [m] 2430 2430 27.17 2

Stack hydraulic diameter [m] 0.25 0.30 0.20 0.30

Flue gas temperature [l 72 72 72 72

Flue gas volume flow (wet) [(m3/h] 380.32 576.20 192.11 694.44

Flue gas volume flow (dry) [m3/h] 318.95 483.22 161.11 582.38

Flue gas velocity [m/s] 1.80 1.90 142 2.29

NOy emission rate [g/s] 4.67E-03 7.07E-03 2.36E-03 8.52E-03

CO emission rate [g/s] 1.27E-03 1.92E-03 6.40E-04 2.31E-03

' Release height for apartment buildings was calculated in the accordance with Slovak Republic Act on Clean Air 137/2010 as amended as building height shown in

Table 7 plus 1.50 m

2 Release height for non-residential buildings was set individually for each building in range from 6.50 to 20.50 m

The HHRA is a predictive estimating of the exposure
risk to a known pollutant. The HHRA framework uses
existing exposure data to measure the health effects of
human exposure to chemical of interest [30, 34]. Human
exposure was explained in terms of the average daily
dose (ADD) and was computed according to EPA’s cur-
rent methodology (U.S. [52], described by the following
Eq. (1):
Cuirx InhRx ET x EF x ED

ADD =
BWxAT M

where ADD is the average daily dose of the pollutant (ug/
kg/day); Cair is the concentration of pollutant in ambient
air determined by dispersion modelling (ug/m?); InhR is
the inhalation rate (m3/h); ET is the exposure time (h/
day); EF is the exposure frequency (days/year); ED is the
exposure duration (years); BW is the body weight of the
exposed group (kg); AT is the averaging time (days). AT
was calculated by the following Eq. (2):

AT = EDx365 2)

The ADD was calculated among different age groups,
namely children (6-12 years) and general population of
adults (19-75 years). The values of the parameters used
to compute ADD are shown in Table 10.

The EF value of 241 days per year was used to calculate
exposure of a person (child and adults) with the assump-
tion that the entire population in the residential zone is
exposed to NO, and CO pollutants during heating season
from 1 September to 30 April. The ET value was assessed
for whole day exposure to these pollutants.

The non-cancer risks of NO, and CO for the study
population were estimated using the hazard quotient
(HQ). According to Muller et al. [32], the HQ measures
the presence or absence of adverse health effects due to

Table 10 Values of parameters used in equations of the ADD

Parameter  Unit Exposed group References
Child Adult (19-
(6-12 years) 75 years)

InhR [m*/dayl 16.6 214 (US.[51]

EF [days/year] 241 241 -

ED [years] 12 30 -

AT [days] 4,380 10,950 -

BW [kg] 453 718 (US.[51]

exposure to a pollutant. It is defined by dividing the ADD
from each exposure route by a definite reference dose
(RfD) according to following Eq. (3):

_ADD
= 2D

where RfD is the maximum daily exposure limit allow-
able for humans.

According to World Health Organization [56], 24-h
guideline mean value of 25 pg/m?® was set to protect the
public from the health effects of NO,. Maximum CO
daily 8-h mean within a calendar year is 10 mg/m? (Euro-
pean Parliament, Council of the European Union, 2008).
The air quality standard of Japan sets a limit of 10 ppm
(11.4 mg/m®) to the average daily CO concentration [28].
Thus, we considered value of 11.4 mg/m? for the calcula-
tion of HQ.

An HQ of 1.0 is the benchmark of safety. An HQ that
is< 1.0 indicates an insignificant or negligible risk, and
pollutant is not likely to induce adverse health effects,
even to a sensitive individual. An HQ > 1.0 indicates that

HQ (3)
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there may be some levels of risks to sensitive individuals
as a result of exposure (U.S. [53].

