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Supplementary materials and methods. This section provides
further information on specific materials and methods that
were not covered in the main paper.

Model overview. A visual overview of our emission and health
impact model for power plants, steel mills, oil refineries and
cement plants is shown in supplementary figure 1. In general,
the basic facility data was first loaded and connected with sev-
eral supplementary data sources before the respective activity
data of each facility (electricity and heat for power plants, steel
output for steel mills, crude oil inputs for oil refineries and
clinker output for cement plants) in 2016 could be determined.
This allowed to estimate the amounts of inputs of fuels and raw
materials, which could then be used to estimate site-specific
emissions. Where facility-level reported emission data was also
available, these estimates could be used for disaggregation to
individual emission sources per facility. As COz2 emissions are
typically closely related to fuel or raw material inputs through
mass balances, we could use reported and disaggregated CO2
emissions to improve earlier estimates of activity data and
re-calculate the emissions for PMs .5, SO2, NOx and NHs ac-
cordingly. The emission data was then supplemented by basic
emission properties (like stack heights) to calculate the health
impacts with the atmospheric model. Finally, their locations
could be mapped.

Steam turbine thermodynamic data. Basic thermodynamic data
like main steam pressures, main steam temperature and reheat
steam temperatures for each generating unit were in most cases
known from (1). Missing main steam pressures pmain |[bar] for
subcritical steam turbines were derived from a fit to the data
points of figure 1 in (2):

Pmain = 21.954 - Co)! [1]

In this equation, Cyni+ [MW] is the electric generating
capacity of the specific steam turbine. The lower limit of
pressure pmain was set to 1 bar. In case the generating capacity
of a combined cycle with a gas turbine and a steam turbine
is reported as a sum, we generally assume that two thirds
of the generating capacity belong to the gas turbine and
the remaining one third to the steam turbine (based on the
disaggregated capacities of combined cycle units reported in
(1)). The pressure of steam turbines from combined cycle
power plants with internal combustion engines is relatively
independent of its capacity and we thus assume it to be 15 bar
in case of data gaps (based on the median reported in (1)).

Missing main steam temperatures Trmain [°C] for subcritical
steam turbines were then calculated as:

Trnain = 542 - (1 — exp(—0.0392 - Prmain)) 2]
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This equation has also been obtained from (2). The lower
limit of temperature Tinqin was set to 100 °C. The main steam
temperatures of steam turbines from combined cycle power
plants with internal combustion engines were a special case
as they were set to the median of 345 °C from (1). Based on
average data contained in (1), the main steam pressure and
temperature of supercritical steam turbines were assumed as
245 bar and 550 °C, and for ultrasupercritical steam turbines
as 260 bar and 595 °C, respectively. Following the procedure
from (2), all combinations of steam temperatures and pressures
were checked to see whether the water would actually be steam
at that conditions. Where that was not the case, the steam
temperature was increased with equation 2.

As most steam turbine units with electric generating capac-
ities larger than 100 MW have one reheat stage, we also made
that basic assumption for generating units missing main steam
temperatures. The mean ratio of reheat temperatures to main
steam temperatures in (1) is 1.002 (in [°C/°C]), which is also
what we assumed for unknown reheat temperatures.

The classification of main steam conditions in the categories
subcritical, supercritical and ultrasupercritical was available
for most units, but for a small number of data gaps (<60), the
classifications were added based on an analysis of the existing
data in (1). For these, steam turbines with electric generating
capacities below 300 MW as well as any steam turbines in
combined cycle power plants were classified as subcritical,
those greater than or equal to 300 MW but below 900 MW as
supercritical and the rest as ultrasupercritical.

To determine the lowest temperature of the Rankine cycles
of each steam turbine, the cooling system had to be known.
Most cooling systems were already classified (as discussed in
(3)) and the remaining ones were filled in based on the most
common technology. An analysis of the reported data showed
that once-through cooling is the most common technology for
old steam turbine power plants, while newer ones mostly use
wet tower cooling. Thus, the missing cooling systems for all
units constructed before 1990 or with unknown construction
date were assumed to use once-through cooling, while all newer
units were assumed to use wet tower cooling.

The lowest temperature of the Rankine cycle Ty, [°C] per
steam turbine was then derived as combination of the cooling
system and the temperature of the surrounding environment.
For dry air cooling, the average of the site-specific monthly
air temperatures from (4) (down to a minimum of 45 °C) was
used, while water temperatures for wet cooling systems were
calculated from the correlation of air and water temperatures
presented in (5) (also down to a minimum of +5°C). A
temperature difference of +10°C was added to the respective
cooling temperature as driving temperature gradient for heat
transfer (based on (3)). Wet bulb temperatures for wet tower
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Supplementary figure 1. General overview of the site-specific emission and impact calculation procedure.

cooling were not further distinguished considering the limited
influence of the cooling temperature on the overall efficiencies
(3) and the uncertainties in the other data for calculating
Rankine cycle efficiencies.

