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Abstract: Air pollutants from fossil fuel fired power plants harm the environment and human health.
More than 91% of Iran’s electricity production is from thermal power plants that use natural gas,
diesel, and fuel oil. We apply the impact pathway approach to estimate the health impacts arising
from Iranian fossil-based electricity generation emission, and in a next step, we calculate monetary
costs of the estimated damages, for a one-year period starting from 20 March 2016 through 2017.
We use the new version of SIMPACTS (International Atomic Energy Agency, Vienna, Austria) to
investigate the health effects from 61 major Iran fossil-based power plants separately. The selected
plants represent 95.6% of total Iran fossil-based power generation. Using the individual and different
power plant estimates, we avoid extrapolation and our results can be considered more reliable, taking
into account spatial differences. The total damage cost is 723.42 million USD (2000). The damage
cost per generated electricity varies from 0.06 to 22.41 USD/MWh and average plant damage cost
is 2.85 USD/MWHh. Accounting for these external costs indicates the actual costs of fossil energy.
The results are useful for policy makers to compare the health costs from these plants and to decide
on cleaner energy sources and to take measures to increase benefits for society.

Keywords: Iran electricity generation; fossil fuels; external costs; air pollution; impact pathway
approach; benefit transfer; SIMPACTS 2

1. Introduction

Countries around the world are facing increasing environmental problems resulting from the rapid
growth of energy generation. According to the recent key world energy statistics, electricity generation
has continuously increased, and reached 24,255 terawatt-hours (TWH) in 2015. Nevertheless, 66.3% of
2015 world’s electricity was generated from fossil fuels (coal, oil, and natural gas). Fossil-fuel power
generation has carbon dioxide (CO;), sulfur dioxide (SO;), nitrogen oxides (NOx), particulates, liquid
and solid wastes. The fossil-fuel fired power plants produce pollutants that are harmful to health and
are a source of climate change.

The most important environmental impact associated with fossil fuel fired power plants is airborne
pollution [1,2]. Air pollutants’ dispersion is governed by chemical and physical atmospheric conditions.
In addition, the majority of pollutants undergo some chemical transformations [3]. However, fossil
fuel remains the main sources of primary energy, especially in the developing countries [4]. It is widely
recognized that air pollution from power plants adversely affects public health. Pollutants cause
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significant damage to both mortality and morbidity due to long- or short-term exposure. A number of
studies show a significant relationship between air pollution and health impacts [5-7].

In energy markets across the world, prices for fossil fuels are lower than the prices of energy
generated from renewable sources, regardless of their negative effects to public health and the
environment. These negative effects are called external costs because those are outside of the pricing
system. The sum of the private costs and external costs gives social costs. External costs are an
important category of market failure and are imposed on society; accounting for these externalities can
make fossil fuels more expensive than renewables [8-10]. Choosing one energy option over another
may influence many aspects of society and the environment, which should be accounted for if we want
to obtain the highest benefits for society [11]. Internalizing the external cost into energy production
cost is a useful measure to indicate the actual costs of energy. The results can be applied by policy
makers to take measures to avoid additional costs and promote applications of newer and cleaner
energy sources [12,13].

Iran is one of the most hydrocarbon-rich areas in the world and has large reserves of natural
gas and crude oil. In Iran, most of the power plants are based on fossil fuels, such as natural gas,
diesel, and fuel oil. Iran is the world’s 6th- and 4th-largest producer of electricity from oil and natural
gas, respectively [14]. Hence, the overall objective of this paper is to estimate the health effects and
related costs of fossil electricity generation in Iran. In this analysis, we cover for the first time the
whole country and investigate health effects from all major Iranian electricity plants (96% of fossil fuel
electricity generation), one by one. In this way, we provide a complete and very detailed estimation of
external costs of Iranian fossil power plants while previous estimations were based on extrapolation of
a single plant or a small number of plants.

The remainder of the paper is organized as follows: Section 2 describes the method for calculation
of external costs from fossil electricity generation, Section 3 presents a short overview of electricity
sector in Iran and its emissions, Section 4 indicates the results, and Section 5 discusses of the achieved
results and concludes the paper.

2. Modelling of Externalities in Electricity Generation

2.1. The Impact Pathway Approach (IPA)

Monetary valuation of damages caused by electricity production is a convenient method for
aggregating environmental and health effects with different physical units into a single damage
estimate [15,16]. Two main methods for the study of externalities of electricity generation are the
top-down and bottom-up approaches [17]. The top-down approach is normally based on highly
aggregated damages and emissions at the national or regional level. The results of this approach
provide overall average figures that do not include site-specific information. The prominent bottom-up
approach is the Impact Pathway Approach (IPA) implemented in the ExternE (Externalities of Energy)
project [13,15].

The ExternE project is among the first attempts to take a comprehensive, bottom-up approach to
evaluate the external costs associated with electricity production. Many efforts have been made to
estimate the impacts, especially in developed countries. The European Commission, in conjunction
with the United States, produced the ExternE project aimed at developing a methodology for
monetizing the external damages in the European Union resulting from electricity. That project
has been updated repeatedly [10]. There is consensus among the scientific community that the IPA
should be followed, provided that sufficient data and information are available [18]. IPA is one of
the most applied approaches for evaluating the environmental impacts of the energy sector and
estimating its social costs. This approach starts by identifying a source of emissions, modelling their
atmospheric dispersion, and estimating their impacts on society. The final stage consists of valuing the
impacts [9,13,16]. Figure 1 shows the IPA calculation steps.
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Figure 1. The principle impacts pathway approach steps for assessing air pollution. Source: Based on [15].

The quantities of emitted pollutants depend on fuel type, plant efficiency, and whether or not
the plant is equipped with filters. To link air emissions to human illness requires an understanding
of air dispersion patterns, human exposure to environmental quality risks, and the dose-response or
exposure-response functions [19]. The estimated physical impacts are quantified and transferred to
human health impacts using the Exposure Response Function (ERF). An ERF presents a relationship
between an incremental change in ambient concentrations of a pollutant and the additional number of
health disorder occurrences. The exposure-response functions have been collected and reviewed in
several studies. To find an approximate solution to the ERF and physical impacts equation, several
simplifications and assumptions are adopted [15,20,21].

In the last IPA step, to obtain the costs, the physical impacts are evaluated in monetary terms.
According to welfare theory, damages represent welfare losses for individuals. For some of the
impacts (crops and materials), market prices can be used. However, for non-market goods (especially
damages to human health), evaluation is mainly derived from the Willingness-To-Pay (WTP) or
willingness-to-accept approach that is based on individual preferences. Economists have developed
several techniques for valuing non-market goods. Contingent valuation, which obtains WTP estimates
by asking individuals how much money they are willing to pay to achieve a benefit, is widely used.
For mortality impacts, one needs to determine the value of a life-year lost, which in turn is based on
the so-called value of statistical life, the amount of money that society is willing to pay to avoid an
anonymous premature death. Finally, the health impacts are multiplied with the unit cost of health
impact to calculate the related damage costs [9,22].
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2.2. Benefit or Value Transfer

Although a full-scale, site-specific analysis of electricity externality is the most accurate measure,
it may not be possible in some settings or countries. Researchers have therefore tried to estimate
the external costs of electricity generation in developing countries mostly by using benefit transfer
methods [10]. Benefit or value transfer studies involve taking economic values from one context
and applying them to another [23]. Benefit transfer is defined as the use of research results from
pre-existing primary studies at one or more sites or policy contexts (often called study sites) to predict
welfare estimates, such as WTP or related information for other, typically unstudied sites or policy
contexts (often called policy sites) [24]. It has also been described as the application of values and
other information from a study site where data are collected to a policy site with little or no data [25].
Benefit transfer studies can never be as accurate as original or primary studies. However, by using the
results of primary studies, a benefit transfer can take advantage of all the expertise in original research.
Furthermore, a benefit transfer study provides faster and less costly analyses [10,26].