Results and discussion

Model validation

The AERMOD model is one of the most commonly stud-
ied and validated dispersion models in the world. Studies
in this field have typically demonstrated good correlation
with real observations. To validate the model’s accuracy
we followed the recommendations of the EPA’s “Guide-
line on Air Quality Models” [54]. The accuracy of the
model is normally determined by an evaluation proce-
dure which involves the comparison of model concen-
tration estimates with measured air quality data. The
statement of model accuracy is based on statistical tests
or performance measures, although a detailed analysis of
these recommendations is beyond the scope of this paper.

Total amount of emissions comparison

Firstly, we focused on comparison of total amount of CO
and NOy pollutants produced by each heating scenario.
The total amount of these pollutants was calculated for
5736 operating hours during heating season. As can be
seen from Table 11, Scenario 1 produced much higher
NOy and CO pollutants than other two investigated
scenarios. From these results it is clear that Scenario 3
reached approximately 53% of CO concentration values
and even 82% of NOy concentration values determined
in Scenario 2.

Results in Table 11 showed that substitution of current
heating system would importantly reduce yearly aver-
age amount of NOy and CO. Although, it is necessary
to note, that such a comparison is not entirely correct.
Firstly, DHS in Scenario 1 also supplies heat to commer-
cial sector in this locality, in particular to the neighbour-
ing wood processing company. Therefore, the heat output
of DHS significantly exceeds the heat demand required in
Scenario 3. Installing of HWB would decrease total rated
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thermal input of the power plant, thus emissions of NOy
and CO will decrease as well. On the other hand, DHS
also produces 843.95 t/year of sulfur dioxide (SO,) and
45.02 t/year of particulate matter (PM) emissions due to
biomass and lignite combustion, which were not taken
into account in this study.

Ileri and Moshiri [22], studied fuel and heating system
options in terms of energy consumption, pollutant emis-
sions and economy in four Turkish cities. The authors
compared several individual, central and district fuel
and heating systems. Compared with present study, a
seven floors apartment with fourteen apartments with
100 m? of heating area for each apartment was taken
into account. From an environmental point of view, the
authors considered carbon dioxide (CO,) and SO, emis-
sions. They concluded that lignite using systems as fuel
source are the worst concerning environmental aspects.
Replacing lignite with natural gas as an energy source
would reduce CO, emissions to 6.18 t/year and SO, emis-
sions would not be emitted at all. According to Landri-
gan et al. [24], natural gas combustion generates less CO,
per unit of energy than combustion of coal and produces
only negligible quantities of sulfur dioxide, mercury, and
particulate matter (PM). Therefore, we did not consider
SO, and PM emissions to compare investigated scenarios
in our study.

Dispersion modelling results

Table 12 shows the descriptive statistics for estimated
shortbterm (i.e., 1-h, 8-h, 24-h) and heating season
average concentration values of NOy expressed as NO,
and CO pollutants from 441 receptors located at study
domain.

The spatial distribution of NO, and CO concentration
values in the study domain are shown in Fig. 5 and Fig. 6
on the basis of AERMOD dispersion model results.

The normal distribution of the data was evaluated uti-
lizing the Shapiro—Wilk Test. The p-values obtained

Table 11 Comparison of total amount of produced pollutants by each heating scenario

Scenario Building type Emission rate Number of modelled Amount of pollutant
combustion units
NOy co NO co
- - [t/h] [t/h] - [t/year] [t/year]
Scenario 1 - 1.03E-01 1.09E-02 1 589.96 62.57
Scenario 2 - 1.44E-03 2.52E-04 2 16.52 2.89
Scenario 3 Type A-3E 2.55E-05 6.91E-06 19 277 0.75
Type A-2E 1.68E-05 457E-06 38 3.66 1.00
Type B 8.50E-06 2.30E-06 25 122 033
NRB 3.07E-05 8.32E-06 6 1.06 0.29

3E=building Type A with 3 entrances; 3E=building Type A with 2 entrances; NRB =non-residential building
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Scenario  Pollutant

1-h/8-h Averaging period® [ug/m?]

