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Abstract The external health damage costs of the combined
cycle natural gas-fired power plant of Qom were investigated
via the simplified impact pathway approach. Emitted particulate matter (PM10) and gaseous pollutants (NOx, CO, and SO2)
from the power plant stack were measured The health effects
and related costs were estimated by QUERI model from
AirPacts according to the emissions, source and stack parameters, pollutant depletion velocities, exposure-response functions, local and regional population density, and detailed meteorological data. The results showed that the main health
effect was assigned to the nitrate as restricted activity days
(RAD) with 25,240 days/year. For all pollutants, the maximum health damage costs were related to the long-term mortality (49 %), restricted activity days (27 %), and chronic
bronchitis (21 %). The annual health damage costs were approximately 4.76 million US$, with the cost being 0.096 US
per kWh of generating electricity. Although the health damage
costs of gas-fired power plant were lower than those of other
heavy fuels, it seems essential to consider the health and environmental damages and focus on the emission control strategies, particularly in site selection for the new power plants
and expanding the current ones.
Responsible editor: Philippe Garrigues
* Kazem Naddafi
forhealthstudent@yahoo.com

1

Department of Environmental Health Engineering, School of Public
Health, Tehran University of Medical Sciences, Tehran, Iran

2

Center for Air Pollution Research (CAPR), Institute for
Environmental Research (IER), Tehran University of Medical
Sciences, Tehran, Iran

3

Institute for Environmental research, Center for Solid Waste
Research, Tehran, Iran

Keywords Power plant . Natural gas . Health damage costs .
QUERI model

Introduction
Electricity is a key factor in social development. Given the
rapid growth of economy, population and technology, electricity consumption is increasingly on the rise whether in developed countries or in developing countries. Power plants are
industries that produce electricity (Jeong et al. 2008; Kumar
and Goyal 2014). However, energy production can affect the
environment and health. Its most important effect on human
health can occur through air pollution (i.e., long or short-term
exposure to particulate matter (PM), nitrogen oxides (NOx),
sulfur dioxide (SO2), etc.) such as mortality and morbidity
increasing and reducing life expectancy (Hainoun et al. 2010).
Thermal power plants are one of the main artificial sources
of producing toxic gases and particulate matter. Apart from
technological improvements, the efficiency of thermal power
plants is still low; occurring in the range of 50 % to 70 %, and
thus, the fuel energy is often wasted as heat (Athar et al. 2013).
Numerous studies worldwide have proven the health and environmental risks and adverse effects related to air pollutants
emitted by thermal power generation plants (Garg et al. 2001;
Gillani et al. 1998; Islas et al. 2002; Smith et al. 2000). Air
pollutants emitted by power plants can affect local air quality
and global environmental impacts, including the increase of
greenhouse effects (Jeong et al. 2008).
Fossil fuel power plants cause the emission of pollutants
such as NOx, SOx, CO2, CO, PM, organic gases, and polycyclic aromatic hydrocarbons. The use of natural gas in power
plants can reduce such emissions. However, natural gas fuel
significantly causes CO2 and NOx emissions (Jaramillo et al.
2007; Shao et al. 1995) as well as methane emissions, PM,
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SOx, CO, formaldehyde, ammonia (NH3), and non-methane
hydrocarbons (NMHCs) (Lee et al. 2013; Spath and Mann
2000).
NOx and SO2 are gaseous pollutants that aggravate asthma
and respiratory complications (Amster et al. 2014). Studies
have shown that exposure to NOx is associated with increased
frequency of respiratory complications (van Strien et al. 2004;
Zhao et al. 2008), increased susceptibility to respiratory infections (Brauer et al. 2002; Chen et al. 2007), increased respiratory symptoms leading to hospitalization (Barnett et al. 2005;
Iskandar et al. 2011; Tramuto et al. 2011) and increased mortality rates (Heinrich et al. 2012; Moolgavkar et al. 2013). NOx
also involves in the creation of urban smog (Tang and Mudd
2015). Previous studies have indicated that exposure to SO2 is
associated with the overall increased mortality rate caused by
respiratory problems (Chen et al. 2012), exacerbation of
existing respiratory disease (Chen et al. 2007), increased risk
of asthma (Clark et al. 2010) and increased prevalence of
respiratory symptoms such as wheezing and dyspnea (Chen
et al. 2007), and is one of the most important factors in the
occurrence of acid rain (Tang and Mudd 2015).
PM is a complex mixture of particles or droplets that
may include chemicals, acids, organic materials, metals,
soil or dust (Anderson et al. 2012). Previous epidemiological studies indicate that air pollution caused by PM
leads to about 3 million premature deaths per year
(Lelieveld et al. 2015). Particles with an aerodynamic
diameter less than 10 μm (PM10) are among the major
air pollutants that have a detrimental effect on human
health (Kassomenos et al. 2013). PM can cause cardiovascular, cerebrovascular, respiratory diseases and oxidative stress in humans (Anderson et al. 2012; Canova
et al. 2014). Several studies have been done on the effects of PM on human health, including short-term and
long-term effects of PM10 on lung function, acute respiratory symptoms, asthma and COPD (chronic obstructive
pulmonary disease) exacerbation, endothelial function,
hospital admission, sperm quality, blood pressure, infant
mortality, premature birth, birth weight, pro inflammatory
mediators, coagulation blood markers, etc. (Brunekreef
and Holgate 2002; Rückerl et al. 2011).
Atmospheric exposure to carbon monoxide (CO) also adversely affects the health. CO through binding to hemoglobin
reduces oxygen availability and causes disturbances in function of organs such as heart and brain (which are sensitive to
oxygen) (Kampa and Castanas 2008), including myocardial
infarction (Bernstein et al. 2004). In long-term exposures, CO
can cause disorders such as slow reflexes, confusion (Kampa
and Castanas 2008), sleep disturbances, emotional distress,
chronic fatigue, parenthesis, vertigo, memory deficits, polycythemia, difficulty working, neuropathy, recurrent infections,
abdominal pain and diarrhea (Weaver 2009). Studies have
shown that for every increase of 1 ppm of CO, heart failure
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hospitalizations or mortality rate are increased by 3.25 %
(Shah et al. 2013).
Carbon dioxide (CO2) does not directly affect human
health in emission concentrations and after mixing in the open
air, and is not considered a classical air pollutant (Jacobson
2008). However, it is seriously considered a greenhouse gas
(GHG) leading to climate change and global warming
(Montzka et al. 2011; Shakun et al. 2012; Solomon et al.
2009; Tang and Mudd 2015).
Environmental and health impacts of electricity generation are of particular concern due to high interaction of
this energy sector with the environment. One of the
widely used methods to assess the health and environmental effects of the energy sector and estimate the damage costs on the society is the impact pathway approach
(IPA) that has been developed based on ExternE project
(supported by the European Commission). The method
was first introduced in 1997 to estimate the environmental costs such as air pollution, noise pollution and climate
changes (Hainoun et al. 2010). The efficiency of this
approach allowed its use in the power plants of some
different parts of the world such as Mexico (Macías
and Islas 2010), Cuba (Casas-Ledon et al. 2014; Turtós
Carbonell et al. 2007), Indonesia (Liun et al. 2007),
Turkey (Büke and Köne 2011), and Syria (Hainoun
et al. 2010).
Iran is one of the few countries in the world that benefits from abundant initial energy resources including oil
and gas. Thus, most of the country’s power plants are
based on fossil fuels such as gas, diesel, and heavy oil.
Gas has the largest share; heavy oil and diesel are, respectively, used more in power plants. The natural gas used in
Iran’s thermal power plants has a calorific value about
55 MJ kg−1 with low sulfur level (Nazari et al. 2010).
According to the statistics provided by Iran Grid
Management Company, the gas-fired power plants have
the highest share in electricity production (over 35 %).
The combined cycle power plants, the steam power plants
and hydroelectric power plants are in the next rankings
(IGMC 2014). Natural gas is also considered one of the
most important sources of energy in the world in domestic, commercial and industrial sectors (Jaramillo et al.
2007). Considering the high proportion of gas power
plants in electricity production in Iran, and lack of research on health damage cost in Iran’s gas power plants,
this study aims at investigating the health effects and related damage costs caused by the emissions of NOx, CO,
SO2, and PM10 of one of the natural gas combined-cycle
power plants by the impact pathway approach (IPA). In
this research QUERI version (the most detailed one) from
AirPacts model developed by International Atomic
Energy Agency (IAEA) has been used for estimating the
health effect and damage cost.
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Experimental methods