There are two main approaches for benefit transfer methods: the unit value transfer approach,
which involves the methods known as simple unit transfer and unit transfer with income adjustment,
and the function transfer approach, which uses the benefit function transfer method and meta-analysis.
The unit transfer with income adjustment method has been the most-used practice for policy
analysis [27], since the values reflect the amounts that individuals are willing and able to pay to
avoid certain risks in their economies. Hence, it is adjusted by the ratio of purchasing power parity
(PPP) to apply in policy sites. This type of method of transferring values from one economy to another
assumes that the two risk groups are sufficiently alike with respect to their personal preferences and
attitudes towards improving air quality standards [28]. If the damage cost for the study site is available
(Ds), that for the policy-sites (D)) can be estimated as follows:

Y, \7
Dp:Ds(Yp) (1)

where Y}, and Y; are the income levels, and 7 is the income elasticity of demand for the environmental
good. Other data can be calculated or estimated by indirect ways, when no local data are available or
the information is incomplete [29].

2.3. The Model

To calculate the damage costs, the corresponding models are used. For this calculation, ExternE
uses the EcoSense software package (Institute of Energy Economics and Rational Energy Use, Stuttgart,
Germany), an integrated impact assessment model that combines atmospheric models with databases
for receptors (population, land use, agricultural production, buildings, and materials, etc.),
exposure-response functions and monetary values. The EcoSense provides air quality and impact
assessment models together with a database containing the relevant input data for the whole of Europe.
The meteorological data, which are needed for dispersion modelling, are included in the EcoSense
program package database [15,30]. In addition, the EXMOD (Externalities Model) has been developed
in the same way as the European EcoSense model. The EXMOD is a bottom-up American model
that quantifies externalities associated with facilities generating electricity using the damage function
approach [31,32].

Furthermore, the Simplified Approach for Estimating Environmental Impacts from Electricity
Generation (SIMPACTS (International Atomic Energy Agency, Vienna, Austria)) model was developed
by the International Atomic Energy Agency (IAEA) for the application in developing countries.
The model is based on the EcoSense that is applied in the ExternE study. SIMPACTS assesses the
impacts on human health, agricultural crops, and buildings from exposure to atmospheric emissions
of routine or steady state processes like power plants. SIMPACTS can assess the environmental
impacts of different types of technologies. It covers radiological air and water pollution from nuclear
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power generation, non-radiological air pollution from fossil-based power plants, and project impacts
from hydropower. Moreover, for airborne pollution, whether from fossil-fired or nuclear power
plants, SIMPACTS utilizes a simplified version of IPA, also known as the damage function approach.
With fossil-fired power plants, SIMPACTS estimates the impacts from exposure to pollutants [16,33].
In general, the SIMPACTS approach is a simplification of EcoSense methodology.

There are several studies that have estimated external costs of fossil electricity generation in
developing countries by benefit transfer methods. Figure 2 shows eight studies that estimated external
costs of fossil electricity generation. All of the selected studies are bottom-up studies. They applied the
impact pathway approach to calculated external costs resulting from impact of air pollution of fossil
electricity generation on human health. These studies transferred several values from primary studies,
such as emission rates of pollutants, pollutant’s depletion velocity, and exposure response functions.
The main pollutants considered in the studies were SO, NOx, and particulate matters. The studied
power plants in these countries used different fossil fuels like coal, lignite, pulverized coal, diesel oil,
heavy fuel oil, and natural gas. Additionally, Figure 2 outlines the estimation of external costs from
fossil electricity generation in these studies that have been translated to USD (year 2000) per MWh
to show the differences in the results of the studies. The estimated externalities in these studies
vary from 0.60 USD/MWh in the natural gas-fired power plants of Syria to 188.25 USD/MWh in the
coal-fired power plants of Bosnia & Herzegovina with high-sulfur coal without abatement equipment.
The difference in the external costs in the selected studies reflects differences in impacts, monetary
valuation of the damages, exposure-response functions, and locations and specifications of the power
plants. These studies find that the calculated external costs are high [34,35] and that it is possible to
find an estimation of external costs of fossil electricity generation, regarding incomplete or unavailable
local data.

Turtds Carbonell, Meneses
Ruiz et al. (2007) [29]

*> Cuba
e 10.15 (USD/MWh

Bozicevic Vrhovcak, Tomsic
et al. (2005) [3]

Spalding-Fecher and Matibe
(2003) [19]

*> Croatia
e 3.00 (USD/MWh)

*> South Africa
e 8.02 (USD/MWh)

(2009) [9] (2010) [16]

*> Baltic States
® 4.41-25.22 (USD/MWh)

*> Syria
e (.60 - 25.30 (USD/MWh)

Dimitrijevic, Tati¢ et al.
(2011) [36]
*> Bosnia & Herzegovina

® 95.58 - 188.25 (USD/MWh

Biike and Kone (2011) [28]

*> Turkey
e 1.78-35.21 (USD/MWh)

Streimikiene, Roos et al. : [ Hainoun, Almoustafa et al.

Czarnowska and
Frangopoulos (2012) [35]

*> Poland
e 256 (USD/MWh

Figure 2. Summary of electricity externality studies by different models applied in different countries.

In this study, we use SIMPACTS 2, the new (March 2016) version of SIMPACTS, obtained from the
Planning & Economic Studies Section of the IAEA’s Department of Nuclear Energy. With fossil-fired
plants, it needs several inputs, such as: (i) site characteristics by location of power plant; (ii) source
characteristics by stack specification (included are base elevation, stack height, stack diameter, exit
temperature, and exit velocity), and emission rates of pollutants; (iii) distribution of receptors around
the plant; (iv) exposure-response functions; and (v) unit costs for the impacts. The main pollutants
considered in SIMPACTS consist of SO,, NOx, and PMy (particulates less than 10 microns in diameter)
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as primary pollutants and nitrate and sulfate aerosols as secondary pollutants. Primary pollutants are
emitted at the source while secondary pollutants are those created downstream of the source location
due to chemical activities. However, there are some other harmful pollutants from fossil power
plants, such as heavy metals which, because of their very small contribution, are disregarded [22,36].
SIMPACTS 2 has a world database for topography, land use characteristics, and meteorological
conditions. After providing the coordinates for the power plant, the model extracts the included data
for that assessment area from the database distributed with the model. These data are used as starting
point for the calculation of the dispersion and transport of pollutants. After subsequently supplying the
other required data, the model can evaluate the environmental effects of one power plant, every time.
That is each time only one power plant can be investigated by SIMPACTS. Then environmental damage
costs of air pollution are estimated by assigning economic values to the physical impacts, caused
by exposure to concentrations of pollutants, which in turn resulted from dispersion, transformation
of contaminants being emitted to the air by a given source [37]. The CALPUFF (California Puff
Model) air quality modeling system is used in SIMPACTS to calculate pollutants concentration. It is a
multi-layer, multi-species, non-steady-state puff dispersion model that can simulate the effects of time-
and space-varying meteorological conditions on pollutant transport, transformation, and removal [38].
CO; emissions, which are a primary cause of global problems, are not included in SIMPACTS and the
global effects are beyond the scope of this paper.

SIMPACTS calculates the human health impact (I;) of type k and pollutant species type i (cases per

year) as follows:
4 41

L =G*x Y 3" puy x erfy x Ciyy (2)
x=1y=1

where; G is the grid size for each exposure area within the impact domain (kilometers), p,y is the
population density within the exposure area (person per km?), er f is the unit health impact for health
impact type k and species type i (cases per year per person per pg/m?3) and Ciyy is the increase in
ground-level ambient air concentration within the exposure area (j1g/m?3).

For monetary evaluation of health impacts, the annual external costs due to health impact k and
species type i are calculated according to the following equation:

ECYj = I x Uy 3)

where [j; is the health impact for the impact type k and species type i (cases per year) and Uy is the
unit cost for health impact k (dollar per cases).

