
Atmospheric and Hydrological Transport
Modelling of SOx Emissions in a Unique

Verification Context
B. C. McLellan

Centre for Social Responsibility in Mining, Sustainable Minerals Institute, The University of Queensland,
Brisbane, QLD 4072, Australia

A. Dicks
Sustainable Energy Research Group, School of Engineering, The University of Queensland, Brisbane,

QLD 4072, Australia

J. C. Diniz da Costa
Division of Chemical Engineering, School of Engineering, The University of Queensland, Brisbane,

QLD 4072, Australia

DOI 10.1002/aic.11985
Published online August 24, 2009 in Wiley InterScience (www.interscience.wiley.com).

In this work, we developed a conceptual model incorporating atmospheric transport
and hydrological removal of sulfur compounds from a single isolated source. A process
engineering approach with conceptual tanks, reactors, pipes, and valves is used for
environmental transport modeling. The work includes verification of the model using
current data and historical soil sulfur data from a study 23 yrs earlier, collected from
sites in a forest and within 20 km from an isolated coal-fired power plant. This verifica-
tion opportunity is unique in that the power plant is the single major pollutant source
within the airshed. In the conceptual process engineering model, environmental rela-
tionships with local soil conditions and climate are modeled. The model is validated for
three sampling sites, and a sensitivity analysis shows that rainfall has the greatest var-
iance among several other parameters, including sulfur emissions, dry deposition rate,
runoff factor, permeability factor, and airshed dimensions. The model is shown to be
suitable for a location-specific sustainability metrics application, but it has limitations
that further research could improve on including the incorporation of more complexity
with the modeling of ground and surface water flows, atmospheric and soil reactions,
and vegetation effects. VVC 2009 American Institute of Chemical Engineers, AIChE J, 56: 815–

824, 2010
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Introduction

Emissions transport is one of the key components of pre-
dicting the actual impact of a process or plant on its local
environment. Furthermore, the fate and effect of those emis-
sions are based primarily on their transport, absorption and
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reaction within the air, soil and vegetation of that location.
Hence, measurement and prediction of sustainability of a
process in a given location relies on knowledge of the
coupled hydrological-atmospheric transport and reaction of
the emissions. Existing models of contaminant transport are
numerous, but they tend to work only within a specific me-
dium—i.e., groundwater, water, or air. The complexity of
each individual modeling task leads to this natural division,
but discrete models of the environmental transport of emis-
sions, if not linked together, cannot provide a full picture of
the environmental interactions of industrial operations. The
emissions-transport model (ETM) described in this work was
developed to be incorporated into a location-specific sustain-
ability model, but it offers some interesting insights even in
isolation from the broader model.

In any environment, there are natural processes occurring
at any time in tandem with direct and synergistic impacts
deriving from human activities. The intention of sustainabil-
ity assessment or any general environmental impact assess-
ment is to separate the natural from the anthropogenic emis-
sions and subsequent effects. It is difficult to verify the con-
tribution of individual point sources to contaminant levels in
most parts of the developed world, where it is rare to en-
counter a single-point source contributor in any given
airshed. In many industrialized nations, the complexity of
this exercise is enormous, because in any environment of
concern, there is a large matrix of emissions from a multi-
tude of industries.1–4 Australia is in the ideal situation for
the verification of contaminant transport models because of
the availability of airsheds with single point source contribu-
tors, such as coal-fired power stations.5 The current work
aimed to simulate sulfur deposition and hydrological trans-
port, with verification using historical data from one such
isolated emitter. Of the emissions from the plant, sulfur* was
selected for the purpose of model validation as one of the
few contaminants, which was monitored intermittently over
a period of 23 yrs. In addition, sulfur has some comparative
models for other countries6 and one of the most significant
in terms of potential impacts.7,8