the flow rate of exhaust gas and the amount of electricity
produced.

Study area and case description
Health effects and costs assessment
The combined-cycle power plant of Qom is located at 15 km
southwest of the city of Qom and almost in the center of Qom
province. The area of Qom province is 11,526.262 square
meters with a population of 1,151,672, according to the last
national census (2011) and is located in an arid and semi-arid
area. According to data from the weather station located in the
plant, the annual average temperature (September 2013 to
2014) in the area was about 19 °C, and the prevailing wind
is blowing from the West.
The plant altitude is 1049 m above sea level and is located
at 34° 34′ 42 N and 50° 45′ 17 E. The plant has a production
capacity of 714 MW, including four gas (128.5 MW) units and
two combined cycle (100 MW) units, and its main fuel is
natural gas.

Sampling and emission factor calculation
The plant has four gas generators for producing electricity and
four chimneys with a diameter of 6 m and height of 55 m.
Sampling and measuring the particulate and gaseous emissions of the plant have been done during different seasons.
The ISOSTACK BASIC made by TCR-TECORA Company
(Italy) was used for sampling the output particles of the plant
stacks. The samplings were performed under isokinetic conditions during 20 min and at least two repeats. To establish
isokinetic conditions, the velocity of the exhaust flue gas was
measured, and according to the sampler nozzle diameter, the
flow rate was selected which is required for achieving the
sampling velocity equaling the flue gas velocity.
The measurement of gaseous pollutants (NOx, CO, and
SO2) of the stacks as well as the temperature and pressure of
stacks was done by using the direct reading Testo-350-XL
device.
The gaseous pollutants (NOx, CO, and SO2) were measured as volumetric concentration (ppm) with online stack
analyzer. Therefore emission factors were calculated according to the molar weight of each gas, pressure, temperature,
flow rate of exhaust gas, and the amount of electricity produced by the power plant. The diagram of emission rate calculation method is shown in Fig. 1. Since PM10 was measured
as μg/m3, the emission rate of that was calculated according to

Stack exhaust pollution
measurement as volume
concentration
(ppm)

Converting concentration
in ppm to µg /m3
according to temperature
and pressure of the
exhaust gas

Fig. 1 Computation stages for pollutant emission factors

The impact pathways approach (IPA) is used to estimate the
health effects and external costs attributed to air pollution
emitted from the power plant. This method has been proposed
in the ExternE project supported by the Europe Union (Bickel
and Friedrich 2005; Hainoun et al. 2010). The IPA has been
introduced in some sources as the impact pathway methodology (IPM) and damage function approach (DFA) (Büke and
Köne 2011; Casas-Ledon et al. 2014; Markandya et al. 2002).
The methodology of evaluation steps of this approach can be
categorized briefly as follows (Fig. 2):
1. Determining and estimating data on the pollution source
and its characteristics, including pollutants emission rate
and depletion velocity, stack height and diameter, flow
gas temperature and velocity, and source location
parameters.
2. Estimating the distribution of pollutants emitted by power
plants in the surrounding areas using the Gaussian distribution models at local distances (less than 50 km). In
further distances and regional levels, the Eulerian or
Lagrangian models such as wind rose trajectory model
are used.
3. Estimating the health effects caused by exposure to the
primary pollutants (including NOx, SOx, CO, and PM10)
and secondary pollutants (including nitrate and sulfate
aerosols) emitted by the power plant using exposureresponse functions (ERF).
4. Calculating the external costs associated with estimated
health effects

Description of AirPacts model
In the present study a simplified solution was used to estimate
the environmental impacts of energy production as SimPacts
model developed by the IAEA (International Atomic Energy
Agency). This model has been developed for use in developing countries based on EcoSense method used in the ExternE
project (Hainoun et al. 2010; Krewitt et al. 1995; Spadaro
2002b). In the SimPacts model, the assessment of health

Calculating pollutant mass
flow rate according to the
exhaust flow rate (gr/sec)

Converting to the emission
rate considering the power
produced by power plant
(g/kwh)
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Fig. 2 The main steps of an impact pathway analysis

effects of air pollutants are known as AirPacts and divided into
different versions depending on the available data, including
SUWM, RUWM, and QUERI models (Spadaro 2002a). The
SUWM (Simple Uniform World Model) model is the simplest
one, which requires the minimum input data for the calculation of health effects. The RUWM model (Robust Uniform
World Model) and QUERI (QUick Estimation of Respiratory
health Impacts) model have been designed to calculate the
effects more accurately and include detailed information from
the pollutant source, weather conditions and the receptor. In
this study, the QUERI model has been used which is the most
advanced version of the RUWM model and estimates the
health effects more accurately. In QUERI model, in addition
to the detailed information on source and stack parameters,
emission rate, depletion velocity and ERF, the partial hourly
meteorological data and detailed population information in the
local domain (a square area whose center is located at the
emission source and is of size 100 by 100 km) with 5 × 5
square km resolution have been included in the model, while
in RUWM model, only the overall population density as a
number based on person per square kilometer is sufficient
(Büke and Köne 2011; Spadaro 2002b).
Meteorology and population data of receptor
For local estimation of health effects, the population data within 50 km around the emission source is required (The local
domain is a square area of 100 km by 100 km, with the origin
at the emission source.). The QUERI model requires population data for each 5 × 5 km2 cells around the power plant for
accurate estimation of health effects. Therefore, the population
data for the urban and rural blocks were collected from
Municipal Administrations and Office of the Governors.
Meanwhile combining urban and rural population data of
the region, local domain was gridded into 5 × 5 km2 cells by
using the ArcGIS software, Ver. 9.3, and each cell population
was accurately calculated. The population density in the region beyond the radius of 50 km (regional domain) is required