Boiler classification. The classification of boiler types was neces-
sary for filling in missing boiler efficiencies n, [-] as described
in the main manuscript and for assigning emission factors.
By default, oil and gas-fired boilers were assumed to be dry
bottom boilers as these are most common according to (6). In
case of coal-fired boilers, different fuel types and sizes were
distinguished. Anthracite and lignite boilers up to an electric
gross generating capacity of 10 MW were assumed to be fixed
bed boilers, those larger than 10 MW but less than or equal to
300 MW as fluidized bed boilers and the rest as dry bottom
boilers. Bituminous and subbituminous coal boilers with elec-
tric gross generating capacities below 50 MW were assumed
to be fixed bed boilers and the rest dry bottom boilers. These
size limits for the default assumptions were derived from the
reported data in (1, 6). The coal fuel types were based on
the primary fuel presented in (1), while gaps per unit were
filled from (7) where possible and else assuming bituminous
coal, which is by far the most common coal type in power
generation globally (8).

Steam power plant efficiencies. The calculation procedure for
steam turbine efficiencies follows the basic framework from
(2, 3, 7) and makes several updates to it. The gross elec-
tricity generation Wey gross [MWh/a] was calculated from the
net electricity generation Wel,nﬁt [MWh/a] and the net-gross
efficiency nng [-]:

Wel,net [3]
Ting

The net-gross efficiency was either known for the specific

Wel,gross =
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unit or it was for coal power plants derived from a regression
that was fit to the reported data from (9-11):

Nng = 0.947 — 0.05 - exp(—0.004 - Cyunit) (4]

In case of Indian lignite and non-lignite coal power plants,
the guidelines of the Indian Central Electricity Authority (12)
as presented in supplementary tables 15 and 16 were used
for linear interpolation. For other types of fuels, the net-
gross efficiencies were selected as shown in supplementary
table 14. The average fuel input 1y [kg/s] per electricity
generation was then calculated with equation 4 in the SI of
(7) including the modifications to the boiler efficiencies 1 [-]
and lower heating values LHV [MJ/kg] described in the main
manuscript. Mechanical turbine efficiencies 7 [-] were selected
as in (7). Generator efficiencies 7y [-] were derived by linear
interpolation with unit capacities Cyni: and the efficiencies
according to supplier data shown in supplementary table 13.

Rankine cycle efficiencies were generally calculated by a
procedure derived from the approach of (2) with several central
changes:

e The calculation procedure for the enthalpy of all pumps
was changed so that their isentropic efficiencies could be
included in the same way as for steam turbines. Thus, for
example, the pump equation for the enthalpy in section
S2.2.1 of (2) was changed to

ho = by + 22201 g

Npump
in which hy [kJ/kg] is the specific enthalpy in front of the
pump, ha [kJ/kg] the specific enthalpy behind the pump,
has [kJ/kg] the isentropic specific enthalpy behind the
pump and 7pump [-] the isentropic pump efficiency. The
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Supplementary figure 2. Simplified heat flow diagram for an extraction condensing supercritical coal power plant with dual reheat and co-generation of heat and power as

modeled by this work.

value for 7pump was chosen in accordance with (2) and
hos was calculated with the pressure behind the pump
p2 [bar] and the specific entropy in front of the pump
s1 [kJ/kg/K] based on IAPWS-95 guidelines (13). The
specific entropy s1 was, in turn, calculated according to
TAPWS-95 guidelines from the known temperature in
front of the pump T [K] and under the assumption that
the water was saturated. All other pump equations were
changed accordingly.

e The isentropic steam turbine efficiencies n: [-] depend on
pressure ratios so steam turbines with higher pressure
ratio tend to have higher isentropic efficiencies (14). As
the lower pressure of condensing steam turbines is near
vacuum for all these turbines, we use the maximum steam
pressure to interpolate isentropic full load turbine efficien-
cies linearly based on typical manufacturer data as shown
in supplementary table 22.

e At part-load operation, the isentropic steam turbine ef-
ficiency decreases. We thus adjusted the isentropic full
load turbine efficiencies with a factor calculated by the
procedure from (15) for the assumed average load.

¢ All steam turbines except for the most simple ones at
very small electric generating capacities use regeneration
to improve their electric efficiency. In the work of (2),
in contrast, none of the simple Rankine cycles without
co-generation were modeled with regeneration. Thus, we
introduced regeneration even for all simple Rankine cycle
steam turbines with electric generating capacities greater
than or equal to 10 MW. This limit was chosen based
on manufacturer data. All equation systems for simple
Rankine cycles in (2) were extended in accordance with
the examples in there.

o Rankine cycle steam turbines use a large amount of ex-
tractions (up to about 10) for regeneration while (2) as-

sume usually just one (co-generation or single reheat
cycles) or maximal two extractions (for dual reheat cy-
cles), which underestimates electric efficiencies. The exact
amounts and thermodynamic conditions of extractions
are turbine-specific, and each additional extraction added
to the model of (2) improves the electric efficiency less
than adding the previous one. After comparing several
modeling options, we decided to assume three extractions
on the lowest turbine stage, and two extractions for each
reheated turbine stage (supplementary figure 2). Thus, a
simple cycle had three extractions, a single reheat cycle
five extractions and a dual reheat cycle seven extractions.
More extractions would have only minor influence on the
thermodynamic efficiency of the cycle, but considering
the uncertainties due to main steam conditions and cool-
ing temperatures as well as lack of data on the exact
extraction amounts for each turbine, their addition was
assumed unnecessary. The extraction for co-generation
was assumed to be at the lowest pressure level of all ex-
tractions. All equation systems were extended in line with
the procedure from (2) and the exact pressure levels were
chosen by the optimization procedure described therein.
In the work of (2), the heat and electricity outputs of
co-generation were implicitly defined through fixed ra-
tios of useful heat output per fuel heat input. In reality,
though, heat-to-power (HTP [-]) ratios reflect the directly
measurable supply of heat and power of each generating
unit, while the heat inputs vary over time due to inho-
mogeneous fuel properties and are thus more difficult to
determine. As a consequence, the HTP ratios are fre-
quently known per unit, which is why we reformulated
the co-generation models of (2) to contain HTP ratios
as input parameter. In the simple Rankine cycle with
co-generation case (section S2.2.4 of (2)), the HTP would
therefore be defined as:
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fe - (he — ha)
1-(ha —h3) + (1= fe = f) - (hs — ha)