To create a model that could facilitate the integration of
location-specific factors into a sustainability assessment, the
desire was to reduce the complexity and data requirements
as much as possible. For this particular application, relative
ease of applicability (within acceptable limits of error) was
viewed as the highest priority, rather than ‘‘pinpoint’’ accu-
racy. Hence, the model was developed from first principles,
based on a process engineering approach, and by using easy-
access data as far as possible. Material flows and some
atmospheric reactions were included in the model. Physical
parameters and climatic conditions for the specific region in
question—in particular, the rainfall and wind patterns and
local soil permeability factors—were key elements in the
behavior of emissions transport. Short-term dynamic proc-
esses, which can affect the accuracy of the model, such as
extreme variation in highly localized rainfall, vegetation spe-
cies, weathering rate, deposition of acid-neutralising com-
pounds, decomposition rate of litter, and soil matter,9–11 are
difficult to incorporate in the model without an intricate
knowledge of the particular sites and their monitoring that is
beyond the resources or practical limitations of any organiza-
tion.10 These processes were, therefore, not included; how-
ever, the results of the model are shown to be within reason-
able bounds of error, even given these omissions.

Emissions Transport Model

Conceptual approach

The process model for emissions transport (the ETM)
based on a series of ‘‘tanks’’ was shown to be sufficient for
the purpose of demonstration in the context of a new sus-
tainability metrics model,12 although the accuracy may be
improved using more complex models.13,14 Airsheds and soil
are modeled using a set of simple ‘‘fixed-box’’ model tanks
connected in series radially outward from a central emissions
point, with reactions assumed to occur in reactors within the
tanks (Figure 1). A number of sub-airsheds are linked to-
gether to model the overall transport of emissions throughout
an airshed (Figure 2).

As shown in Figure 1, the pollutant is emitted to the first
sub-airshed, where it is assumed to be instantaneously
diluted to give a uniform concentration across the sub-
airshed. Based on a percentage of cloud cover, some of the
pollutant enters clouds within the airshed, where most
atmospheric aqueous-phase reactions occur. Pollutant is de-
posited to soil and water via both dry and wet deposition,
whereas some of the remaining airborne pollutant is passed
on to the next sub-airshed in a wind-related flux. Some of
the deposited pollutant is leached from the soil to the water-
bodies within the sub-airshed.

As theoretical mixing volumes, rather than actual tanks,
the sub-airsheds can be modeled as volumes of any geomet-
rical shape. Here, the model has been considered in terms of
cylindrical tanks, which lend themselves to ease of calcula-
tion as separate sub-airsheds, but not necessarily when they
are placed as a part of the complete model. Emissions are
assumed to travel only in a radial direction from the plant,
carried by the wind (Figure 3). Using this assumption, the
wind rose data from the Australian Bureau of Meteorology
is the key data used for dispersion modeling. Intuitively,

Figure 1. Process modelling of environmental transport
and reaction in a sub-airshed.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

*Sulfur compounds are assumed to be largely in the form of sulfur oxides
(SOx) formed during combustion, of which SO2 is assumed to be the key compo-
nent. The model is developed based on parameter values for SO2.
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dilution of emissions occurs with increasing distance, hence,
the sub-airsheds in the model increase in volume with
increasing distance from the plant.

Existing dispersion models typically use Gaussian plume
models for the transport of air-borne emissions, but few of
them apply this any further than determining the concentra-
tions and deposition rates at various distances from the
source. The current methodology allows variations in local
conditions to be fitted by adjustment of environmental
parameters (such as soil permeability) within the airshed or
indeed any individual sub-airshed. By decreasing the radii of
the tanks and, therefore, increasing the number of tanks in
the same area of coverage, a finer-grained discretion may be
achieved; however, the greater the number of tanks, the
higher the data requirements.

Expanding the process engineering approach further, we
can develop a process flow diagram for the environment-
process system (Figure 4). The distribution of contaminant
between clouds and the remaining ‘‘clear air’’ is modeled as
a flow splitter, whilst the environmental relationship between
rainfall and leaching is modeled as a flow control loop.