24-h Averaging period [pg/m®]

Heating season average [ug/m°]

Peak value Mean+SD Median Peakvalue Mean+SD Median Peakvalue Mean+SD Median

1 NO, 296.63 1865+3062 13.54 23.82 3.08+295 248 249 030+029 023

co 592 0.79+0.72 0.65 253 0.33+031 0.26 0.26 0.03+0.03 0.02
2 NO, 81.24 8.15+11.51 4.72 14.06 125+139 078 0.81 0.11+0.12  0.06

co 6.09 046+0.58 0.29 246 022+024 014 0.14 0.02+0.02 001
3 NO, 46.58 7.77+7.34 584 8.02 1.16+1.01 0.98 1.20 0.17+019 011

co 461 0.67+0.63 0.53 218 032+028 027 033 0.05+0.05 0.03
?1-h averaging period for NO, concentrations; 8-h averaging period for CO concentrations

24-h AVERAGING PERIOD
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Fig. 5 Distribution of estimated 1-h, 24-h and heating season average NO, concentration values from investigated scenarios within study domain

from the Shapiro—Wilk Test were calculated for each
investigated scenario and averaging period, revealing
a significance level of p <0.001. Consequently, it can be

concluded that the data does not follow a normal distri-
bution. Hence, a non-parametric Kruskal—Wallis test was
conducted to investigate the difference among particular
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SCENARIO 3

362500
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heating scenarios of modelled concentrations of pollut-
ants. Post hoc analysis were based on Tukey’s Honest
Significant Difference test. All statistical analyses were
carried out using JASP computer software version 0.17.0
(University of Amsterdam, Amsterdam, the Netherlands).

Table 13 shows Kruskal-Wallis Test and Post Hoc
Tukey Test results for all investigated heating scenarios
and averaging periods.

The distribution of the NO, and CO pollution plume
in Scenario 1 follows the prevailing wind from north
to south and peak concentrations for all investigated
averaging periods were found at mountainous terrain
(5,378,784.28N, 364,442.76E; 523.30 masl), approximately
2.03 km from the centre of the residential zone Zvolen-
Sekier. Therefore, release height of the stack from current
power plant provides appropriate dispersion of pollut-
ants, despite numerous inverse situations in this locality

24-h AVERAGING PERIOD

UTM 34N East (m]

363000 363500 384000 364500 365000 365500 366000
UTM 34N East [m]

UTM 34N East [m]

Page 12 of 17

HEATING SEASON AVERAGE
ug/m®

i

362500 363000 363500 364000 364500 365000 365500 368,000
UTM 34N East [m)

Hg/m® ug/me®

€
§
H
H
s
g
5

0
362500 363000 363500 364,000 364,500 365000 365500 366,000 0

UTM 34N East (]

vg/m* = ng/m®

362500 363000 IS0 364000 364500 35000 385500 366,000
UTM 34N East (]

Fig. 6 Distribution of estimated 8-h, 24-h and heating season average CO concentration values from investigated scenarios within study domain

and approximately 20% of calm wind situations during
a year. This is in agreement with Holnicki and Nahor-
ski [21], who concluded that the high stacks of plants in
the district central heating system affect mainly the very
distant receptors often situated outside the domain. The
peak values of NO, and CO concentrations in present
study referred to conditions of low wind speed (<2 m/s),
limited surface friction velocity, low temperature and
atmospheric pressure, Monin—Obukhov length values
typical of prevailing stable atmospheric conditions, and
limited height of the mixed layer. Such conditions clarify
the accumulation of pollutants in mountainous terrain.
In Scenario 2, the point of the peak concentration val-
ues was found in closer distance to the residential zone,
nevertheless still outside its urban area at the distance
of approximately 1.86 km (5,380,389.88N, 365,443.66E;
372.70 masl). In total, 8-h peak CO concentration in
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Table 13 Kruskal-Wallis test and Post Hoc Tukey test results
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Pollutant Averaging period Statistic df Kruskal-Wallis Post hoc comparisons (Tukey Test) p value
Test
p value S1vsS2 S1vsS3 S2vsS3
co 8-h 238.95 2 <0.001 <0.001 0016 <0.001
24-h 132.60 2 <0.001 <0.001 0.823 <0.001
Heating season average 212.11 2 <0.001 <0.001 <0.001 <0.001
NO, 1-h 469.87 2 <0.001 <0.001 <0.001 0.955
24-h 497.88 2 <0.001 <0.001 <0.001 0.759
Heating Season Average 327.11 2 <0.001 <0.001 <0.001 <0.001
The heating scenarios are marked with an abbreviation “S”in the table
Scenario 2 reached higher value than in Scenario 1, how-  5,378,583.58N (Y,;,) and 5,382,597.58N (Y,,,). Ground-