HTP = (6]

All specific enthalpies h [kJ/kg] and the mass fractions f.
[kg/kg] and f [kg/kg] are described in (2). The definition
of the HTP ratio would then replace the definition based
on the total heat input f.-(ha —he) = 0.45- (hs — h7) and
the equation system would be solved for 7cycie to replace
equation dI in (2). This change has been implemented
for all extraction condensing Rankine cycles accordingly.

« A Rankine cycle with dual reheat, regeneration and co-
generation did not exist in the work of (2) for 2012. In
2016, several power plants use this type of Rankine cycle
and thus, the corresponding equation system was devel-
oped for this case based on the other cases in (2) and
the adjustments made in the present work. The basic
heat flow diagram for dual reheat, regeneration and co-
generation is shown in supplementary figure 2 and an
example for the thermodynamic properties in supplemen-
tary figure 3.

o Back-pressure steam turbines do not follow the same Rank-
ine cycles as extraction condensing turbines described in
(2) since they lack the condensing step at vacuum, but
they were not modeled separately in (2). At the same
time, their HTP ratio is typically substantially higher
than for extraction condensing turbines (14), which leads
to high heat utilization. Thus, we approximated their
electric efficiency 7ne; [-] with the following equation that
yields very similar results to the cases presented in (14):

1
" TP g

e As back-pressure steam turbines co-generate heat in the
form of steam, we assume a minimal temperature of 100 °C
and a minimal pressure of 1 bar for the released heat. In
consequence, the range of feasible HTP ratios is reduced.
Where earlier estimates of HTP ratios (for example based
on statistics in (8)) for individual steam turbines were
technically infeasible, we adjusted them to the closest
limit of the feasible HTP ratio range.

Once the efficiencies of all steam generating units were
calculated, their maximum rated thermal input Wth,m,mw
[MWh/a] could be determined with the electric gross generat-
ing capacities Cynit from (1):

h
Win.in.maz = Cluni - 87605 (8]

Nel * Mo~ Mg " Mt
In this equation, 7 [-] denotes the thermodynamic effi-
ciency of the steam cycle, n; [-] the efficiency of the boiler, ng
[-] the generator efficiency and 7 [-] the mechanical efficiency
of the turbine. The maximum rated thermal input was then
available to select appropriate emission factors as described

below.

Gas turbine and internal combustion engine efficiencies. Gas tur-
bines and internal combustion engines lacked basic thermody-
namic data to calculate electric efficiencies for each generating
unit, so gross electric efficiencies 7ei gross [-] for specific gas
turbines and combustion engines were obtained from technical
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data sheets as described in the main manuscript. Where the
type of gas turbine or combustion engine of a generating unit
was unknown, the efficiencies were approximated by gross
electric capacity-based correlations. These regressions were
derived from fits to the known efficiencies that were collected
from the data sources listed in supplementary table 26. Thus,
the gas turbine efficiencies could be calculated as:

Nel,gross = 2.65 — 2.79 - (Cuunit 4 94.7) 7003 [9]

An upper limit for the gas turbine capacities Cynit Was
set to 600 MW as this is the size of largest currently available
units. The resulting efficiencies thus ranged from about 30 %
to 45 %. For internal combustion engines, the efficiencies as
derived from the data sources listed in supplementary table 26
were calculated as:

Nel.gross = 0.480 — 1.41 - (Cypir + 4.22) "% [10]

The upper limit for internal combustion engine capacities
per unit was set to 20 MW and so the resulting efficiencies
ranged from about 32 % to 47 %. In case capacities were re-
ported as sum of several units in (1), the average unit capacity
was used for each of the individual units. Gross electric ef-
ficiencies were adapted to site-specific conditions based on
reported data. Gas turbine efficiency derating for part-load
operation was linearly interpolated with the data in supple-
mentary table 17 (16), derating based on humidity with the
data in supplementary table 18 (17) and derating based on in-
let temperature with the data in supplementary table 19 (17).
The specific humidity of air for use with the humidity derating
data was calculated from the local air temperature and relative
humidity with the Magnus equation. Gas turbine efficiencies
were reduced by 4.05% in case they were burning oil instead
of gas based on (17). Internal combustion engine part-load
derating was calculated with the data in supplementary ta-
ble 20 based on (16). The derating of internal combustion
engines based on inlet air pressure due to the altitude and the
inlet air temperature were used from (14). Their maximum
rated thermal input was determined with the electric gross
generating capacities Cyuni¢ from (1):

: Cunit - 87602
Wth,in,'maw - [11}

Nel,gross
This allowed to select appropriate emission factors for each
of the units (details below). Finally, net-gross efficiencies were
added from supplementary table 14 so that fuel inputs as
a function of the amount of electricity generated could be
calculated:

Wel,net . 1
LHV

Fuel inputs for gas turbines and internal combustion engines
in combination with emission factors were thus available to
calculate fuel-related emissions for these units as described
below.