In SIMPACTS, the impact analysis can be done locally or regionally. The user can choose a cell
size of 5 x 5 km for local analysis and 50 x 50 km for regional analysis. SIMPACTS creates 1681 blocks
(41 x 41) for the selected domain. Thus, the local domain will be a square area size of 205 x 205 km
and the regional domain will be a square area size of 2050 x 2050 km. Then the power plant is located
in the center of this square and SIMPACTS calculates pollutant concentrations, impacts, and costs for
every grid of the square.

3. External Costs from Iran Fossil Electricity Generation

Currently, 100% of urban and 99.9% of rural populations in Iran have full access to electricity [39,40].
In the last three decades, on average, more than 91% of Iran electricity production has been from
thermal power plants that consume fossil fuels (natural gas, diesel, and fuel oil). Energy balance
sheets issued by Iran’s Ministry of Energy state that power plants have a high contribution in air
pollutants (especially SO, and NOx) with respect to other sectors (transportation, industry, agriculture,
and residential sectors) and more than one-third of SO, and NOx emanate from electricity generation.

In this study, we investigate health damages from Iran fossil-based electricity generation for one
year. Using the latest available statistical data for Iranian calendar year 1395, the study encompassed
a one-year period starting from 20 March 2016 through 20 March 2017. In this year, Iran gross
generation was 289,195.8 GWH. Fossil-fuel power plants generated 265,775.6 GWH; that is, 91.9% of
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total generation. The electricity production of different fossil plants varies from 0.5 to 13,913 GWH.
We selected all large power plants with generation of more than 1000 GWH in the year of analysis.
There are 61 power plants with this condition, so our study includes 95.6% of total Iran fossil power
generation. Most of the 61 fossil plants are multi-fuel plants, which use a variety of fossil fuels.
Seven plants consume three types of fossil fuels. Forty three plants consume both of natural gas and
diesel, and also 4 plants consume both of natural gas and fuel oil. Six plants consume only natural
gas, and one plant also consumes only diesel. The plants have different geographical and climate
conditions, so estimation of health effects from these 61 plants, independently, increase the accuracy of
the results. Furthermore, with respect to the model, this study is only about the electricity production
phase, externalities and life cycle assessment has not been included.

In Iran, Tavanir organization is responsible for management of generation, transmission,
and distribution of electric power. According to the statistical reports of Iran electric power industry
issued by this organization, in the past 30 years, the total nominal capacity of Iran’s power plants has
increased from 13.3 GW to 76.4 GW. In this period, natural gas consumption has reached from 5.45 to
61.78 billion cubic meters, diesel from 1.48 to 5.87 billion liters, and fuel oil from 3.56 to 4.48 billion
liters. These facts demonstrate that the share of natural gas in generation, as the cleanest fuel among
commercial fossil fuels, has improved. Moreover, the share of fossil fuels with high sulfur content
(especially fuel oil) has decreased. Figure 3 shows fuel shares of Iran electricity generation for the year
of the analysis.

Electricity Generation: 289.2 TWH

Diesel
7.72%

Fuel oil
6.34%

Natural gas
77.84% Hydro
5.68%
Nuclear
/

2.32%

\

\\_ Renewable
0.10%

Figure 3. Fuel shares of Iran electricity generation, 2016-2017. Source: Based on [41].

In these three decades, Iran’s population has increased from 50.7 to 79.9 million. The average
age of Iran’s thermal power plants is about 16 years and Iran has 10 GW fossil plants over 30 years
old. At the time of the power plants’ construction, they were far from populated areas. Because of
population growth, the number of people near the plants has increased.

The determination of the population at risk from power plant pollutants is one of the major
components of external cost calculation. Several studies, especially in the developing countries,
assume constant population in the whole country or provinces and use the average population density
for these areas. In this study, to find a better estimation of population density around every power
plant, we collected the population of all sub-provinces from the 2016 National Population and Housing
Census of Statistical Centre of Iran. According to Ministry of the Interior data, Iran currently has
31 provinces and 429 sub-provinces. Figure 4 displays the locations of the selected 61 power plants
and population density for all sub-provinces. These plants have been given a number according to
their generation in descending order from highest generation (#1) to lowest generation (#61).
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Figure 4. Iran provinces, population density of sub-provinces, and locations of the 61 fossil power plants.

As shown in Figure 4, the population north and west of Iran is comparatively high and most of
the fossil plants are in the high-density areas. The average population density of Iran (total population
ratio to the total country area) is 49 person/km?. The population density in the sub-provinces varies
from 1 to 8343 persons/km?. The highest populated areas are near Tehran, where the plants numbered
1,7,27,31, and 50 are located.

In this study, we chose the regional level in SIMPACTS to investigate the effects of power plant’s
air pollution 1025 km from the plant. We used the ArcGIS 10.5 (Esri (Environmental Systems Research
Institute), California, CA, USA) to calculate the precise population density in 1681 cells 50 x 50 km at
a square area size of 2050 x 2050 km around each of the 61 plants, individually. Figure 5 exhibits the
population density for the sample power plant, Yazd (#17), that is located almost in the center of Iran.
To find a better view of the population near the plant, the density at a square size of 250 x 250 km
(i.e., in 25 cells) around of the plant has been shown as well. Impacts of pollutants from power plants
act over 1000 km or even more [3,13]; however, in this study, only those impacts arising on Iran’s
borders and territory are assessed.

In addition, in Appendix A, Table A1 summarizes the population density around the selected
plants. This table displays Iran’s population coverage at square size of 2050 x 2050 km by each of
the plants. The population at square size of 250 x 250 km (i.e., in 25 cells) around of the selected
plants has been presented in Table Al as well. According to this table, the plants Besat (#50), Parand
(#31), MontazerQaem (#7), RoodShur (#27), Damavand (#1), Rajayi (#2), and Qom (#18) have the
highest population in the 250 x 250 km range. For example, the plant Besat (#50) is in the capital and
19.84 million persons live in a square size of 250 x 250 km around it.
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Figure 5. Population density at squares size of 2050 x 2050 and 250 x 250 km around Yazd (#17)
power plant.

Generally, Iran’s plants don’t have conventional abatement technologies like flue-gas desulfurization
equipment, so the annual quantities of emitted air pollutants from each power plant are estimated by
multiplying the emission factors with the consumed fuel quantity. To determine the flue gas emission
factor, a project entitled “developing pollutant map of Iran’s thermal power plant” has been done
in Tavanir, during 2007-2008. Thus, 50 thermal power plants, with the total installed capacity of
34,863 MW, have been investigated [42]. According to the results of this project, we use the average
emission factors of SO, and NOx for different fossil fuels. These values are grams per KWH (g/KWH)
generated electricity. Since there is no local value for PM;( emissions, we used PM;( emission factors
from the 2016 EMEP (European Monitoring and Evaluation Programme)/EEA (European Environment
Agency) air pollutant emission inventory guidebook. These values are grams per gigajoules (g/GJ)
of thermal input for electricity production. Consequently, Table 1 shows the emission factors for the
three pollutants with respect to fuel types. Since the average sulfur content of Iran’s fuel oil is 3%,
we used 45 g/GJ for PM;( emissions from fuel oil as well. According to the updated permit of Iran
Department of Environment, SO, emission limits for existing plants depending on the type of fuel are
200, 150, and 800 milligrams per normal cubic meter (mg/ Nm?) for natural gas, diesel, and fuel oil,
respectively. Furthermore, NOx emission limits are 300, 250, and 400 mg/ Nm? for natural gas, diesel,
and fuel oil, respectively. Particulates emission limits is 150 mg/Nm3. On the other hand, old plants
with low efficiency, high consumption of heavy oil in cold seasons, and lack of emission abatement
equipment increase air pollutants.

Moreover, average calorific values of fuel used in Iran’s thermal power plants for natural gas,
diesel, and fuel oil are 35.98 (MJ/m?3), 38.63 (M]/Lit), and 40.96 (M]/Lit), respectively.
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Table 1. Average emission factors of SO,, NOx and PM;y depending on fuel type.