ever, in general, determined CO concentrations at urban
area receptors were lower. The Kruskal-Wallis Test fol-
lowed by Tukey’s Post Hoc Test showed that there was
statistically significant difference (p<0.001) in deter-
mined CO concentrations for each averaging period
between Scenario 1 and Scenario 2. On the other hand,
by comparing Scenario 1 and Scenario 3 we found no
statistically significant difference (p=0.823) among 24-h
averaging period CO concentration values. Interestingly,
8-h averaging period CO concentrations were statistically
significantly (» <0.01) higher in Scenario 1 than Scenario
3, and on contrary heating season average CO concentra-
tions were statistically significantly (p<0.001) lower. By
comparing Scenario 2 and Scenario 3 we found statisti-
cally significant difference (p<0.001) in all investigated
averaging periods of CO concentrations, and higher val-
ues were reached by Scenario 3.

Scenario 1 reached significantly (» <0.001) higher NO,
concentration values compared to Scenario 2, as well as,
Scenario 3 in all modelled averaging periods. Among
1-h and 24-h NO, concentration values in Scenario 2
and Scenario 3 were not found statistically significant
(p=0.955 and p=0.759, respectively) differences. On the
other hand, heating season average NO, concentration
values were statistically significantly (p <0.001) higher in
Scenario 3 compering to Scenario 2.

It is also important to highlight the fact that peak val-
ues of NO, and CO concentrations in Scenario 3 were
located directly in the residential zone (363,041.50N;
5,380,189.18E, 345.70 masl) which is in agreement with
Holnicki and Nahorski [21], who stated that small point
sources of individual heating systems are mainly active in
suburban districts.

Therefore, we conducted the statistical comparison of
modelled data solely at residential zone domain which
was approximately equal to its urban area with follow-
ing boundaries expressed in meters as UTM 34N (X;Y)
coordinates: 362,040.60E (X 366,044.20E (X

min)’ max)’

level CO and NO,, concentration values at urban residen-
tial zone are compared in Fig. 7.

Figure 7 shows raincloud plots comparing each heating
scenario of NO, modelled concentrations in urban area
of residential zone. Some differences can be noticed: in
general, we found a decrease in mean NO, ground-level
concentration for Scenario 2 and Scenario 3, however,
more variable ranges of pollutants concentrations with
markedly higher peak values compared to Scenario 1.
Contrary to the data presented in Table 12, short-term
1-h and 24-h peak NO, concentrations in Scenario 2
and Scenario 3 were 53.05 and 46.58 pg/m?, respectively.
Thus, which were much higher values compared to Sce-
nario 1 (12.25 and 2.13 pg/m?). In contrast, mean 1-h and
24-h NO, concentration values in Scenario 2 were 8.93
and 1.23 pg/m?, respectively. Results show that fuel base
substation in Scenario 2 would reduce average concen-
trations of NO, and CO up to 0.09 pg/m?>.

Interestingly, only in heating season average period, the
assumption that the highest ground-level NO, concen-
tration will be produced in Scenario 3 has already been
fulfilled. Specific values for this averaging period and
investigated scenarios were 2.28, 1.22 and 2.13 pg/m?,
respectively.