[12]

mfuel =
Ting * Nel,gross

Computational structure of inventories. The inputs and outputs
of power generating units were directly associated with their
emissions. In case of steel mills, oil refineries and cement
plants, however, each emitting site consists of several sub-
processes that depend on each other. Thus, more complex
equation systems needed to be set up to calculate inputs

Oberschelp et al.

50

55

60

65

70

75

80

85

90

95



20

25

30

o
s |
0
o
s |
=

=2

£ g |

v ©

o

2

: /

g g |

g B

(5]

& /
o /
s |
<
(=]

s |
o™

T T
0 2

I I
4 6 8

Specific entropy s [kJ/kg/K]

Supplementary figure 3. Temperature-entropy diagram (T-s diagram) of the coal power plant with dual reheat and co-generation of power and heat as depicted in
supplementary figure 2. The thermodynamic conditions of the Rankine cycle are shown in black and the conditions of the seven extractions in gray. The limits of liquid phase
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and outputs. It is convenient to use the matrix notation of
regionalized LCA to provide some basic structure to that.
Several such notations have been defined (for example (18-
20)), which differ in details and mathematically lead to the
same results. We use the notation of (20) with a technosphere
matrix A that contains the interrelations of the individual
sub-processes at a site and a biosphere matrix B with the
emissions of each sub-process to the environment. As we do
not have data about exchanges between different sites, we set
up individual site-specific matrices A and B for every site
separately. Default technosphere matrices A for steel mills,
oil refineries and cement plants before replacing individual
flows with site-specific data are presented in supplementary
tables 6, 7 and 8, respectively, while the corresponding default
biosphere matrices B are given in supplementary tables 9, 10
and 11. Site-specific modifications of these matrices are listed
in supplementary table 23.

Fuel properties. Fuel properties like sulfur and ash content in
this work have been obtained for coal power plants from the
earlier work of (7), while for units with missing data the default
values from (21) were used. A few additional modifications
were made to update the coal data to 2016 conditions. The
ash content of Chinese coal was set to 21.6 wt.-% based on the
power plant design data reported in (9-11). The Indian ash
content of coal was set to 35 wt.-% based on (22). Ash content
outliers above 40 wt.-% were replaced with the default values
from (21). In case of coal sulfur content, an upper limit of
0.86kgkJ ! based on (23) was set for coal power plants that
use coal washing or low-sulfur coal as only measures to control
SOz emissions. And sulfur content outliers higher than 5 wt.-%
were finally also replaced with the default values from (21). In
case of diesel, the 2016 sulfur limits from (24) were used. As
comparable data was unavailable for various types of fuel oils,
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we filled this gap with default assumptions. Thus, the sulfur
content of light or distillate fuel oils in developed countries
was set to 0.1 wt.-%, in developing countries to 1wt.-% and
in least developed countries to 2 wt.-%. For heavy or residual
fuel oils as well as crude oil, we assumed the sulfur contents to
be 1.0wt.-% in developed countries, 2.5 wt.-% in developing
countries and 3.5wt.-% in least developed countries. The
classification of countries into these three categories followed
(25, 26). Natural gas properties were assumed to match the
default values from (21).

Default flue gas treatment. Several default assumptions were
made to fill data gaps in terms of flue gas treatment. Coal
power plant flue gas treatment data was generally filled as
described in (7) with minor additions to account for new de-
velopments. Thus, the default NOx control for Chinese coal
power plants with electric generating capacities larger than or
equal to 300 MW were set to a combination of low NOyx burn-
ers and selective catalytic reduction based on the unit data
from (9-11). In India, low NOx burners were assumed for new
coal power plants that were constructed from 2015 onwards
as this is the year that NOx regulation for these plants was
introduced. The default flue gas treatment assumptions for
gas and oil power plants generally followed the documentation
of (27) and the data in (1), while it was also assumed that gas
or oil power plants were not regulated more strictly than coal
power plants. Thus, it was assumed that gas turbines from
before 2010 or in India from 2015 onwards used water injection
for NOx control while gas or oil-fired steam turbines used low
NOx burners. Gas turbines from 2010 or newer, in contrast,
were assumed to use dry low NOx combustion systems, which
was also added in case they were reported to use selective
catalytic reduction. For heavy fuel oil, residual fuel oil or
crude oil-burning steam turbines, it was additionally assumed
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that they used at least some mechanical flue gas treatment
device to reduce primary PM emissions. For steel mills, oil
refineries and cement plants, the default flue gas treatment in
case of data gaps for individual sites was selected as listed in
supplementary table 23.