Emission Factor of Pollutant

Fuel SO, NOy PMy,
g/KWH g/GJ
Natural Gas 0.00 2.30 0.9
Diesel 3.08 4.79 3.2
Fuel oil 15.28 2.52 45

Source: [42,43].

According to the manual of the SIMPACTS, for a power plant with multiple stacks, since the
stacks are not far from each other, we model them as one. Accordingly, we use the average values for
stack specification. Additionally, according to the available statistical reports of Tavanir Org., we use
average values for exit temperature and exit velocity of stacks. Average exit temperatures for steam,
combined cycle, and gas power plants are 440, 550, 780 Kelvin, respectively. Additionally, average exit
velocities for steam, combined cycle, and gas power plants are 21, 30, and 46 m per second, respectively.

In Appendix A, Table A2 shows characteristics of the selected 61 power plants. It displays
generation, fuel consumption, and pollutant emissions for the year of the study as well. These
plants have been arranged according to their generation from largest to smallest. The total nominal
capacity and gross generation of the 61 power plants are 53.6 GW, and 254 GWH, respectively.
The generation of the selected plants varies from 1.1 GWH to 13.9 GWH. As shown in Figure 3,
these plants use mostly natural gas. The plants Ramin (#5), Montazeri (#6), Rajayi (#2), Damavand (#1),
Kerman (#3), MontazerQaem (#7), and Neka (#4) have the highest consumption of natural gas.
Furthermore, Damavand (#1), Chabahar (#58), Gilan (#8), Pareh-sar (#15), Rajayi (#2), Sanandaj (#19),
and Uromieh (#29) are largest in diesel consumption. As mentioned above, fuels with more pollutants
(i-e., fuel oil and diesel) gradually are being replaced by natural gas. According to Table A2, in the year
of this study, 10 plants did not consume diesel, 50 power plants did not consume fuel oil.

In addition, Neka (#4), Bandar-abbas (#10), Bistoon (#20), Mofateh (#13), Toos (#26), Rajayi (#2),
and Iran-shahr (#55) use the most fuel oil, consuming 92.1% of the total. Consequently, Neka (#4),
Bandar-abbas (#10), Bistoon (#20), Mofateh (#13), Rajayi (#2), Toos (#26), and Sahand (#25) are largest
producer of SO, pollutants and these seven plants produce 75.4% of total SO,.

The large natural gas consuming plants have the main contribution in NOx emissions. Therefore,
Damavand (#1), Rajayi (#2), Kerman (#3), Neka (#4), Ramin (#5), Montazeri (#6), and MontazerQaem (#7),
with respect to their high generation, are the top seven in NOx production.

Also, Neka (#4), Bandar-abbas (#10), Bistoon (#20), Mofateh (#13), Toos (#26), Rajayi (#2),
and Iran-shahr (#55) have the highest PMjy emissions and 72.6% of PM;y emanate from these
seven plants.

After the characteristics of the plants, their precise latitude and longitude in decimal degree
format is put into the model. The time frame for the model is a full year. The final required data for the
SIMPACTS are exposure-response functions and unit costs for the impacts. The ExternE has collected
exposure-response functions from several epidemiological studies. Additionally, sulfates and nitrates
are treated as particles, assuming for sulfates the toxicity of PMj and for nitrates, half the toxicity of
sulfates [15]. Table A3 summarizes health impacts of pollutants, including mortality (chronic, acute,
and infant) and morbidity (chronic bronchitis, bronchodilator usage, lower respiratory symptom,
restricted activity days, and hospital admissions) and related ERFs that have been considered in the
current study.

In this study, the ERFs have also been assumed to be linear, without threshold behavior, which
is vital for linear transfer of values and their adjustment. The simplification of linearized functions
without thresholds to very low increments in air pollution may lead to an overestimation of effects,
which must be remembered when using the results of such studies [3,13,28,29,44].
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Since most of the developing countries have no WTP studies, SIMPACTS offers the possibility
of transferring the values assessed for European Union. According to Equation (1), we use the unit
transfer with income adjustment. Per capita GDP (at PPP) for Iran and EU are 5910 and 20,269 USD
(2000), respectively. Also in this modification, the elasticity of willingness to pay with respect to income

is supposed to be one (v = 1). Table 2 presents the results of the applied adjustments and unit damage
costs for different health impacts.

Table 2. Unit damage cost of the health impacts and their adjustments for Iran from EU values.

Economic Unit Value (Year 2000 USD)

Health Impact
Iran European Union

Chronic Mortality 13,375.28 45,872.00
Infant Mortality 267,502.95 917,431.00
Acute Mortality 20,062.63 68,807.00
Bronchodilator Usage 0.29 1.00
Lower Respiratory Symptom 10.21 35.00
Restricted Activity Days (working adults) 34.70 119.00
Restricted Activity Days (non-working adults) 12.25 42.00
Hospital Admissions (Respiratory or Cardiac) 538.84 1848.00
Chronic Bronchitis 53,500.53 183,486.00

Source: [37].
4. Results

After collecting and calculating the required data, we ran the model for every plant separately
and individually and calculated the health impacts and costs from air pollution of the fossil plants.

Table A4 demonstrates the results of the considered human health impacts from the 61 plants
with respect to the type of pollutants. Additionally, according to this table, Figure 6 shows the share of
each health impact in total cases from all the 61 power plants.

B.U. A g
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zs 34%
R.H.A
R.A.D.N 0.008%

3 27%

B u.C CH.A

s Other 0.45% j_—0.005%
0 98%

\ .49% A.M

0.004%
.M
0.0002%
= Lower Respiratory Symptom - Adults = Restricted Activity Days - working adults
= Lower Respiratory Symptom - Children = Bronchodilator Usage - Adults
m Restricted Activity Days - non-working adults = Chronic Mortality
= Bronchodilator Usage - Children = Chronic Bronchitis - Adults
= Respiratory Hospital Admissions = Cardiac Hospital Admissions
= Acute Mortality = Infant Mortality

Figure 6. Share of each health impact in total cases from all the 61 power plants.
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As shown in Figure 6, in the all impacts from the total power plants, Lower Respiratory Symptom
in Adults, Restricted Activity Days in Working Adults, and Lower Respiratory Symptom in Children
have the highest health impacts with shares of 37.71%, 28.82%, and 25.34%, respectively. Multiplying
the number of cases of each impact to the unit cost of the impact gives the damage cost from the impacts.

Furthermore, in Appendix A, Table A5 presents the health damage costs from the 61 power plants
by type of pollutants and damage cost per generated electricity, as well. This table shows that the total
damage cost from all the 61 power plants is 723.42 million USD (2000) and health damage costs vary
from 0.11 to 93.59 million USD. The plants Bistoon (#20), Neka (#4), Mofateh (#13), Bandar-abbas (#10),
Rajayi (#2), Damavand (#1), Besat (#50), MontazerQaem (#7), and Toos (#26) are the highest in total
health damage costs. These nine plants cause 72.9% of total damage costs. Figure 7 shows health
damage costs from these nine plants with respect to the type of pollutants. The majority of these nine
plants have the high contribution in fuel oil consumption and consequently in SO, pollution, except for
Besat (#50) and MontazerQaem (#7). These two plants are near the capital with very high population
density, and hence the large amount of the receptors increases the health costs from these plants.
As mentioned earlier, SIMPACTS shows the results for all 1681 grids around the plant. Therefore,
it shows that 98% and 82% of health costs occur on 25 grids around Besat (#50) and MontazerQaem (#7),
respectively. Generally, on average, about 35% of health costs occur on 25 grids around the 61 power
plants (i.e., at a square size of 250 x 250 km).
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Figure 7. Top nine plants at the health damage costs with respect to the type of pollutants (million USD/year).