Ground water and surface water reservoirs have not been
modeled here due to the lack of historical data on the rele-
vant contaminant concentrations, but they are considered to
be the ultimate environmental sink for contaminants. It is
recommended that further work should examine the integra-
tion of ground and surface water quality into the model,
with monitoring data collected for validation purposes.

Monitoring data from a number of sites around an existing
power station, compared for recent and historical data, gave
the ‘‘flow control’’ relationship between soil permeability,
runoff rate, and the annual rainfall, such that the deposited,
retained, and leached sulfur could be determined. Table 1
shows the characteristics of the three sites examined.

Equations resulting from the process approach

Following the process approach, a mass balance over the
relevant tanks and application of first principles was used to
determine change in concentration over time.

Temporal Variation of Contaminant Concentration in
Sub-Airsheds. Initially, a dynamic modeling approach was
taken. Using the innermost sub-airshed as an example, a
simple mass balance of the form:

accumulation ¼ in� outþ generation

we derive the following equation:

dM

dt
¼ NFi þ Ei � NFo � D (1)

However, it was shown that the equation rapidly
approaches steady state under the conditions of atmospheric
transport. Under the assumption of steady state, (for the
example of the innermost airshed tank, tank 0†) this leads to
the concentration equation as follows:

c ¼ b:v:SA1 þ Ei

v:SA2 þ u:FSA
(2)

Clouds. Clouds can be incorporated in the model, either
as reactors or merely as vessels, to allow a different route
for deposition—i.e., wet deposition. Cloud contaminant con-
centrations may be assumed to be in equilibrium with the
surrounding atmosphere, with concentrations determined by
Henry’s law (Eq. 3).

cr ¼ k0:
ci

64:nair

� �
(3)

where:
k ¼ Henry’s law constant15

nair ¼ number of micromoles of air in 1 m3 � 44.6 � 106
(at 273 K and 1 atm)

Figure 2. Linked sub-airsheds for overall airshed modelling.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 3. Multiple ‘‘sub-airsheds’’ with radial direction
of emissions flow as utilised in the ETM.

†Tanks are numbered starting at the centre (Tank 0) and moving radially out-
ward, with further subscripts used to denote the direction (e.g., NE for North-East)
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ci/64 5 Molar concentration of sulfur (as sulfur dioxide)
in air in tank ‘‘i’’ (mgmol/m3)

cr ¼ Concentration of sulfur in rain water (lg/m3).
For the moment, we assume the form of the contaminant

is unimportant, so that we can disregard aqueous reactions.
Thus, incorporating the rate of rainfall, the cloud mass
balance becomes Eq. 4, as follows:

0 ¼ qr:k:
ci

64:nair
� qr:cr (4)

where:
qr ¼ Volumetric rainfall (m3/s)
Because the air tank concentration is assumed to be in

steady state, the concentration of contaminant in the air in
each sub-airshed and, hence, the concentration of contami-
nant in rain water is constant within each tank.

Temporal Variation of Contaminant Concentration in
Soil. The soil tank is of much interest due to the potential
for deposition resulting in impacts, such as soil acidification
and land contamination, which could cause health impacts
on flora and fauna. The inputs and outputs to the soil are
indicated in Figure 5.

Thus the mass balance over the soil may be written as
follows:

dM

dt
¼ u:c1:FSA:ð1� lÞ þ qr:cr:FSA:ð1� lÞ

� rp:FSA:ð1� lÞ � KLqrcs � rs ð5Þ
KL here is a factor incorporating the fraction of rainfall that is
removed by runoff (F)‡. KL is also the control function of the
flow controller in Figure 4. The value of F is related to the rate
of runoff (slow, medium, or high, as classified in the original
soil study).