Flue gas treatment removal rates. The removal rates for flue gas
treatment of power plants nrgr [-] were based on non-linear
functions so that higher unabated pollutant concentrations c¢;,
(in [g/Nm?] for PM2.5 and in [ppmvd] for SO2 and NOy) also
lead to higher removal rates, while lower pollutants concentra-
tion lead to lower removal rates. At the same time, the higher
unabated pollutant loads were supposed to lead to higher final
emissions when comparing the same flue gas treatment at lower
load. Thus, typical load ranges from cin min t0 Cin,maz (also
in [g/Nm?®] or [ppmvd]) and removal efficiency ranges from
NPGT,min 1O NMFGTmaz [-] Were obtained or estimated for the
individual flue gas treatment types as shown in supplementary
table 3 based on (28-30). Unabated pollutant concentrations
cin were then calculated with the excess air factors in supple-
mentary table 3 based on (31) and supplier data assuming an
ideal gas. The flue gas treatment removal rate nrgt of each
unit was calculated with

e
=1- 13
NPGT o [13]
where the parameters o and 8 were
a = (1 — nraT,min) * (Cin,min + B) (14]
and
5 _ (1 - nFGT,maac) * Cin,mazx — (1 - nFGT,min) * Cin,min
(nFGT,maz - nFGT,min)
[15]

At unabated pollutant loads below the typical range, the
minimal removal rate nraT,min Was assumed, and above the
typical range the maximal removal rate nraT,maz. Combi-
nations of flue gas treatment technologies were calculated
sequentially, including for combined cycle power plants, in
which for example the abated exhaust gases of several gas
turbines fed steam turbine HRSGs with additional flue gas
treatment. Then, the abated pollutant concentration cout
(also in [g/Nm?] for PMa s and in [ppmvd] for SOz and NOy)
was calculated:

Cout = Cin * (1 - nFGT) [16]

Finally, the abated pollutant concentration co.+ could be
used to calculate the pollutant emissions assuming an ideal gas.
Flue gas treatment for steel mills, oil refineries and cement
plants was calculated using fixed removal rates as detailed in
supplementary table 23 with the flue gas treatment technology
data in supplementary tables 4 and 5.

Emission properties. Besides the emission flow rates and stack
heights for each emission source, the atmospheric model from
(32) required corresponding emission source diameters, emis-
sion velocities and emission temperatures as input. The emis-
sion source diameters have been interpolated linearly from the
emission height based on the data in (32), thus assuming an
emission diameter of 0.15m for emissions at 2m height and
below, a diameter of 1 m for emissions at 25 m height, and
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a diameter of 6.4 m for emissions at 100 m height and above.
The emission velocity was set to 20ms™" based on (32), which
is also in good agreement with (6), and the emission temper-
ature was set to 423.15 K based on the reported values from

(6).

Pollutant terminology. The pollutant terminology in this work
is identical to the one used in (32). Thus, the term primary
PMa2 5 comprises both the filterable as well as the condensable
fraction of PMs 5 directly emitted by a pollution source. Sec-
ondary PMz2 5, on the other hand, comprises the PM2 5 species
that are not emitted as PMa s but transformed chemically
from other pollutants into filterable or condensable PMs 5 in
the atmospheric. NOx comprises both NO and NO3, and is
expressed in NOgq-equivalents. Not all data sources used in
this work follow this naming convention and they regularly do
not even specify their terminology at all. Thus, undocumented
pollutant terminology specifications in other work might cause
some inconsistencies.

Supplementary results and discussion. Additional results and
their discussion are presented below.

Emission model validation. The emission model for power plants
is an extension of the earlier work from (7) and the validation
of fossil power plant emissions is discussed there. A compar-
ison of modeled and reported emissions for steel mills, oil
refineries and cement plants is presented in supplementary
figure 4 for validation purposes. The results show that over-
all CO2 emissions for each of emission source types match
well, even though the differences are somewhat larger than for
fossil power generation. Three main reasons for that can be
observed. First, the 2016 activity data for the individual sites
is unknown and needs to be estimated from national statistics.
Steel mills, oil refineries and cement plants all aim at high
production amounts to utilize the existing equipment to the
extent possible, but both technical and economical factors
may lead to higher or lower than average utilization. Second,
there is a certain flexibility in the fuel types used at each
site, for which we also only have limited site-specific data. As
the typical CO2 emission intensities for fossil fuels may range
from 260 kg GJ~! for blast furnace gas to 44kg GJ~! for coke
oven gas (33), this also explains some of the deviations of the
absolute CO2 emissions. And finally, the reported emissions
may in some cases also include other on-site activities with
CO2 emissions that are not included in our model and thus
increase the reported emissions above the calculated emissions.
In case of steel-making, this could for example be on-site power
generation that is not reported separately and thus contributes
to the total COs emissions of the site. Such deviations are
most pronounced for some large-scale oil refineries, possibly
because a considerable share of downstream processing from
basic refinery products into more valuable products such as
some petrochemicals is taking place at the refinery sites and
thus is also included in the emission reporting. Since we lack
data about other on-site activities, we cannot include them
into the models at the current time, but this would be worth
some future investigation. The overall influence on CO2 emis-
sions is relatively small though, as the most energy-consuming
and COz-emitting parts of each site seems to be covered well.