Furthermore, Iran-shahr (#55) consumes a large quantity of diesel and this plant is 8th-largest
in SO, emissions. Nevertheless, according the Figure 4 and Table A1, this plant is in the low-density
population area. Consequently, the location of the power plant has a significant effect on the external
cost due to pollution. Generally, the low quality of fossil fuel and high population density around
power plants account for large health effects.

In addition, Table A5 shows that damage cost per generated electricity varies from 0.06 to
22.41 USD/MWh. The average cost from the 61 plants (i.e., total health damage costs to total electricity
generation from the 61 plants) is 2.85 USD/MWh. The damage cost per generated electricity of
Besat (#50), Bistoon (#20), Mofateh (#13), Neka (#4), Toos (#26), and Bandar-abbas (#10) are highest and
their values are more than 8 USD/MWHh. Since Besat (#50) is a comparatively small plant, but with a
high damage cost, its damage cost per generated electricity is 22.41 USD/MWh.

Table 3 displays the total health damage costs from the 61 power plants by type of the health
impact and by type of the pollutants.

With respect to Table 3, Figure 8 shows that the impacts of Chronic Mortality, Chronic Bronchitis
in Adults, and Restricted Activity Days in Working Adults have the highest health costs, with shares
of 68.56%, 12.47%, and 10.40%, respectively.
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Table 3. Human health damage costs from the 61 power plants of Iran by health impact and pollutant

type (million USD 2000).
Health Impacts Pollutants
PMyg Sulfates Nitrates All

Chronic (C.M) 47.674 299.003 149.326 496.003

Mortality Infant (I.M) 0.429 2.691 1.344 4.464
Acute (A.M) 0.515 3.229 1.613 5.357

Bronchodilator Asthmatic Adults (B.U.A) 0.008 0.051 0.025 0.085
Usage Asthmatic Children (B.U.C) 0.001 0.006 0.003 0.010
Lower Respiratory Adults (L.RS.A) 2.798 17.550 8.618 28.966
Symptom Children (L.R.S.C) 1.871 11.737 5.862 19.471
Restricted Activity Working Adults (R.A.D.W) 7.309 45.841 22.104 75.254

Days Non-working Adults (R.A.D.N) 0.292 1.833 0.884 3.010

Hospital Cardiac (C.H.A) 0.020 0.126 0.063 0.210
Admissions Respiratory (R.H.A) 0.033 0.205 0.106 0.344
Chronic Bronchitis Adults (C.B.A) 8.674 54.401 27.169 90.244
Total 69.624 436.675 217.117 723.416

CB.A
12.475%
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0.048%
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0.029%
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| 0012%
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= Chronic Mortality = Chronic Bronchitis - Adults
= Restricted Activity Days - working adults = Lower Respiratory Symptom - Adults
= Lower Respiratory Symptom - Children = Acute Mortality
= Infant Mortality = Restricted Activity Days - non-working adults
= Respiratory Hospital Admissions = Cardiac Hospital Admissions
= Bronchodilator Usage - Adults = Bronchodilator Usage - Children

Figure 8. Share of each health impact in total damage costs from all the 61 power plants.

The results show that the pollutants caused significant damage to both mortality and morbidity.
These results describe that chronic mortality costs stand for majority of the total damage costs obtained.
Additionally, the low damage costs are mainly due to the negligible sulfur content in the fuel and the
low PM1p and NOx emissions and lower population density near the power plants. In addition, sulfur
species represent main part of the total costs. The last row of Table 3 states that the major impacts for
all considered pollutants have been made by sulfates, which accounted up to 60.4% of the total damage
costs, and the costs from nitrates and PM;o contributed 30.0% and 9.6%, respectively. Since Iranian
plants consume large amounts of natural gas, the sulfate share in the total cost is smaller than similar
studies; further, the nitrate share is larger than in similar studies. For example, Thai and Syrian studies
have estimated that sulfates accounted up to 83% and 88% of the total damage costs, respectively,
with the costs from nitrates being 9% and 10%, and the costs from PM;j( being 8% and 2%, respectively.
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In these studies, Thai power plants consume natural gas, lignite, and oil, while Syrian plants use heavy
fuel oil and natural gas [13,16].

As a final point, Figure 9 depicts distribution of total health costs from all 61 power plants in Iran.
According to Table A5, the health costs of 41 plants are less than 5 million USD. Moreover, Figure 9
shows that the health costs are high mainly around the capital and west provinces of the capital, where
pollutants from electricity generation cause significant damage on human health.

Health Costs
(million USD 2000) |

<5

®
@ s
‘ 20-50

LR ¢ N N \ ‘
.y 4 | ?
3~ : N = I 4
50 - 94 B i \ \ {
i s o N r

e\ Ty
Figure 9. Distribution of total health costs from all 61 power plants in Iran.

5. Discussion and Conclusions

The most important impact of fossil-based power plants is airborne pollution. The external costs
of electricity generation represent the uncompensated monetary value of the associated environmental
and health damages. Thus, society will accept the excess costs from electricity production that are not
reflected in market prices.

In this study, we apply the impact pathway approach to estimate the health impacts arising from
air emissions stemming from Iranian fossil-based electricity generation for one year. In a next step,
we evaluate the monetary costs of the estimated damages. We use the new version of SIMPACTS
(March 2016) to investigate the health effects from the 61 fossil power plants separately and individually.
In this analysis, we cover the whole country and investigate health effects from all large fossil power
plants, one by one. Our detailed approach strongly increases the reliability of the results because the
different locations, the distribution of population around the plants, the meteorological conditions,
the fuel consumption, and the pollutant emissions are jointly taken into account. In this way, our
approach provides more reliable estimations in comparison with previous studies using extrapolations
based on one or a limited number of plants. Moreover, to find a better value for population density
around every power plant, we use the population of all sub-provinces of Iran. Subsequently with
the help of the ArcGIS 10.5, we calculate the precise population density for each of the 61 power
plants. Since fossil plants have a high contribution in SO, and NOyx emission, we use the appropriate
national values for emission factors of these air pollutants from electricity generation. We use the
benefit transfer method to fill in gaps in the availability of information. The calculated total health
damage cost is 723.42 million USD 2000. The damage cost per generated electricity unit varies from
0.06 to 22.41 USD/MWHh, and its average is 2.85 USD/MWh.

There is another Iran study conducted in 2007 selecting only five fossil plants to calculate external
costs by generalizing the results to all regions of Iran. The damage cost per generated electricity of their
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study vary from 15.94 to 74.66 USD (2000) per MWh [44]. Their study consists of SO,, NOy, and SOx
pollutants. Additionally, their results include the environmental damage cost of CO,. They mention
that for the estimation of total external damages generated by power plants (besides health costs),
a medium value of 85% is selected for external health effects of air pollution. Thus, these matters cause
the different results between the 2007 study for Iran and the current study. In addition, the fuel oil
consumption in Iran has decreased by about 50% from 2007 to 2017.

Although economic issues are still the main factor in choosing the generation method, Iran
has taken several measures to consider environmental issues and to decrease the adverse effects of
electricity generation, such as the implementation of environmental assessment in construction of
new power plants, developing and using renewable energy, and increasing efficiency of thermal
power plants by construction of steam section of combined cycle power plants, and dispatching units
with respect to higher efficiency. One of the most significant actions in reduction of pollutants from
Iran power plants in the last years is replacing liquid fuels (fuel oil and diesel) with natural gas as a
clean fuel, especially in plants close to large cities. This action started in 2014 and has continued by
cooperation between Iran’s Ministry of Petroleum and Ministry of Energy. Nevertheless, in the cold
seasons, due to consumption of natural gas in residential sectors, several plants, despite the proximity
to high density population areas, use liquid fuels.