to estimate the regional health effects, which was calculated
according to the population and area of the surrounding
region.
According to the weather station deployed at the power
plant, the required meteorological information were obtained,
including hourly data for wind speed, wind direction, temperature, solar radiation and precipitation (for 1 year from
September 2014 to November 2015). Due to lack of recorded
data on cloudiness in this station, the hourly cloudiness was
received from the adjacent station based on Okta unit (about
20 km at its north side). This information was integrated together due to the proximity of the two stations and similarity
of regional cloudiness. The calculation related to Pasqual stability class and mixing layer height was done according to the
data on wind speed, solar radiation rate and cloudiness. The
depletion velocity of pollutants is associated with atmospheric
and regional conditions of the area, background concentration
of pollutants, etc. (Bickel and Friedrich 2005). Due to the lack
of data on the depletion velocity of the pollutants in Iran and
the study area, the data reported on Tunisia (Rabl et al. 2014)
were used which is very similar to the study area in terms of
precipitation and meteorological conditions (Azarakhshi et al.
2012; Khadivi-Khub et al. 2015; Khazaei et al. 2013). Table 1
shows the depletion velocity values used for the pollutants
studied in this research. It should be noted that the depletion
velocity of the CO was extracted from the factors listed in the
ExternE project (Friedrich and Bickel 2001). The WRPLOT
View (version 7) software was used to draw the regional wind
rose. The hourly data of the wind speed and wind direction
during the time of the study (September 2014 to November
2015) were used to draw the wind rose.

Table 1
Pollutant

Depletion velocity values of the pollutants
PM10 NOx SO2 CO Nitrates Sulfates

Depletion velocity (cm/s) 0.72

1.21 0.74 0.1

0.83

1.57
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Estimation of pollutants dispersion
In AirPacts model, the dispersion of pollutants in locally distances was predicted by using the Gaussian model.
Considering the reflective effect of the earth surface, the pollutant concentration was calculated using the following equation.
2!

 −y2 −ðz−hE Þ2
−ðzþhE Þ
Q
2
2
2σ2y
e
C ðx;y;zÞ−local ¼
e 2σz þ e 2σz
ð1Þ
2πuσy σz
In this equation, the concentration of pollutant can be calculated in a three-dimensional form with respect to the fixed
emission rate (Q) in steady state meteorological conditions.
Where, y is Crosswind distance, z is vertical height from the
ground level, u is Average wind speed at the height of the
stack, hE is effective height of stack which were calculated
using the Briggs equation (based on plume buoyancy flux,
wind speed and atmospheric stability conditions), σy and σz
are the dispersion parameters in the lateral and vertical directions of the pollutant, respectively. The values of these coefficients can be calculated according to the Pasqual stability
class, type of the area and distance from the pollution source
(Spadaro 2002a; Zannetti 2013).
In the regional domain, the concentrations of pollutants at a
distance of r from the downwind are estimated according to
the following equation:

  −k uni 
Q
1 uhmix r
C Regional ¼
ð2Þ
e
2πuhmix r
Here, the hmix is the mixing layer height in the atmosphere,
which is also known as the planetary boundary layer and can
be calculated based on atmosphere stability conditions
(Pasqual stability class). The kuni is also the average depletion
velocity of the pollutant (Spadaro 2002a).

Estimating the health effects
The health effects (cases or years of life loss (YOLL)) for a
source with continuous emission is calculated according to the
IPM method as:
Z
I¼
ρðrÞ f er ðr; C ðQÞÞdA
ð3Þ

To calculate the health damages on a regional scale, the
Eq. (4) can be extracted from the simplification of Eq. (3)
based on the following assumptions:
I¼

ρreg⋅ f er⋅ Q
⋅R
k

ð4Þ

1. The pollution source (power plant) is located at the origin
of the coordinate system; i.e., r = 0.
2. The distribution of receptor which is exposed to risk is
uniform. In this case, the ρ(r) has a fixed value and is
shown here as ρreg.
3. The pollutant concentration C(r, Q) is a ratio of the pollutant atmospheric removal flux as M(r) = k(r). C(r, Q),
where, the M(r) is the pollutant atmospheric removal flux
along the ground level. Its unit is based on mass per time
unit-area unit. The k(r) is the depletion velocity of the
pollutant, which value is assumed to be constant in the
studied area. The rate of Q (μg/s) is also assumed to be
steady.
In Eq. (4), R is the correction factor, which is influenced by
the stack parameters (temperature, flow rate) as well as the
pollutant depletion velocity. In SUWM model, with assumed
constant receptor distribution, the R value will be equal to 1
(Hainoun et al. 2010; Spadaro 2002b).
The ERF is used to relate the changes in the concentration
of the pollutant to a physical (health) effect on related receptors. The ERFs associated with health effects are extracted
from semi- experimental linking based on epidemiological
studies (Rabl 2001). From the perspective of available evidence, it is assumed that ERFs related to health, are as a
straight line with no threshold and have a minimum impact
at normal and current levels in the air. The effects on human
health can include effects on the respiratory system (asthma
attack, hospital admission, etc.) and premature deaths. The
quantification of mortality known as a reduction in life expectancy is expressed as years of life lost (YOLL) in the target
population under risk potential (Hainoun et al. 2010; Spadaro
2002b). The ERFs (annual cases/person.mg/m3) are assumed
to be linear with no threshold, which can be achieved based on
the following equation:
ERF ¼ f er :C ðr; QÞ

ð5Þ

A

Where, ρ(r) is receptor density (persons/m ), fer is the ERF
slope (cases/(person year per μg/m3)), r is Source-receptor
position vector (meter), C is incremental change in ambient
air concentration at the earth’s surface due to emission Q (μg/
m3) and A is Impact area (square meter) (Büke and Köne
2011; Casas-Ledon et al. 2014; Spadaro 2002a).
2

As mentioned above, f e r is ERF slope ((cases/
(person.year.mg/m3), which can be achieved from the following equation:
f er ¼ IRR:IR:F pop ¼ IRR:Baseline

ð6Þ

Here, IRR is increased risk ratio (change percentage per
micrograms/m3), IR is incidence rate (number of annual cases
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Table 2
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Technical specifications of power plant

Table 4

Statistics of meteorological data (2014–2015)

Characteristic

Value

Parameter

Unit

Number of stack

4

Anemometer height

m

10

Stack diameter (m)

6

Mean ambient air temperature

K

292.5

Stack height (m)
Exhaust velocity (m/s)
Exhaust flow rate (m3/h)
Exhaust temperature (K0)