For PM3 5 emissions, supplementary figure 4 shows that
data reporting is less common than for CO2 emission and the
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Supplementary figure 4. Comparison of reported and modeled annual CO», PMz 5, SO», NOx and NH3 emissions for steel mills, oil refineries and cement plants.
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validation of the emission model, especially in the case of steel
mills, is more difficult. The lack of reported PMa2 5 in Europe,
where reporting is only available for PM;g, is one of the main
contributors to this. The deviations between reported and
calculated emissions are found higher than for CO2, which
has already been observed for fossil power generation by (7).
The reasons lie in the fact that PMs. 5 emissions cannot be
calculated by simple mass-balancing as in case of CO2 but
they are subject to more complex formation and abatement
mechanisms that in some cases cannot be measured easily
(like for example in case of diffuse emissions from material
handling or in case of flaring, where a share of the particles
are formed in the open air after the burning substances have
left the opening of the flare). More deviations may be due to
reporting differences as it is not always clear, which types of
emission sources at each site have been included, and what
exactly is meant with PMa s (e.g. condensable or filterable
PM). Especially few data points are available for steel-making,
where the few data points available may indicate a high vari-
ability but are insufficient to further investigate the causes.
For oil refining, in contrast, there is much more PM3 5 emission
data available, which indicates an overall good match between
calculated and reported data, especially considering the range
of emission sources and the different types of flue gas treat-
ment in use. In case of cement-making, there are also more
data points available than for steel-making and these show
generally decent agreement between measured and reported
values but there are also considerable amounts of outliers in
both directions. The reasons are not entirely clear, but the
outliers may in part be explained by the fact that most of the
cement-plant data points are from the US, where site-specific
particle filter technology data was not available for about half
of the cement plants and thus had to be filled with default
assumptions. In addition, the US PMas 5 emissions had to
be extrapolated from 2017 NEI data (34) and are thus also
subject to extrapolation-related deviations.

The SO2 emissions show high variability across the three
types of emission sources and underline the value of emission
measurements and public reporting of the results. In particu-
lar, the SO2 emissions depend on fuel qualities that are not
reported and have also not been investigated in detail (in con-
trast to the calculations for coal power supply and combustion
in (7)). In that light, especially the refinery SO2 emission esti-
mates show good agreement between model and measurements
considering the variety of sources (fuel supply, flaring, sulfur
production, catalyst regeneration) and the uncertainties in the
modeling approach. Further reductions of deviations might
be possible with estimates about the sulfur content in the
crude oil (as implemented in the refinery model used by (35)),
but this would then require a considerably different modeling
approach. For cement-related SOz emissions, the main trends
match well but individual deviations remain high. Here, the
quality of the raw material inputs other than the fuels may
be an important factor, as the lime content of the raw inputs
may lead to the formation of gypsum, which effectively abates
part of the potential SOz emissions. Composition data about
cement plant raw material inputs were not available, so this
mechanism could not be covered in detail and the uncertainties
in the input data hence may be responsible for the deviations
between modeled and reported results.

For NOy emissions, the combustion conditions are the main
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driver of emissions and so the nitrogen contents of fuels play
a smaller role in explaining the observed differences between
calculated and reported emissions. Also in this case, steel
mill data is scarce with high variability in the results and
unclear reasons. The refinery results, in contrast, match over-
all very well, which also indicates that data gaps in terms of
pre-combustion and post-combustion emission reduction mea-
sures at boilers and furnaces have been filled sufficiently. To
which degree reported refinery NOy emissions reflect the true
variability of difficult-to-measure emissions from the flare, is
currently not clear. A small number of about six NOy emission
estimates that are much higher than we calculated may either
be due to other on-site NOx emission sources not covered
by our model or by the lack of NOy abatement equipment,
which we assume by default. The NOx emissions for cement
plants also fit very well, which asserts us that our approach
for dealing with recent NOx emission abatement techniques
that were not covered in (28) works as intended and that the
lack of considering abatement techniques in (36) leads to a
substantial overestimation of current cement production NOx
emissions.

The NH3 emission comparison for steel mills and oil refiner-
ies reflects the general lack of sufficient emissions factors or
emission calculation guidelines for these processes. Thus, we
underestimate the NHs emissions of this type of facility with
our work. Other contributors may be additional on-site activi-
ties causing NHs emissions, but we lack appropriate activity
or capacity data to include them. Nevertheless, the reported
NHs emissions per steel mill or oil refinery seem to be in a
similar range compared to cement-making, while there are
many more cement plants than steel mills or oil refineries, and
NHjs-related health impacts from cement-making were found
to be already comparably small. Thus, the underestimation
may not be a critical problem even though further work on this
issue would be desirable. For cement-making, the reported
and modeled NHgs emissions lie in the same range, but show
very high differences between both in individual cases. The
amount of ammonia slip from SNCR operation depends much
on the injected NHs amount, which is directly related to the
desired NOy reduction. Modern clinker kilns take a reduced
formation of NOy into account by optimized kilns designs, so
it is likely that different amounts of NHs need to be injected
to reach the emission limits based on the individual kiln. Our
model underestimates such effects as we do not have detailed
data on this available.