This study exhibits the health impacts and costs for every 61 plants. These independent results
are useful to classify the power plants based on their health damages and taking measures according
to their priority. We found that there are power plants near the densely populated regions that create
high health impacts and costs. The plants Bistoon, Neka, Mofateh, Bandar-abbas, Rajayi, Damavand,
Besat, MontazerQaem, and Toos cause high health damage costs. These nine plants cause 73% of
total damage costs from Iran electricity generation. The majority of these nine plants have a high
contribution in fuel oil consumption. In addition, Damavand, Rajayi, and MontazerQaem use large
amounts of diesel. Consequently, at first, the liquid fuels in these plants should be replaced quickly.
For instance, the statistical reports show that MontazerQaem has consumed large amounts of fuel
oil in the past years but then the fuel oil consumption in this plant has reached to zero. Such actions
decrease the emissions of health-harmful air pollutants. In addition, improving efficiency and fuel
consumption, using the appropriate emission reduction technologies, and locating polluting plants
farther from densely populated areas decrease the external costs.

There are uncertainties involved in calculating external costs for power generation, for example,
estimating of the data, the applied assumptions in models, and deriving the monetary valuation
of damage costs. Nevertheless, it is better to have even an estimation of the externalities instead
of disregarding them entirely. Also despite the uncertainties in the results, it is possible to reach
meaningful conclusions. However, more research in the field of fossil electricity externality is necessary.

A general conclusion from this study is that air emissions from fossil plants have a large impact
on human health and the related external costs are high. Considering the external costs can affect the
electricity generation expansion planning. Internalization of the external costs in the price of electricity
would increase the production cost from fossil fuels and hence fossil electricity alternatives become
competitive. Therefore, cleaner and low emissions energy technologies with lower external costs (even
with higher private costs) can be used to increase benefits for society.
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Appendix A
Table A1. Summary of status of population around of the selected power plants.

Coverage of Iran Population in Population in Coverage of Iran Population in Population in

Nr. Power Plant Name 2050 X 2050 km 250 X 250 km Nr. Power Plant Name 2050 X 2050 km 250 X 250 km

% Million Person % Million Person
1 Damavand 99.2% 19.04 2 Rajayi 97.4% 18.37
3 Kerman 96.1% 1.20 4 Neka 96.7% 3.62
5 Ramin 94.8% 3.93 6 Montazeri 99.5% 4.90
7 MontazerQaem 98.6% 19.22 8 Gilan 94.1% 4.75
9 Kazeroon 98.4% 4.01 10 Bandar-abbas 76.5% 1.42
11 Shazand 96.9% 4.76 12 Neishabur 84.6% 4.66
13 Mofateh 95.0% 3.96 14 Fars 98.2% 3.80
15 Pareh-sar 92.1% 4.37 16 Asaluyeh 79.6% 0.90
17 Yazd 100.0% 1.62 18 Qom 98.5% 11.30
19 Sanandaj 87.0% 3.54 20 Bistoon 87.9% 4.64
21 Hafez 98.2% 3.80 22 Abadan 91.7% 2.51
23 Khalij-fars 81.1% 1.67 24 Khoramshahr 90.9% 2.55
25 Sahand 81.9% 5.85 26 Toos 81.2% 5.05
27 RoodShur 98.6% 19.22 28 Chehel-sotun 99.6% 5.07
29 Uromieh 80.6% 5.41 30 Tabriz 81.1% 5.49
31 Parand 98.7% 19.28 32 Isin 79.2% 1.55
33 Shirvan 85.5% 1.69 34 Zavareh 99.9% 2.70
35 Jahrom 93.4% 2.71 36 Ganaveh 97.2% 1.88
37 Shirkooh 100.0% 1.62 38 Dorcheh 99.6% 5.10
39 Kaveh 84.1% 0.84 40 Golestan 96.1% 2.46
41 Sabalan 85.4% 2.31 42 Shariati 79.0% 5.05
43 Chadormalou 100.0% 2.23 44 Pars-jonubi 80.8% 0.92
45 Shobad 84.1% 1.49 46 Ferdoosi 81.3% 5.05
47 Zagros 87.9% 4.64 48 Bampoor 62.5% 0.72
49 Khoy 77.8% 3.72 50 Besat 98.9% 19.84
51 Zargan 94.3% 3.84 52 Soltaniye 93.7% 4.53
53 Mashhad 79.7% 5.09 54 Loshan 95.3% 5.50
55 Iran-shahr 62.4% 0.72 56 Semnan 99.3% 3.30
57 Mobarakeh 99.5% 4.93 58 Chabahar 28.6% 0.55
59 Zob-ahan 99.4% 4.80 60 Kashan 99.6% 2.87

61 Bastami 98.2% 2.26
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Table A2. The selected power plants characteristics used in the SIMPACTS analysis.

17 of 29

Nomi . . Fuel Consumption Emissions Stack Specification
ominal Capacity  Gross Generation
Nr. Power Plant Name Type Natural Gas  Diesel Fuel Oil SO, NOx PMyq Height Diameter  Elevation
MW MWH Share Million m3 Million Liters Ton/Year Meter
1 Damavand ca 2868 13,912,678 5.5% 2458.9 580.53 0.0 8674.7 38,980.9 151.4 35 6 1053
2 Rajayi CS b 2043 11,936,083 4.7% 2515.0 240.01 332.3 24,900.3 30,181.6 723.6 130 5 1308
3 Kerman C 1912 11,000,245 4.3% 23424 98.69 0.0 1467.8 26,470.4 88.1 35 6 1750
4 Neka S,C 2215 10,943,624 4.3% 1891.6 0.00 965.7 61,4459 26,042.0 1841.3 110 5 0
5 Ramin S 1903 10,318,644 4.1% 2875.1 0.01 9.6 595.6 23,727.8 110.8 200 6 35
6 Montazeri S 1616 9,585,574  3.8% 2609.6 0.00 0.0 0.0 22,034.0 84.5 150 4 1677
7 MontazerQaem CS 1623 8,739,549  3.4% 2088.3 164.81 0.0 2104.8 21,787.9 88.0 35 5 1246
8 Gilan C 1306 7,324,948  2.9% 1296.8 405.22 0.0 5673.6 21,416.1 92.1 25 6 62
9 Kazeroon C 1372 7,322,559  2.9% 1645.5 22.66 0.0 3289 17,097.6 56.1 35 6 838
10 Bandar-abbas SG¢ 1330 7,252,100 2.9% 1160.6 0.90 842.9 50,127.3 17,401.3 1591.4 80 6 19
11 Shazand S 1300 6,622,608  2.6% 1695.5 0.48 319 2125.7 15,258.6 113.7 200 9 1939
12 Neishabur C 1040 5,835,730  2.3% 11374 185.56 0.0 2681.9 15,578.6 59.8 35 5 1266
13 Mofateh S 1000 5,310,506  2.1% 932.0 0.00 454.8 28,970.2 12,624.9 868.5 150 5 1642
14 Fars C 1035 5,300,617 2.1% 1175.5 16.29 0.0 239.7 12,377.7 40.1 40 5 1522
15 Pareh-sar C 968 5,138,049  2.0% 871.4 268.20 0.0 3934.8 14,986.0 61.4 35 6 0
16 Asaluyeh G 954 4,777,938 1.9% 1607.5 0.14 0.0 14 10,984.0 521 30 7 39
17 Yazd CG 1005 4,710,870 1.9% 950.3 78.26 0.0 1179.9 11,780.9 40.4 35 6 1209
18 Qom C 714 4,442,176 1.7% 877.2 175.08 0.0 2417.0 12,161.5 50.1 35 6 1026
19 Sanandaj C 956 4,369,461 1.7% 724.8 239.16 0.0 3524.4 12,888.1 53.0 35 6 1539
20 Bistoon S 640 4,289,350 1.7% 353.0 0.00 702.8 45,464.0 10,515.5 1306.9 160 5 1320
21 Hafez G 972 4,236,129 1.7% 1371.1 31.97 0.0 319.0 9994.9 48.4 25 6 1532
22 Abadan C 814 4,182,643 1.6% 867.5 10.13 0.0 159.7 9743.4 29.3 25 6 2
23 Khalij-fars G 990 4,106,068 1.6% 1260.7 41.61 0.0 433.2 9788.1 46.0 25 6 68
24 Khoramshahr G 972 4,027,770 1.6% 1162.4 102.67 0.0 1075.7 10,126.6 50.3 30 6 3
25 Sahand S 650 3,992,910 1.6% 766.1 0.00 272.1 17,560.8 9431.7 526.3 204 4 1293
26 Toos S 600 3,952,910 1.6% 695.6 1.74 397.1 23,764.5 9444.8 754.7 100 3 1128
27 RoodShur G 789 3,929,872 1.5% 915.8 202.75 0.0 2327.1 10,911.4 54.7 25 6 1114
28 Chehel-sotun G 954 3,612,743 1.4% 1128.6 42.05 0.0 4284 8650.2 41.7 25 6 1730
29 Uromieh G 960 3,456,578 1.4% 919.6 218.95 0.0 2169.7 9696.4 56.8 25 6 1339
30 Tabriz S,G 800 3,213,003 1.3% 941.5 0.29 30.7 1758.6 7413.4 87.1 140 5 1330
31 Parand G 954 3,210,622 1.3% 895.8 152.80 0.0 1532.4 8616.8 479 35 6 1075
32 Isin G 648 3,046,666 1.2% 957.0 33.72 0.0 342.4 7279.6 35.2 25 6 67
33 Shirvan G 954 3,042,788 1.2% 755.0 105.88 0.0 1227.7 7985.1 37.5 25 6 1110
34 Zavareh C 484 3,022,881 1.2% 560.1 66.70 0.0 1056.6 7801.3 26.4 45 5 988
35 Jahrom G 954 2,995,806 1.2% 936.2 29.05 0.0 297.8 7126.7 33.9 25 6 1065
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Table A2. Cont.