55
17.51
1,793,255.19
396.42

Mean local wind speed
Mean mixing layer height

m/s
m

3.1
669.4

Pasquill stability class
Very unstable

%

3.12

Exhaust pressure (kpa)

89.79

Unstable

%

25.23

Slightly unstable
Neutral

%
%

18.82
12.76

Slightly stable
Stable

%
%

12.12
27.95

per receptor in the considered risk for adults, children, etc.)
based on the cases/year—receptor, Fpop is fraction of affected
population (e.g., the percentage of adults in the population
exposed to risk), Baseline is the nominal rate of occurrence
of a specific disease (case/person—year) (Casas-Ledon et al.
2014; Hainoun et al. 2010).
Calculating the attributed health costs
To turn damages due to health effects into the cost, the number
of damages and health effects calculated above should be
multiplied by cost unit (UV) (e.g., the cost for short-term mortality, long-term mortality, hospital admission due to respiratory diseases, hospital admission due to cardiovascular diseases, chronic bronchitis, the number of work days lost).
The following equation shows the calculation:
Di ¼ I i  U V

ð7Þ

In this equation, Di is cost of damages related to any of the
health effects of (i) displayed as US$/year, Ii is the health
effects based on cases or YOLL and UV is cost unit in US
dollars per cases or YOLL (Casas-Ledon et al. 2014).
The costs in calculating the health effects include the
costs of disease; the costs related to wages and decreased
productivity. In addition to market-based costs, there are
also non-market-based costs such as the costs that a person is willing to pay to prevent the risk or injury
(Spadaro 2002b). The health damage costs in Europe
(project ExternE) are regarded as the baseline to calculate the costs of health effects. For other countries, this
cost can be multiplied by the ratio of PPPGNP
Table 3 Power plant
emission factors

Pollutant

NOx
SO2
CO
PM10

Emission rate
g s−1

g kWh−1

262.81
1.66
8.59 × 10−1
5.18

1.68
1.06 × 10−2
5.49 × 10−3
3.31 × 10−2

Value

(purchasing power parity GNP) to achieve the value for
a new location and the Europe. Using the following
equation, the cost conversion based on the country concerned (in this case, Iran) can be done:


PPP GNPIRAN
γ
ð8Þ
U v in Iran ¼ U v in UE*
PPP GNPEU
Where, γ represents the income elasticity coefficient with a
standard range between 1 and 0.3. The values less than one are
used for cases that the people in the studied country are willing
to pay a higher percentage of their income for their health and
welfare benefits compared to people who live in
Europe(Casas-Ledon et al. 2014; Turtós Carbonell et al.
2007). The PPPGNP value per capita for the Islamic
Republic of Iran was set at 16,140 US$ according to the latest
statistics (2014) from the World Bank of America. The index
was extracted from the same source as 39,073 US$ for Europe
(Bank World Development Indicators 2014, <www.
worldbank.org/data>).

Result and discussion
Power plant atmospheric emissions
The information about the source of emission (combined cycle power plant with natural gas fuel) is presented in Table 2.
The average emission rates of NOx, CO, SO2, and PM10 were
calculated and shown in Table 3.
As shown in Table 3, in comparison with heavy fuel
power plant, the emission rates of SO2 and CO in this
power plant are lower. The low level of SO2 is due to
the minor amount of sulfur in the used natural gas fuel.
The results of other studies have pointed out zero or very
low values of sulfur in the exhaust of the natural gas fuel
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Fig. 3 Wind rose plot of power plant region considered in the study

power plant (Hainoun et al. 2010; Nazari et al. 2010;
Sakulniyomporn et al. 2011). The rate of CO was low
due to relatively high complete natural gas combustion
process, which has been also reported in other studies
conducted on gas power plants (Spath and Mann 2000).
Meteorological and population conditions of the receptor
region
Table 4 shows statistics of annual meteorological data
for the studied region. It is noteworthy that according to
selection of QUERI model to estimate the effects and
health costs, the hourly weather data are entered into
the model for more precise calculation. The annual wind
rose of the region is shown in Fig. 3. According to the
regional wind rose and the results of Table 4, it becomes clear that the prevailing wind in the region blows
from the West, the average wind speed is 3.1 m/s and
the mean mixing layer height is equivalent to 669.4 m.
In the studied region, the maximum and minimum stability conditions were for stable and very unstable conditions with 27.95 and 3.12 %, respectively. The

stability condition of each region is different from those
of other areas depending on the climate and topography.
For example, in the town of Remedies in Cuba, the
maximum stability condition was 57.2 % for the stable
condition during 2009 (Casas-Ledon et al. 2014).
In this study, the population around the plant was
estimated locally with details (5 × 5 km 2 cells at a
square area size of 100 × 100 km2). In Fig. 4 the distribution of residential blocks is shown in this area, while
the population is displayed as counter plot. In this plot
the (0,0) point represents the power plant location.
According to this figure, the highest population density
is in the range of 10 to 20 km of the East and Northeast
of the plant, which is the center of the city of Qom. The
population density beyond the 50 km is known as the
regional population. According to the population and area of the regional domain, regional population density
was calculated to be 47 persons per square kilometer.
Due to the proximity of the plant to population blocks
and considering that the prevailing wind in the region
was toward these populated areas, the local population
data was collected and processed in detail in the study.

Environ Sci Pollut Res (2016) 23:20922–20936
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Fig. 4 Residential block and population contour plot of study area

In some similar studies, the accurate estimation of local
population is also taken into account. For example,
Hainoun et al. calculated these population values in a
few selected areas in order to estimate the health costs
of generating electricity in Syria (Hainoun et al. 2010).
In examining the health effects of one of Turkey’s power
plants, Buke and Kone estimated the detailed information

of the population for local domain (square-shaped with
sides equaling 100 km2) with the resolution of 5 × 5 km2
(Büke and Köne 2011). However, in other studies in this
field, only the population density estimation (person per
square kilometer) has been considered (Casas-Ledon
et al. 2014; Liun et al. 2007; Macías and Islas 2010;
Turtós Carbonell et al. 2007).
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Table 5
Pollutant

PM10

Sulfate

Nitrate

SO2

CO

Environ Sci Pollut Res (2016) 23:20922–20936
Exposure-response functions and cost unit values of health impacts
Health impact endpoint

Fpop

ERF
slope

Unit cost (US$
2000/case)

Chronic bronchitis (CB)
Long-term bortality (L.YOLL)
Restricted activity days (RAD)

0.68 (adults >18 years)
0.46 (adults >30 years)
0.68 (adults >18 years;
includes WDL)
0.06 (elderly >65 years)
1 (all)

8.63E-06
3.61E-05
1.70E-02

73,444.37
41,720.37
47.92

3.49E-06
2.07E-06

7270.08
1875.35

(0.13) asthmatics
0.06 (elderly >65 years)
0.32 (children)
0.68 (adults >18 years)
0.46 (adults >30 years)
0.68 (adults >18 years;
includes WDL)
0.06 (elderly >65 years)