Overall, the emission estimates for steel mills, oil refineries
and cement plants seem to match the trends in the reported
data quite well but of course may show major deviations
in individual cases. For a global-scale inventory, this is an
expected outcome and matches the pattern for fossil power
generation in (7). As many sites were covered with the emission
inventory and no major systematic deviations were observed,
while fate and effect per amount of pollutant may differ by
several orders of magnitude (32), it can be assumed that the
deviations between measured and reported emissions have
limited influence on results and conclusions. The lack of
reported data for steel mills remains to be a challenge. This is
especially so for steel mills, but also for other types of facilities,
in developing and least developed countries, where emission
standards, equipment and operational practices may or may
not differ from developed countries. In addition, emissions may
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fluctuate over time, especially when starting up the equipment
and this might also not be fully captured where emission
measurements were unavailable.

Emissions and health impact reduction potentials by country. The
data on emissions and health impact reduction potentials by
country shown in supplementary figure 5 is complementary
to figure 1 in the main manuscript in the way that it shows
the same data from a country perspective instead of a source
type perspective. The two drivers for health impacts globally
that stand out most come from the high CO2 emissions in
China and the high SO> emissions in India. The major cause
for both is coal power generation in the respective countries.
Thus, the visualization of results in supplementary figure 5
underlines the findings discussed in the main manuscript and
is also in excellent agreement with the more detailed regional
distribution of PM-related health impact saving potentials
shown in figure 2 of the main manuscript. Overall, the Group
of Twenty (G20) is responsible for more than 75 % of potential
health impacts from PM and for more than 85% in case
of CO; for the covered emission sources. Priorities lie with
China, the United States, India, and the European Union,
followed by Japan and Russia. The global pattern is a clear
representation of how the industrialized nations such as the US
or the EU have successively outsourced their energy-intensive
industries to developing countries such as China or India (37),
which are now in turn looking for ways to outsource their
energy-intensive industries further as they are on the verge
of becoming industrialized countries themselves (for example
in the form of the Belt and Road Initiative in China). Still,
the emissions of pollutants with global health impacts have
remained high also in the industrialized countries, but the
pollution with local and regional health impacts is, in contrast,
much smaller due to stricter local regulation, lower population
densities and frequently also more advanced technology.

Comparison with other work. The overall emission patterns in
this work match well with other studies (38-40), but detailed
comparisons per industrial site are generally not possible due
to the unavailability of high-resolution data on a global scale.
Likewise, the global health impact pattern with hotspots in
Asia, Europe and North America matches well with other
studies that only link pollutant exposure with health impacts
(41), but a more in-depth comparison is also there not possible
due to differences in scope and level of detail. In addition,
the patterns of health impacts per amount of emissions are
generally similar compared to (32), where strongly simplified
emission heights from coal power plants and smaller region for
high-resolution pollutant fate modeling was used, but espe-
cially the health impact contributions from SO in the present
study are higher as delayed chemical reactions and extremely
high stacks in regions such as India or China distribute the
pollutants over large areas. Thus, SOz health impacts show a
wider regional spread than for example primary PMs 5 emis-
sions, where low stacks can lead to mostly local health impacts.
NOx emission impacts are also more distributed than primary
PMj simpacts and show larger dependence on local weather
conditions, as cold temperatures favor the formation of sec-
ondary PMs 5 due to NOx by shifting the chemical equilibrium
of NH4NOs, while high ozone levels and high solar radiation
speed up the conversion of NOx. The NHjs health impacts
covered by the present study are largely linked to NHs emis-
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sions from NOy abatement, but these impacts are generally
substantially lower than for the other three substances causing
PM; 5 health impacts (42, 43).

Extended limitations and outlook. The main limitations of our
study and options for improvement include:

e Complex setups of power plants, for example including
common steam mains, several boilers that are connected
to one generator or vice versa, combined cycle power
plants of all types, co-generation power plants with heat
supply at several different thermodynamic conditions,
auxiliary boilers, auxiliary burners or heat integration
of power plants with desalination could only be covered
in a simplified form by our models. In particular, indus-
trial applications of heat and power have very specific
requirements and thus also result in unique and highly
site-specific energy supply systems. Acquiring the data
for an exhaustive coverage will probably be impossible
but a deeper look into specific sectors (e.g. the chemical
industry, minerals and mining, pulp and paper, etc.) may
allow to improve the existing models with appropriate
default assumptions.

e Missing emission measurement data for some important
country/ pollutant combinations remains a key limitation
of the present work. While missing PM» 5 data in Europe
is deeply regrettable, it may to a certain degree be ap-
propriate to estimate it from PMio emissions as we did
here. More critical are the data gaps in developing and
least developed countries, such as India, Indonesia, Brazil,
Nigeria, and others but also in Russia, as emission records
as well as information about the involved technologies are
limited. Thus, the emission estimates in such regions rely
on weaker assumptions than in most developed regions,
while also the emission estimation techniques are based
on developed countries. This gap could potentially be
filled by individual company records, which would involve
a large amount of manual work. An alternative could also
be emission estimates from satellite remote sensing (which
have already been used for flaring). The usefulness has
been checked briefly as part of the current work already,
but a challenge were the common emission clusters of
several facilities located close to each other, so the attri-
bution of total emissions to individual emission sources
would require a substantial amount of additional work.