As can be seen in Fig. 7, in all investigated averaging
periods we determined higher ranges, as well as, peak
values of CO concentrations in Scenario 3 within urban
residential zone. The differences of mean values among
Scenario 3 compared to Scenario 1 and Scenario 2 were
significant (p <0.001). However, it is important to high-
light the fact that all modelled 8-h CO concentration val-
ues were far below the WHO air quality guideline limit
value set at 10 mg/m?®. No limit value is set for 24-h and
average CO concentrations. Thus, in the evaluation of
CO averaging periods we focused primarily on the peak
values to which members of the public can be exposed.
Calculated 8-h CO peak value (4.61 pg/m?) in Scenario 3
within residential zone was identical with data showed in
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Fig. 7 Raincloud plots comparing each heating scenario of CO and NO, ground-level concentrations (ug/m.%) at urban residential zone: A CO 8-h
concentrations; B CO 24-h concentrations; C CO heating season average concentrations; D NO, 1-h concentrations; E NO, 24-h concentrations;
F NO, heating season average concentrations. Plot created in JASP computer software version 0.17.0 (University of Amsterdam, Amsterdam,

the Netherlands)

Table 12 (AERMOD dispersion modelling results within
study domain). On the other hand, the flue gas parame-
ters and release conditions investigated in Scenario 1 and
Scenario 2 caused that 8-h CO peak values within urban
residential zone decreased compared with whole study
domain approximately 69% and 60%, respectively. The
decrease at the level of peak 24-h and average concentra-
tion values within urban residential zone were approxi-
mately 84% and 60% both in Scenario 2 and Scenario 3.

By comparing mean value of all computed receptors at
urban residential zone for 8-h averaging period in inves-
tigated Scenario 1, Scenario 2 and Scenario 3 we found
0.66, 0.50 and 1.19 pg/ms, respectively. Therefore, dis-
connection of apartment buildings and non-residential
buildings from DHS leads to an increase in CO ground
concentration.

Presence of several individual heating systems with
small amount of emission release huge amount of pol-
lutans concentrations located close to high-rise. A simi-
lar pattern of results was obtained in study conducted by
Aristodemou et al. [3], who concluded that presence of
tall buildings leads to pollution remaining locally within
the residential area. In investigated residential zone Zvo-
len-Sekier, tall buildings predominate over low ground
floor buildings.

Several guidelines on air quality models state that the
modelling domain must be large enough so that the AER-
MOD receptor network will be both sufficiently detailed
and extensive enough so as to fully represent the imme-
diate surrounding terrain and the entire domain being
modeled. It is also important to highlight the fact that the
domain size states that the digital elevation model array
and domain boundary of a model must include all ter-
rain features that exceed a 10% elevation slope from any
given receptor (U.S. [49]. The 10% slope rule may lead to
excessively large domains in areas with considerable ter-
rain features which is the case of present study. In addi-
tion, according to Pantusheva et al. [36], close to 20% of
reviewed papers aimed on air dispersion modelling did
not follow the established recommendations in terms of
computational domain size. The domain size in present
study was carefully chosen and properly described for
eventual reproduction of the study. From the results, it
is clear that domain size and receptors location must be
chosen with respect to the conditions of the evaluated
area and the same approach must be taken to evaluate
the results of pollutant concentrations.

Human health risk of NO, and CO pollutants
The ADD and HQ was used for the estimation of non-
carcinogenic risks to human health that derive from NO,
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and CO from investigated scenarios of heating systems in
residential zone Zvolen-Sekier. The HQ was calculated by
Eq. (3) based on the AERMOD results of 24-h averaging
period NO, and CO concentrations. The ADD and HQ
were calculated for each heating scenario at 48 receptors
located directly in the residential zone. Table 14 shows
computed mean values of ADD and HQ for exposed
group of adults and children.