6.39E-05
1.08E-06
6.57E-04
1.44E-05
6.02E-05
2.83E-02

82.61
1412.71
104.09
73,444.37
41,720.37
47.92

5.83E-06

7270.08

1 (all)

3.46E-06

1875.35

(0.13) asthmatics
0.06(elderly >65 years)
0.32 (children)
0.68 (adults >18 years)
0.46 (adults >30 years)
0.68 (adults >18 years;
includes WDL)
0.06 (elderly >65 years)

1.07E-04
1.80E-06
1.11E-03
8.63E-06
3.61E-05
1.70E-02

82.61
1412.71
104.09
73,444.37
41,720.37
47.92

3.49E-06

7270.08

1 (all)

2.07E-06

1875.35

(0.13) asthmatics
0.06 (elderly >65 years)
0.32 (children)
1 (all)

6.39E-05
1.08E-06
6.57E-04
2.84E-06

82.61
1412.71
104.09
1875.35

1 (all)
0.06 (adults >65 years)

2.30E-06
3.28E-08

71,874.7
1412.71

Hospital admissions—cardiovascular (HA-C)
Hospital admissions—respiratory
(HA-R)
Asthma attacks (AA)
Congestive heart failure (CHF)
Chronic cough (CC)
Chronic bronchitis (CB)
Long-term mortality (L.YOLL)
Restricted activity days (RAD)
Hospital admissions—
cardiovascular (HA-C)
Hospital admissions—respiratory
(HA-R)
Asthma attacks (AA)
Congestive heart failure (CHF)
Chronic cough (CC)
Chronic bronchitis (CB)
Long-term mortality (L.YOLL)
Restricted activity days (RAD)
Hospital admissions—
cardiovascular (HA-C)
Hospital admissions—respiratory
(HA-R)
Asthma attacks (AA)
Congestive heart failure (CHF)
Chronic cough (CC)
Hospital admissions—respiratory
(HA-R)
Short-term mortality (S.YOLL)
Congestive heart failure (CHF)

Human health impacts
The results of Airpacts modeling showed that the peak concentration of pollutants in the local domain occurred at
X = 7.5 km, Y = 2.5 km, which is located in a town near city
of Qom. The distance of the peak concentration is related to
emission characteristics and meteorological conditions of the
studied area (Büke and Köne 2011). The type of health effect
which was considered in this study for PM10, nitrate, sulfate,
SO2, and CO included: chronic bronchitis (CB), long-term
mortality (L.YOLL), short-term mortality (S.YOLL), restricted activity days (RAD), cardiovascular hospital admissions
(HA-C), respiratory hospital admissions (HA-R), asthma attacks (AA), congestive heart failure (CHF) and chronic cough
(CC). The fraction of affected population (Fpop) and ERF
slopes are presented in Table 5. The ERF slope (fer) for each
pollutant is required for the calculation of each health effect.
ERF slopes were calculated by using Eq. (6), with increased
risk ratio (IIR) assigned to different health impact for each

pollutant (i.e., PM10, sulfate, nitrate, SO2, and CO) according
to the ExternE project and Rable recommendation (Bickel and
Friedrich 2005; Macías and Islas 2010; Preiss and Klotz 2007;
Rabl 2001; Spadaro 2002c), incidence rate (IR) and population and health statistics from Iranian Statistics Center (ISC
2015). The considerable diversity of ERF slops in Table 5 can
be assigned to the differences between IIR and Fpop for each
health impact point and pollutant.
According to these ERF slopes, population density,
meteorological condition, pollutant depletion velocities,
emission factors, pollutant dispersion and concentration
in local and regional domains, the total (local and regional) health effects were estimated by QUERI model,
as presented in Table 6. The main health effect was
assigned to nitrate as RAD with 25,240 days/year. The
greatest contribution of health effects was attributed
to nitrate (95.69 %). After that the contribution of
health effects decreased as PM 10 (3.78 %) > sulfate
(0.53 %) > SO2 > CO. Both the CO and SO2 effect were
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Table 6 Health impacts (cases or
YOLL/year) and damage costs
produced by the power plant
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Pollutant

Health impact endpoint

Type of impact

PM10

Chronic bronchitis (CB)

Morbidity

Long-term mortality (L.YOLL)
Restricted activity Days (RAD)
Hospital admissions—
cardiovascular (HA-C)
Hospital admissions—
respiratory (HA-R)
Asthma attacks (AA)

Long-term mortality
Morbidity
Morbidity

Morbidity

4

3.10E + 02

Congestive heart failure (CHF)
Chronic cough (CC)

Morbidity
Morbidity

<1
39

8.98E + 01
4.02E + 03

Chronic bronchitis (CB)
Long-term mortality (L.YOLL)
Restricted activity days (RAD)
Hospital admissions—
cardiovascular (HA-C)
Hospital admissions—
respiratory (HA-R)
Asthma attacks (AA)

Morbidity
Long-term mortality
Morbidity
Morbidity

<1
<1*
140
<1

5.23E + 03
1.24E + 04
6.70E + 03
2.09E + 02

<1

3.19E + 01

Morbidity

1

4.35E + 01

Congestive heart failure (CHF)
Chronic cough (CC)
Chronic bronchitis (CB)

Morbidity
Morbidity
Morbidity

<1
5
13

1.26E + 01
5.72E + 02
9.43E + 05

Long-term mortality (L.YOLL)
Restricted activity days (RAD)
Hospital admissions—
cardiovascular (HA-C)
Hospital admissions—
respiratory (HA-R)
Asthma attacks (AA)

Long-term mortality
Morbidity
Morbidity

54*
25,240
5

2.24E + 06
1.21E + 06
3.77E + 04

Morbidity

3

5.78E + 03

Morbidity

95

7.85E + 03

Congestive heart failure
(CHF)
Chronic cough (CC)
Hospital admissions—
respiratory (HA-R)
Short-term mortality (S.YOLL)

Morbidity

2

2.27E + 03

Morbidity
Morbidity

977
<1

1.02E + 05
9.84E + 01

Short-term mortality

<1

3.06E + 03

Congestive heart failure (CHF)