Nomi . . Fuel Consumption Emissions Stack Specification
ominal Capacity  Gross Generation
Nr. Power Plant Name Type Natural Gas  Diesel Fuel Oil SO, NOx PMyq Height Diameter  Elevation
MW MWH Share Million m?3 Million Liters Ton/Year Meter
36 Ganaveh C 484 2,925,544 1.2% 589.9 17.69 0.0 281.3 6951.8 21.3 35 6 2
37 Shirkooh C 484 2,839,356 1.1% 570.5 32.39 0.0 502.9 6932.6 225 35 6 1190
38 Dorcheh S 835 2,712,428 1.1% 764.1 0.00 0.0 0.0 6235.0 247 70 4 1610
39 Kaveh G 636 2,673,012 1.1% 749.3 106.94 0.0 1095.1 7028.1 37.5 25 6 1465
40 Golestan G 972 2,597,197  1.0% 705.3 175.53 0.0 1688.6 7332.8 445 25 6 114
41 Sabalan G 960 2,577,551 1.0% 753.2 130.83 0.0 1249.2 6933.0 40.6 25 6 1338
42 Shariati CG 497 2,446,626 1.0% 5779 57.13 0.0 723.8 6208.1 25.8 35 5 958
43 Chadormalou C 492 2,389,805  0.9% 597.5 0.00 0.0 0.0 5493.4 19.3 35 6 1159
44 Pars-jonubi G 954 2,389,442  0.9% 796.5 0.00 0.0 0.0 5492.5 25.8 25 6 38
45 Shobad C 484 2,342,615  0.9% 642.0 6.75 0.0 80.6 5449.9 21.6 35 6 533
46 Ferdoosi G 954 2,204,088  0.9% 636.0 119.87 0.0 1143.8 5989.5 354 25 7 1122
47 Zagros G 648 2,143,001 0.8% 687.7 113.00 0.0 990.8 5725.6 36.2 25 6 1326
48 Bampoor G 324 1,919,485  0.8% 586.9 7.60 0.0 81.2 4477.8 19.9 25 6 542
49 Khoy C 349 1,889,962  0.7% 295.1 149.82 0.0 2056.0 6003.6 28.1 35 5 1183
50 Besat S 248 1,751,915  0.7% 563.2 0.42 0.0 43 4030.6 18.3 26 3 1114
51 Zargan S,G 418 1,699,941 0.7% 461.0 0.00 0.0 0.0 3907.6 149 60 5 23
52 Soltaniye G 648 1,688,208  0.7% 467.1 80.04 0.0 808.9 4533.4 25.0 25 6 1838
53 Mashhad S,G 328 1,546,817  0.6% 533.7 23.63 0.0 216.4 3730.2 20.2 45 5 965
54 Loshan S,G 360 1,424,962  0.6% 380.1 62.83 0.0 662.3 3809.9 20.1 45 5 313
55 Iran-shahr S 256 1,423,528  0.6% 120.8 0.16 326.3 16,404.5 3510.0 605.3 110 5 551
56 Semnan G 324 1,337,634  0.5% 3125 91.92 0.0 989.8 3873.5 21.5 25 6 1231
57 Mobarakeh S,G 318 1,336,549  0.5% 441.7 9.60 0.0 94.0 3148.1 155 35 6 1784
58 Chabahar G 414 1,261,563  0.5% 0.0 435.45 0.0 3890.0 6039.1 53.8 25 6 7
59 Zob-ahan S,G 275 1,167,857  0.5% 272.7 0.00 0.0 0.0 2684.5 8.8 110 4 1757
60 Kashan G 324 1,108,778  0.4% 303.5 65.75 0.0 645.1 3069.3 18.0 25 6 991
61 Bastami G 324 1,063,864  0.4% 285.1 57.00 0.0 579.7 2913.2 16.3 25 6 1231
Total Power Plants 53,603 254,024,426 100.0% 58,434.7 5260.59  4366.1 334,499.7 639,809.0 10,590.5

2 Combined cycle; b Gteam; ¢ Gas
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Table A3. Health impacts of pollutants and exposure-response relations.

Health Impact Affected Population Unit Pollutant ERF Slope
Cases Per Year Per Person Per pg/m?
PMyg B
Chronic Mortality Sulfates 4x107*
. . Nitrates 2x10°*
entire population
f life lost PMig 6
Acute Mortality years or lire Sulfates 2.88 x 10
Nitrates 1.44 x 1076
PMy .
Infant Mortality children less than 12 month old Sulfates 1.8 x 10
Nitrates 9% 108
PMyg B
asthmatic adults, 20+ Sulfates 3.15 %10
Bronchodilator Usage cases of usage Nitrates 1.575 x 107°
PMy »
asthmatic children 5-14 Sulfates 3.663 x 10
Nitrates 1.7908 x 10~*
PMyg 5
adults with chronic respiratory symptoms Sulfates 3.0756 < 10
. Nitrates 1.51217 x 1072
Lower Respiratory Symptom
PMyg .
Children, 5-14 Sulfates 2.057 < 10
days Nitrates 1.0285 x 1072
PMyg 72
working adults, 15-64 Sulfates 2.36379 x 10
Restricted Activity Days Nitrates 1.14114 x 102
PMyg 5
non-working adults, 15-64 Sulfates 2.67786 x 10
Nitrates 1.29276 x 1073
PM]O 6
Cardiac Hospital Admissions Sulfates 4.2 %10
. . L Nitrates 2.1 x 107
entire population admissions
PMyg »
Respiratory Hospital Admissions Sulfates 6.82 x 10
Nitrates 3.534 x 107°
PMyg _5
Chronic Bronchitis adults, 27+ cases Sulfates 1.81944 x 10
Nitrates 9.0972 x 1076
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Table A4. Human health impacts from the 61 plants of Iran by type of pollutants.

Human Health Impacts ? (Cases/Year)

Nr. Power Plant Name  Pollutant

C.M. IM. AM. BUA. BUC LRSA. LRSC. RADW. RADN. CHA. RHA. CBA.