The results for all HQ values deriving from exposure to
NO, and CO via the inhalation pathway were less than
1.0 for each heating scenario, which indicates the exist-
ence of a low hazard. Scenario 3 can be considered as
the least appropriate option of heating supply for inves-
tigated residential zone due to slightly higher values of
HQ compared with other two scenarios both for NO,
and CO pollutants. The ADD and HQ values in relation
to children were higher than those for general population
of adults, but still relatively low in overall. Nevertheless,
several studies have established that exposure to espe-
cially low concentrations of NO, may increase the risks
of asthma, respiratory diseases, pneumonia or decreased
lung function especially in children [6, 20, 31, 33]. There-
fore, any contribution to increasing NO, concentrations
is not desirable. According to Morakinyo et al. [30],
infants and children, are more likely to be affected rather
than adults by the exposure to pollutants via inhalation.
Moreover, Zhang et al. [57] concluded that an increase of
NO, concentrations in 10 pg/m?® leads to an increase of
1.3% in hospital admissions associated with pulmonary
diseases and 2.6% in mortality.

Conclusion

The aim of the present study was to evaluate the effects
of different heating systems scenarios not from an eco-
nomic point of view, but from the perspective of the
impact on air quality and human health, as this aspect is
often neglected. The findings of this study improve our
knowledge about the atmospheric pollution that would

Table 14 ADD and HQ values for NO, and CO at investigated
urban residential zone

Scenario Pollutant Child (6-12 years) Adult (19-75 years)

ADD HQ ADD HQ
[ug/kg/day] - [ug/kg/day] -

1 NO, 055 002 045 002
co 006 500E-06 005 4.00E-06

2 NO, 030 001 024 9.66E-03
co 005 500E-06 004 4.00E-06

3 NO, 052 0.02 042 0.02
co 0.14 123E-05 0.11 1.00E-05
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be generated by massive disconnection of residential
zone from district heating system.

When considering the entire study domain, it can gen-
erally be stated for all averaged periods that the current
heating supply in residential zone provided by district
heating system is the most unfavorable variant for the
maximum calculated values of NO, and CO concentra-
tions. On the other hand, by the spatial analysis of pollut-
ants distribution, the most affected receptors were found
outside the urban residential zone. Results of air disper-
sion modelling via AERMOD showed that the height
of the stack from current district heating system plant
provides appropriate dispersion of pollutants, despite
numerous inverse and calm wind situations in Zvolenska
Kotlina basin, which is considered to be the basin with
the most frequent occurrence of inverse situations in Slo-
vakia. Under these circumstances, it can be concluded
that the air dispersion modelling was carried out under
the worst-case conditions and this study can serve as a
model for similar situations in other locations. In addi-
tion, our results demonstrated that air dispersion reports
can be affected by uncertainty if the computational
domain is chosen incorrectly.

Substitution of the fuel base in district heating system
would not cause a significant change in terms of the spa-
tial distribution of NO, and CO concentrations, how-
ever, we guess the quantity of these pollutatns would be
reduced. The disconnection of heat consumers from the
district heating system would lead to redistribution of
pollutants to the area of the own residential zone with
the presence of hygienically protected buildings such
as schools or medical facilities. At the same time, there
would be an increase in peak NO, and CO concentra-
tions compared to the current state.

Moreover, all investigated Scenarios showed low haz-
ard quotient value according to human health risk assess-
ment, however, individual heating system is considered
more risky, especially in infants and children popula-
tion. Therefore, the individual heating systems contribute
additional source of pollution in residential zone increas-
ing several health diseases and adverse environmental
condition compared to district heating systems, which
also have added value such as heat supply for industry
and production of electricity from steam.

Many complex factors interact in the process of trans-
port of pollutans in the atmosphere, and this study has
some limitations. During the transport of air pollutants,
the building downwash effect is such a factor, however, a
detailed understanding of the mechanism underlying its
influence at the scale of whole residential zone is lacking
due to simplification of the model based on the average
apartment building. In future, more comprehensive study
is needed, to analyze this limitation.
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