Morbidity

<1

1.88E + 00

Sulfate

Nitrate

SO2

CO

Morbidity

Morbidity

Health impact
(cases/year)
1

Damage cost
(US$ 2000/year)
3.73E + 04
8.85E + 04

2*
998
<1

4.78E + 04
1.49E + 03

<1

2.28E + 02

*As YOLL/year

negligible (<0.001 %), because of the low emission rates
of CO and SO2 from combustion of natural gas. Similar to
the results of the current study, in some studies conducted
on natural gas power plants, the results showed that the
health damage from nitrate was much higher than other
those of pollutants (Hainoun et al. 2010; Macías and Islas
2010). Figure 5 illustrates the contribution of each category of health impact (case per year) for all pollutants. As
demonstrated in this figure for all pollutants, the highest
health impact is related to RAD (95 %), CC (4 %), and
AA (0.36 %). Also, the amount and heat plot of each
category of health damage for all pollutants are presented
in Table 7. Macías and Islas reported that the highest

health impacts produced by natural gas power plants in
the Mexico City were related to RAD (99 %), emergency
room visits (ERV) (0.29 %) and AA (0.24 %) (Macías and
Islas 2010).
Total health damage cost
According to Eq. (8) the ratio of purchasing power parity for
Iran and Europe was determined (0.413) and based on
European unit damage cost from the EXTERNE project, the
unit cost (US$ 2000/case) was calculated for each health impact (Table 5). By using Eq. (7) for each health impact, the
total (local and regional) health damage cost was calculated as
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Fig. 5 Contribution of each category of health impact in the studied power plant

shown in Table 6. The highest health damage cost belonged to
nitrate as L.YOLL with 2,240,000 US$/year, RAD with
1,209,000 US$/year a CB with 943,300 US$/year.
Figure 6 illustrates the contribution of costs related to
each category of health damage (for all pollutants). As
demonstrated in this figure for all pollutants, the maximum health damage cost is related to L.YOLL (49 %),
RAD (27 %), and CB (21 %). Furthermore, the amount
and heat plot of costs pertaining to each category of health
damage for all pollutants are presented in Table 7. Macías
and Islas reported that highest total damage costs produced by electric power plants (various types of fuels)
in the Mexico City were related to L.YOLL (66 %),
RAD (17 %), and CB (13 %) (Macías and Islas 2010).
Figure 7 illustrates local, regional and total health damage costs for each pollutant (sulfate, nitrate, CO, SO2, and
PM10). Regarding the damage costs of pollutants varied in

Table 7 Health impacts and
damage costs as heat plot for all
pollutants

a wide range (around 1 for CO to 3,532,000 US$/year for
nitrate), the horizontal axis of the diagram (represents as
the health damage costs US$/year) is classified based on
logarithmic unit. As can be seen in this figure, the damage
cost of pollutant was found to decrease in the following
order: nitrate > PM10 > sulfate > SO2 > CO.
According to the results, regional health damage cost
was more than local cost. The estimated total damage costs
for this gas-fired power plant amounts to 4,755,155 US$
2000/year and the cost per kWh of generating electricity is
0.096 US. Health damage cost for different fuel type power
plant is estimated for some regions in the world. The damage cost of power plants varies according to fuel type,
meteorological conditions and receptor characteristics. The
fuel type has been a main factor for the damage cost difference of power plants. According to the results of other
studies, among various fuels coal (Macías and Islas 2010;

Type of health impact (for all pollutants)

Total health impact
(cases/year)

Total damage cost
(US$ 2000/year)

Chronic bronchitis (CB)
Long-term mortality (L.YOLL)
Restricted activity days (RAD)
Hospital admissions—cardiovascular (HA-C)
Asthma attacks (AA)
Congestive heart failure (CHF)
Chronic cough (CC)
Short-term mortality (S.YOLL)

13.41888
56.0994
26,377.4
8.68474
99.3234
1.680755
1021.421
>1

985,818
2,340,940
1,263,499
45,482.66
8204.89
2375.189
106,293.6
3055
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Fig. 6 Contribution of damage costs related to each category of health impact

Sensitivity analysis

Sakulniyomporn et al. 2011), lignite (Sakulniyomporn et al.
2011) and heavy fuel oil (Hainoun et al. 2010; Macías
and Islas 2010; Turtós Carbonell et al. 2007) have had
the highest costs and lowest cost were related to natural
gas (Hainoun et al. 2010; Macías and Islas 2010;
Sakulniyomporn et al. 2011), diesel (Sakulniyomporn
et al. 2011) and ethanol (Casas-Ledon et al. 2014).
Moreover, pollutant abatement technologies in power plants
(e.g., flue-gas desulphurization) have had a remarkable
effect on health damage cost (Büke and Köne 2011;
Sakulniyomporn et al. 2011). The results of the study by
Hainoun et al. showed that the total health damage cost and
damage cost per generated electricity from Deir Ali natural
gas-fired power plant in Syria were 3.36 million US$ and
0.06 US/kWh, respectively (Hainoun et al. 2010).

Sulfate

Nitrate

Pollutant

Fig. 7 Distribution of the health
damage costs by types of
pollutants

The most important uncertainties that may significantly
influence the results of this study include the ERF slope,
depletion velocity and regional receptor density. As mentioned in earlier studies for the sensitivity analysis, each
of these parameters was varied separately in the range of
10 % around its nominal value, and the total health damage cost was recalculated (Büke and Köne 2011;
Hainoun et al. 2010). Table 8 shows the results of the
sensitivity analysis. Based on these results, an increase in
the ERF slope by +10 % leads to a 10.02 % increase in
total health damage costs and 10 % decrease in ERF
slope leads to a 9.98 % decrease in costs. Likewise, an
increase of (10 %) the regional receptor density results in

CO

Local Damage Cost
Regional Damage Cost
Total Damage Cost

SO2

PM10
1

10

100

1000

10000

100000

1000000

Damage Cost - US $2000/year (in logarithmic scale)

10000000
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Table 8 Sensitivity of health
damage cost for ERF slope (fer),
depletion velocity (k) and changes
in regional population density (p)

Environ Sci Pollut Res (2016) 23:20922–20936

Parameters

ERF slope

Depletion velocity

Regional population density

Changes

Total damage cost
(thousand US$ 2000)

Relative change of total
damage cost (%)

−10 % (fer)

4280.32
4755.15
5231.99

−9.98
0
+10.02

5254.20
4755.15

+10.49
0

4344.57
4289.58
4755.15

−8.63
−9.79
0

5221.73

+9.81

fer (no change)
+10 % (fer)
−10 % (k)
k (no change)
+10 % (k)
−10 % (p)
p (no change)
+10 % (p)

an increase (9.81 %) in total damage costs. On the other
hand, the depletion velocity and damage change in opposite directions, so that increasing (10 %) the depletion
velocity of pollutants leads to a decrease (8.63 %) in
health damage costs. As the results demonstrate, the
health damage cost is sensitive to the change in these
parameters.