e While location data was generally of high quality glob-
ally, better locations for small-scale power generation and
Chinese cement plants would be desirable since especially
PMz 5 emissions from low stacks may have massive local
health impacts. For cement plants, this may be possible
as they are relatively large facilities and can be located
from satellite imagery within reasonable amounts of time
(which has been done for the larger Chinese cement plants
as part of this work), but unclear naming and several
cement plants in one area would pose some problems.
For small-scale power generation, a recurring update of
locations via (44) would probably be useful as the data
in there is continuously expanded but there are inherent
limits to this when the names of the unit correspond to a
company that has changed names or where they are not
descriptive. In addition, there may also be a gap of small
units in (1) for some countries.
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Supplementary figure 5. Country-level emission and impact comparison in [%] contribution to totals in each category (global warming-related in gray or PM human health
impact-related in red). Total amounts for emissions and impacts given at the bottom of the figure, but impacts between the global warming and PM are difficult to compare
due to methodological differences. The split of health impacts between PM 5, SO., NO, and NH3 is 18 %, 53 %, 27 % and 2 %, respectively. The full data is presented in
supplementary table 25.
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So far, the emission modeling in this work follows a gate-
to-gate approach, which only covers on-site emissions
but excludes upstream or downstream emissions. This is
problematic where related activities may happen at the
main site or elsewhere, as this limits the comparability
of sites with each other. For example, it is common for
many Chinese steel mills to operate their own coke ovens
on site, while in other regions of the world, this is less
frequently the case. Also, some iron pellet plants are
located at the steel mills, while more frequently, they are
found close to iron ore mining sites. Thus, the inclusion
of steel mill supply chains - and also other supply chains -
would help to improve the global comparability of sites. In
addition, the data from this work would then be ready for
integration into the ecoinvent life cycle inventory database
(35), where its high level of regional detail could help to
reduce uncertainties of core data drastically.

The choice of the PM fate and effect model in the present
work may somewhat shape its outcomes as the calcula-
tion of marginal, average or linear effects from pollutant
concentration changes implicitly leads to some regional
weighting with the general trends of that having been
discussed in (32). The calculation in there has been made
for ground-level emissions and a cut-off radius of 250 km
from the emission source, while here the emissions can be
from any height and the radius has been set to 1000 km.
Thus, the overall influence of the marginal, average or
linear effect model might be different. Nevertheless, the
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general trends will remain the same as the change from
marginal to average or linear effect estimates will increase
the assessed health impact reduction potential in parts
of Asia (mostly China and India), which were also identi-
fied as biggest contributors with a marginal effect model.
The overall results and conclusions will therefore remain
unchanged.

While the human health impacts from PM are observed
and statistically analyzed from current health and ex-
posure statistics, the health impacts of climate change
are modeled for a time horizon of 100 a and are in conse-
quence substantially more uncertain (45). On the other
hand, the quantification of CO2 emissions from industrial
activities in the absence of abatement measures is pos-
sible from carbon mass balances, while the emissions of
primary PMs 5 and the precursors of secondary PMs 5 are
also subject to operational practices that are globally not
always documented, which leads to higher uncertainties
for PM-related emissions in comparison to CO2. And
then, climate change poses the risk of causing malnutri-
tion and increasing cases of diseases such as diarrhea or
malaria (45), while PM air pollution is found responsible
for lower respiratory infections, ischaemic heart disease,
lung cancer, chronic obstructive pulmonary disease and
stroke. These different types of human health impacts
are all inherently difficult to compare.

The present work only investigates the total annual emis-
sions and health impacts, while a strong seasonality of
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environmental conditions in combination with a season-
ality in emission patterns could lead to underestimation
or overestimation of the related impacts (32). Thus, an
increased temporal resolution of emission patterns (for
example in case of co-generation power plants that op-
erate differently in summer and winter) might be worth
investigating in terms of its influence on the overall results.

Stack heights have an important influence on the distribu-
tion of pollutants but for some countries, only very limited
actual measurements of stack heights were available. A
review of global construction and design guidelines could
help to reduce the influence of this type of uncertainty
on the overall results and even be integrated with better
wind direction and wind speed data than originally used
by the model of (32) to provide more realistic pollution
patterns.

The PM health impact assessment currently remains in-
complete as there may be more impact pathways that
have not been covered by existing estimation methods,
there are other pollutants that contribute to PM forma-
tion besides primary PMs 5, SO2, NOx and NH3 (such as
volatile organic compounds) and the causes for PM toxic-
ity impact are not yet well understood (e.g. in terms of
toxicity differences between different types of PM). Thus,
further development in terms of health impact quantifica-
tion would be beneficial, which could then be used for a
re-assessment of the global reduction potentials.

While the health impacts of GHG releases and PM are
investigated as part of this work, it was also found that
heavy metals such as mercury from coal power plants (7)
may be significant contributors to total health impacts
caused by industrial site. These have not been covered
in this study. In addition, the inclusion of upstream
supply chains may to some degree have an impact on the
comparison of different types of sites, as these have been
neglected as well. Oil and gas extraction, processing and
transportation may be responsible for substantial releases
of GHG emissions (38).

We observed that the health impact reduction potentials
due to PM and COs are difficult to compare despite
their shared unit of measure. While this will remain a
problem because of the different temporal dimensions that
are involved, this may become easier by methodological
alignment of their calculation procedures (e.g. in terms
of health effect model).

Abbreviations and function variables. Abbreviations used in
this paper are shown in supplementary table 1, while function
variables are shown in supplementary table 12.
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