PMio 81.0 00 06 638.1 74.2 6230.2 4166.8 4788.3 542.4 0.9 14 3.7

. b q Sulfates 845.7 04 61 6660.3 7745 650295 434926 499792  5662.0 8.9 144 38.5
amavan Nitrates 1630.6 07 117 12,8411  1460.1  123288.6 83,854.6 93,0382  10,540.0 17.1 28.8 74.2

All 2557.4 12 184 20,1395 23087 1945483 1315139 147,805.7 16,744.4 26.9 446 116.3

PMo 117.2 0.1 0.8 9226 107.3 9008.5 6025.0 6923.6 784.4 1.2 2.0 5.3

) Ratavi Sulfates 1861.3 08 134 146574 17044  143,111.8 957150 1099903 12,460.4 19.5 31.7 84.7
jay Nitrates 851.5 04 61 6705.5 7624  64,379.6 43,7877 485832  5503.8 8.9 15.0 38.7

All 2829.9 13 204 222855 25742 2164999 1455277 1654972 18,748.6 29.7 488 128.7

PMio 10.4 00 01 81.8 9.5 798.3 533.9 6135 69.5 0.1 0.2 0.5

3 K Sulfates 120.1 0.1 0.9 946.1 110.0 9237.9 6178.4 7099.9 804.3 13 2.0 5.5
erman Nitrates 154.3 0.1 1.1 1215.2 1382  11,667.7  7935.8 8804.9 997.5 1.6 2.7 7.0

All 284.8 0.1 2.1 2243.1 2577 21,7039 14,648.1 165183 18713 3.0 5.0 13.0

PMy, 204.2 0.1 15 1608.4 187.0 157042 10,503.1 12,069.6  1367.3 2.1 3.5 9.3

A Nek Sulfates 4092.6 1.8 295 322292 37478  314,679.6 2104617 241,850.9 27,3985 43.0 69.8 186.2
eka Nitrates 3935 02 28 3098.6 3523  29,750.3 202346 22,4507 25434 4.1 7.0 17.9

All 4690.3 21 338 369362 42871  360,134.1 241,199.5 2763712 31,309.2 492 80.2 2133

PMy0 14.4 00 01 113.6 13.2 1109.0 741.7 852.3 9.6 0.2 0.2 0.7

5 Rami Sulfates 39.3 00 03 309.5 36.0 3022.3 2021.4 2322.9 263.1 0.4 0.7 1.8
amin Nitrates 179.6 0.1 1.3 1414.2 160.8 13,5778 92350 10,2464  1160.8 1.9 3.2 8.2

All 2333 0.1 1.7 1837.3 2100 17,7091 11,9980 134215 15205 24 41 10.6

PM;0 17.9 00 01 140.6 16.4 1372.9 918.2 1055.1 119.5 0.2 0.3 0.8

6 Montazeri Nitrates 4982 02 36 3923.0 14460 37,6647 25617.6 284232  3220.0 5.2 8.8 227
All 516.0 02 37  4063.6 4624 39,0376 265358 294783 33395 5.4 9.1 23.5

PMyo 192.4 0.1 14 1514.8 176.1 14,790.1 98918  11,367.1  1287.7 2.0 3.3 8.7

; MontazerQaem Sulfates 220.4 0.1 1.6 1736.0 2019 169501 11,3364 13,0272 14758 23 3.8 10.0
z Nitrates 1456.9 0.7 105 11,4734 13045 110,157.3 749233 83,1288 94174 15.3 257 66.3

All 1869.7 0.8 135 14,7242 16826  141,8975 96,151.6 107,523.1 12,1809 19.6 32.8 85.0

PMo 20.5 00 0.1 161.1 18.7 1572.7 1051.8 1208.7 136.9 0.2 0.3 0.9

g Gil Sulfates 202.2 0.1 15 1592.2 1852 155464 10,397.6 11,9484  1353.6 2.1 34 9.2
an Nitrates 250.2 0.1 1.8 1970.6 224.1 189194 12,8680 142773 16174 26 44 114

All 4729 02 34 3723.9 4279 360385 243175 274344  3108.0 5.0 8.2 21.5

PMo 18.8 00 01 148.2 17.2 1447.1 967.8 1112.2 126.0 0.2 0.3 0.9

9 Kazeroon Sulfates 29.1 00 02 229.1 26.6 2236.7 1496.0 1719.1 194.7 0.3 0.5 13
Nitrates 1733 0.1 1.2 1364.9 1552 13,1045  8913.0 9889.1 1120.3 1.8 3.1 7.9

All 2212 0.1 1.6 1742.2 199.1 16,7883 11,3768 12,7204  1441.0 23 3.9 10.1

20 of 29
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Table A4. Cont.

Human Health Impacts ? (Cases/Year)

Nr. Power Plant Name  Pollutant
CM. ILM. AM. BUA. BUC. LRSA LRSC. RADW. RADN. CHA. RHA. CBA.
PMyo 1483 01 11 11681 1358 11,4051 76279 87655  993.0 16 25 6.7
Sulfates 27450 12 198 21,6171 25138  211,0654 141,1632 1622169 183770 2838 468 124.9
10 Bandar-abbas Nitrates 82.0 00 06 6458 73.4 62007 42174 46793 5301 0.9 14 3.7
All 29754 13 214 234311 27230 2286713 1530085 1756617 19,9001 312 50.8 135.3
PMyo 175 00 01 1376 160 13438 8988 10328 1170 0.2 03 08
Sulfates 1938 0.1 14 15259 1774 148983 99642 11,4503 12972 20 33 88
1 Shazand Nitrates 2763 0.1 20 21759 2474 208912 142091 157653  1786.0 29 49 126
All 4875 02 35 38394 4408 371333 250721 282484 32002 51 85 22
PMyo 170 00 01 1338 15.6 13061 8735 10038 1137 0.2 03 08
) Sulfates 1733 01 12 13650 1587 133272 89134 102428 11604 18 3.0 7.9
12 Neishabur Nitrates 1770 01 13 13942 1585 133857 91043 10,1014 11444 1.9 3.1 8.1
All 3674 02 26 28929 3328 280191 188912 213480 24184 39 6.4 167
PMyo 1839 01 13 14483 1684 141408 94576 108681 12312 19 3.1 8.4
Sulfates 30466 14 219 239922 27899 2342551 1566728 180,039.6 2039%.1 320 519 138.6
13 Mofateh Nitrates 4122 02 30 32460 3691 31,1651 21,1969 235184 26643 43 73 18.7
All 36427 16 262 286865 33274 2795611 1873270 2144261 242916 382 62.4 165.7
PMyo 245 00 02 1930 24 18842 12602 14481 1641 03 0.4 11
Sulfates 22 00 02 1746 203 17051 11404 13105 1485 0.2 0.4 1.0
14 Fars Nitrates 1155 01 08 909.9 1035 8735.6 5941.5 6592.2 746.8 12 2.0 5.3
All 1622 01 12 12775 1462 12,3249 83420 93508  1059.3 17 28 7.4
PMyo 8.2 00 01 643 75 628.1 4201 4828 547 0.1 0.1 04
Sulfates 1124 01 08 8849 1029 86399 57785 66403 7523 12 19 51
15 Pareh-sar Nitrates 1252 01 09  986.1 1121 94677 64394 71447 8094 13 22 5.7
All 2458 01 18 19353 2225 187358 12,6380 142678 16163 26 43 12
PMyo 59 00 00 467 54 456.1 305.1 350.6 39.7 0.1 0.1 03
16 Asaluyeh Sulfates 0.1 00 00 0.6 0.1 6.0 40 46 05 0.0 0.0 0.0
Nitrates 373 00 03 2939 334 28222 19195 21298 2413 0.4 0.7 17
All 433 00 03 3413 389 32843 22286 24849 2815 05 0.8 20
PMyo 13 00 01 89.1 10.4 869.6 581.6 668.3 757 0.1 0.2 05
Sulfates 1205 01 09  949.1 1104 92666 61976 71219 8068 13 2.1 55
17 Yazd Nitrates 1461 01 1.1 11504 1308 11,0452 75124 83351 9443 15 26 6.6
All 2779 01 20 21885 2515 21,1814 142916 16,1254 