Conclusion
The gas-fired power plants have the highest share in
electricity production of Iran. To date, no study has been
done to determine the associated health damage costs of
these power plants. The IPA approach is a helpful and
applicable method to evaluate the external health damage
costs of power plants and has been widely used for environmental and health assessment and decision making
for energy conversion. The results revealed that the annual health damage costs resulting from Qom gas fired
power plant in 2014–2015 was approximately 4.76 million US$ 2000 and the cost per kWh of generated electricity was 0.096 US. In this estimate, the most important
health damage cost is for L.YOLL, 49 % of the total,
followed by RAD at 27 %, CB at 21 % and CC at
2.24 %. It was found that the major health effect was
attributed to the restricted activity days (RAD) which
was due to nitrate. The maximum health damage costs
related to long-term mortality, RAD, and chronic bronchitis were 2,340,940, 1,263,499, and 985,818 US$
2000/year, respectively. The emission of PM10, CO, and
SO2 from burning natural gas is low and NOx has the
most share of emissions in gas fired power plant.
Therefore the health damage costs from burning natural
gas are solely attributable to NOx and its derived pollutant (i.e., nitrate). In the present study, nitrates accounted
for more than 95 % of the overall health damage cost.
Although the health damage costs of gas-fired power
plant were lower than those of other surveyed heavy fuel

oil and coal-fired power plants, according to the large
share of these power plants in the country and the proximity of some of them to the populated areas, it can be
recommended to focus on the emission control strategies
and considering the site selection for new power plants
and also, to expand the constructed projects.
Acknowledgments This research was done with the financial and technical support of the Institute for Environmental Research (IER) of Tehran
University of Medical Sciences (grant number: 94-01-46-28392) and tha
Research Center for Environmental Pollutants, Qom University of
Medical Sciences (grant number: 94589). The authors wish to express
their appreciation to the Tavanir Holding Company for the technical and
data support.

References
Amster ED, Haim M, Dubnov J, Broday DM (2014) Contribution of
nitrogen oxide and sulfur dioxide exposure from power plant emissions on respiratory symptom and disease prevalence. Environ
Pollut 186:20–28
Anderson JO, Thundiyil JG, Stolbach A (2012) Clearing the air: a review
of the effects of particulate matter air pollution on human health. J
Med Toxicol 8:166–175
Athar M, Ali M, Khan MA (2013) Dispersion modelling of toxic air
pollutants from fossil fuel combustion facilities. Int J Environ Eng
5:1–31. doi:10.1504/ijee.2013.050894
Azarakhshi M, Mahdavi M, Arzani H, Ahmadi H (2012) Assessment of
the Palmer Drought Severity Index in arid and semi arid rangeland:
(case study: Qom province, Iran). Desert 16:77–86
Bank W (World Development Indicators; 2014, <www.worldbank.
org/data>)
Barnett AG, Williams GM, Schwartz J, Neller AH, Best TL,
Petroeschevsky AL, Simpson RW (2005) Air pollution and child
respiratory health: a case-crossover study in Australia and New
Zealand. Am J Respir Crit Care Med 171:1272–1278
Bernstein JA et al. (2004) Health effects of air pollution. J Allergy Clin
Immunol 114:1116–1123
Bickel P, Friedrich R (2005) ExternE: externalities of energy, methodology 2005 update. Germany. Institut Fu ¨ r Energiewirtschaft und
Rationelle Energieanwendung - IER Universita ¨ t Stuttgart
Brauer M et al. (2002) Air pollution from traffic and the development of
respiratory infections and asthmatic and allergic symptoms in children. Am J Respir Crit Care Med 166:1092–1098

Environ Sci Pollut Res (2016) 23:20922–20936
Brunekreef B, Holgate ST (2002) Air pollution and health. Lancet 360:
1233–1242. doi:10.1016/S0140-6736(02)11274-8
Büke T, Köne AÇ (2011) Estimation of the health benefits of controlling
air pollution from the Yatağan coal-fired power plant. Environ Sci
Pol 14:1113–1120. doi:10.1016/j.envsci.2011.05.014
Canova C et al. (2014) PM10 oxidative properties and asthma and COPD.
Epidemiology 25:467–468. doi:10.1097/ede.0000000000000084
Casas-Ledon Y, Arteaga-Perez LE, Dewulf J, Morales MC, Rosa E,
Peralta-Suáreza LM, Van Langenhove H (2014) Health external
costs associated to the integration of solid oxide fuel cell in a sugar–ethanol factory. Appl Energy 113:1283–1292. doi:10.1016/j.
apenergy.2013.08.090
Chen R, Huang W, C-M W, Wang Z, Quoc Thach T, Chen B, Kan H
(2012) Short-term exposure to sulfur dioxide and daily mortality in
17 Chinese cities: the China air pollution and health effects study
( C A P E S) . E n v i r o n R e s 11 8 : 1 0 1– 1 0 6 . d o i : 1 0 . 1 0 1 6 / j .
envres.2012.07.003
Chen T-M, Gokhale J, Shofer S, Kuschner WG (2007) Outdoor air pollution: nitrogen dioxide, sulfur dioxide, and carbon monoxide health
effects. Am J Med Sci 333:249–256
Clark NA, Demers PA, Karr CJ, Koehoorn M, Lencar C, Tamburic L,
Brauer M (2010) Effect of early life exposure to air-pollution on
development of childhood asthma. Environ Health Perspect 118:
284–290
Friedrich R, Bickel P (2001) Environmental external costs of transport.
Springer Science & Business Media
Garg A, Bhattacharya S, Shukla P, Dadhwal V (2001) Regional and
sectoral assessment of greenhouse gas emissions in India. Atmos
Environ 35:2679–2695
Gillani NV, Meagher JF, Valente RJ, Imhoff RE, Tanner RL, Luria M
(1998) Relative production of ozone and nitrates in urban and rural
power plant plumes: 1. Composite results based on data from 10
field measurement days. J Geophys Res: Atmos (1984–2012) 103:
22593–22615
Hainoun A, Almoustafa A, Seif Aldin M (2010) Estimating the health
damage costs of Syrian electricity generation system using impact
pathway approach. Energy 35:628–638. doi:10.1016/j.
energy.2009.10.034
Heinrich J et al. (2012) Long-term exposure to NO2 and PM10 and allcause and cause-specific mortality in a prospective cohort of women
Occupational and environmental medicine:oemed-2012-100876
IGMC (2014) (Iran Grid Managment Company), Statistical Report,
http://www.igmc.ir
ISC (2015) (Iranian Statistics Center) http://www.amarorgir/ (in Persian)
Iskandar A, Andersen ZJ, Bønnelykke K, Ellermann T, Andersen KK,
Bisgaard H (2011) Coarse and fine particles but not ultrafine particles in urban air trigger hospital admission for asthma in children
Thorax:thoraxjnl-2011-200324
Islas J, Manzini F, Martínez M (2002) Renewable energies in electricity
generation for reduction of greenhouse gases in Mexico 2025.
AMBIO: J Hum Environ 31:35–39
Jacobson MZ (2008) On the causal link between carbon dioxide and air
pollution mortality. Geophys Res Lett 35:n/a–n/a. doi:10.1029/2007
GL031101
Jaramillo P, Griffin WM, Matthews HS (2007) Comparative life-cycle air
emissions of coal, domestic natural gas LNG, and SNG for electricity generation. Environ Sci Technol 41:6290–6296
Jeong S-J, Kim K-S, Park J-W, D-s L, S-m L (2008) Economic comparison between coal-fired and liquefied natural gas combined cycle
power plants considering carbon tax: Korean case. Energy 33:
1320–1330. doi:10.1016/j.energy.2008.02.014
Kampa M, Castanas E (2008) Human health effects of air pollution.
Environ Pollut 151:362–367. doi:10.1016/j.envpol.2007.06.012
Kassomenos P, Dimitriou K, Paschalidou A (2013) Human health damage caused by particulate matter PM10 and ozone in urban

20935
environments: the case of Athens Greece. Environ Monit Assess
185:6933–6942
Khadivi-Khub A, Kameli M, Moshfeghi N, Ebrahimi A (2015)
Phenotypic characterization and relatedness among some Iranian
pomegranate (Punica granatum L.) accessions. Trees 29:893–901
Khazaei M, Mahvi AH, Fard RF, Izanloo H, Yavari Z, Tashayoei HR
(2013) Dental caries prevalence among schoolchildren in urban and
rural areas of Qom Province, central part of Iran Middle East. J Sci
Res 18:584–591
Krewitt W, Trukenmueller A, Mayerhofer P, Friedrich R (1995)
EcoSense-an integrated tool for environmental impact analysis.
Space Time Environ Inf Syst Umwelt-Informatik Aktuell 7:192–
200
Kumar S, Goyal P (2014) Impact of a gas based power plant on the air
quality of delhi, india. J Environ Res Dev 8
Lee S, Kim J, Lee J, Lee S, Jeon E-C (2013) A study on the evaluations of
emission factors and uncertainty ranges for methane and nitrous
oxide from combined-cycle power plant in Korea. Environ Sci
Pollut Res 20:461–468. doi:10.1007/s11356-012-1144-1
Lelieveld J, Evans J, Fnais M, Giannadaki D, Pozzer A (2015) The contribution of outdoor air pollution sources to premature mortality on a
global scale. Nature 525:367–371
Liun E, Kuncoro AH, Sartono E (2007) Environmental impacts assessment of Java’s electricity generation using SimPacts model. In:
International conference on advances in nuclear science and engineering in conjunction with LKSTN. p 384
Macías P, Islas J (2010) Damage costs produced by electric power plants:
an externality valuation in the Mexico City metropolitan area. Sci
Total Environ 408:4511–4523. doi:10.1016/j.scitotenv.2010.06.036
Markandya A, Harou P, Bellù LG, Cistulli V (2002) Environmental economics for sustainable growth: a handbook for practitioners. Edward
Elgar Publishing Ltd
Montzka SA, Dlugokencky EJ, Butler JH (2011) Non-CO2 greenhouse
gases and climate change. Nature 476:43–50
Moolgavkar SH, McClellan RO, Dewanji A, Turim J, Luebeck EG,
Edwards M (2013) Time-series analyses of air pollution and mortality in the United States: a subsampling approach. Environ Health
Perspect 121:73
Nazari S, Shahhoseini O, Sohrabi-Kashani A, Davari S, Paydar R,
Delavar-Moghadam Z (2010) Experimental determination and analysis of CO 2, SO 2 and NO x emission factors in Iran’s thermal
power plants. Energy 35:2992–2998
Preiss P, Klotz V (2007) Description of updated and extended draft tools
for the detailed site-dependent assessment of external costs
Technical Paper 7
Rabl A (2001) Reference database of concentration-response functions
for health impacts of air pollution document prepared for the
International Atomic Energy Agency, Vienna
Rabl A, Spadaro JV, Holland M (2014) How much is clean air worth?:
calculating the benefits of pollution control. Cambridge University
Press
Rückerl R, Schneider A, Breitner S, Cyrys J, Peters A (2011) Health
effects of particulate air pollution: a review of epidemiological evidence. Inhal Toxicol 23:555–592
Sakulniyomporn S, Kubaha K, Chullabodhi C (2011) External costs of
fossil electricity generation: health-based assessment in Thailand.
Renew Sust Energ Rev 15:3470–3479. doi:10.1016/j.
rser.2011.05.004
Shah ASV et al. (2013) Global association of air pollution and heart
failure: a systematic review and meta-analysis. Lancet 382:1039–
1048. doi:10.1016/S0140-6736(13)60898-3
Shakun JD et al. (2012) Global warming preceded by increasing carbon
dioxide concentrations during the last deglaciation. Nature 484:49–
54 doi:http://www.nature.com/nature/journal/v484/n7392
/abs/nature10915.html#supplementary-information

20936
Shao Y, Golomb D, Brown G (1995) Natural gas fired combined cycle
power plant with CO2 capture. Energy Convers Manag 36:1115–
1128. doi:10.1016/0196-8904(95)00008-2
Smith KR, Samet JM, Romieu I, Bruce N (2000) Indoor air pollution in
developing countries and acute lower respiratory infections in children. Thorax 55:518–532
Solomon S, Plattner G-K, Knutti R, Friedlingstein P (2009) Irreversible
climate change due to carbon dioxide emissions. Proc Natl Acad Sci
106:1704–1709
Spadaro J (2002a) AIRPACTs impact methodology. Version 1.0 Vienna,
IAEA, February 1
Spadaro J (2002b) Airpacts manual version (1.01). IAEA, Vienna
Spadaro JV (2002c) AIRPACTS input data: exposure response functions
international atomic energy agency, Vienna
Spath PL, Mann MK (2000) Life cycle assessment of a natural gas
combined-cycle power generation system. National Renewable
Energy Laboratory Golden, CO,
Tang M, Mudd G (2015) The pollution intensity of Australian power
stations: a case study of the value of the National Pollutant
Inventory (NPI) Environ Sci Pollut Res:1–15 doi:10.1007/s11356015-5108-0

Environ Sci Pollut Res (2016) 23:20922–20936
Tramuto F, Cusimano R, Cerame G, Vultaggio M, Calamusa G, Maida
CM, Vitale F (2011) Urban air pollution and emergency room admissions for respiratory symptoms: a case-crossover study in
Palermo, Italy. Environ Health 10:31
Turtós Carbonell L, Meneses Ruiz E, Sánchez Gácita M, Rivero Oliva J,
Díaz Rivero N (2007) Assessment of the impacts on health due to
the emissions of Cuban power plants that use fossil fuel oils with
high content of sulfur. Estimation of external costs. Atmos Environ
41:2202–2213. doi:10.1016/j.atmosenv.2006.10.062
van Strien RT, Gent JF, Belanger K, Triche E, Bracken MB, Leaderer BP
(2004) Exposure to NO2 and nitrous acid and respiratory symptoms
in the first year of life. Epidemiology 15:471–478
Weaver LK (2009) Carbon monoxide poisoning New England. J Med
360:1217–1225. doi:10.1056/NEJMcp0808891
Zannetti P (2013) Air pollution modeling: theories, computational
methods and available software. Springer Science & Business
Media
Zhao Z, Zhang Z, Wang Z, Ferm M, Liang Y, Norbäck D (2008)
Asthmatic symptoms among pupils in relation to winter indoor
and outdoor air pollution in schools in Taiyuan, China
Environmental health perspectives: 90–97