KL ¼ F
qrðtÞ
qrðNÞ

� �
(6)

With an initial assumption of a dynamic model, the gen-
eral solution of the differential equation can be derived,
assuming no soil reactions or removal by vegetation, the
mass balance may be solved to give:

cs ¼ ðu:c1 þ qr:crÞ
KL:qr

� a:e
KL :qrFSA:ð1�lÞ

Vs
t þ KP (7)

where the factor a can be determined from the initial
conditions: t ¼ 0, cs ¼ cs0.

The constant of integration (KP) is defined to incorporate
a factor (G), based on the permeability of the soil, which
determines the relative effect of permeating rainwater on the
bulk neutral soil component concentration (cs0).

KP ¼ G
qrðNÞ
qrðtÞ

� �
cs0 (8)

KP effectively acts as a flow controller on the outlet
stream of the tank, determining how rapidly the bulk soil
sulfur concentration will decrease through permeation, and
adds a further control function to the model, which allows
better fitting to the data. KL largely determines how much
deposited sulfur is washed out of the soil with runoff and

Table 1. Examined Site Details Relevant to the Model

Site
Characteristics Site 15 Site 17 Site 32

Landform Hillslope (3�) Hillslope (6�) Footslope (3�)
Drainage Imperfect Well drained Poor
Permeability Moderate High Slow
Permeability

factor G
140 70 2500

Runoff rate Moderately
rapid

Very
slow

Moderately
rapid

Runoff factor F 2.2 1.4 2
Distance from

stack (km)
19.3 7 4.3

Elevation (m) 550 590 400
Wind direction

probability (%)
20.0 9.3 23.9

Atmospheric SOx

concentration
(lg/m3)

3.09 2.94 13.21
Figure 4. ‘‘Single tank’’ process flow diagram for the

ETM tank.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Inputs and outputs to the soil ‘‘tank.’’

‡It must be noted that in the original mass balance, KL was taken to represent
all sulfur removed by rainfall. In subsequent analysis, it became apparent that the
runoff factor was the strongest contributor to this term and that a second control
factor for permeability should be incorporated in the model as KP, which has the
additional benefit of allowing closer fitting to the data.
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how much remains on the surface to infiltrate into the soil.
In this way, KL acts as a flow splitter on the inlet streams to
the tank.

The location-specific factors KL and KP are used to adjust
the fraction of rain over a neutral, average value that con-
tributes to washout of contaminants. This neutral value
(qr(N)) is the annual historical average rainfall. Each site has
its own permeability and runoff rates, which show a close
correlation to the contaminant concentrations. The relevant
site details for deriving key parameters G and F are given in
Table 1.

The dynamic component of the solution will quickly
approach zero as time increases, hence, steady state will
quickly be reached. Steady state is a typical assumption in
acid deposition and critical load work.16–18 In the current
instance, the natural system being examined is a forest with
minimal anthropogenic interaction. Because this work inves-
tigates the environmental effects over a 23-yr period, any
short-term dynamic effects are considered to be insignificant.
Therefore, for the purpose of this work, these biological
parameters are assumed not to be limiting factors on the
concentration of sulfur in the soil, in accordance with the
findings of Quilchano et al.19 The concentration of sulfur in
soil was assumed to be the same as the water in contact with
the soil. The steady state solution to the mass balance would,
therefore, become as follows:

cs ¼ ðu:c1 þ qr:crÞ
KL:qr

þ KP (9)

This can be modeled in a spreadsheet by discretisation
into yearly values, which allows the incorporation of annual
rainfall data (obtained from the Australian Bureau of Mete-
orology20). The rainfall and wind data is readily available,20

whilst the initial model values of remaining parameters are
given in Table 2.

Results

ETM simulation

To verify and fit the model with historical data, three sites
were selected for examination. In the original study, greater
than 30 sites were examined,22 however, not all of these

were found to be appropriate for the purposes of this model,
because many were located on or adjacent to agricultural
land, which may have been influenced by other sulfur sour-
ces than the power station. The three selected sites were in
forest zones around the plant. Data from the original study22

and from a recent repeat measurement were used to fit and
examine the performance of the model as described below.

The following graphs show the soil concentration variation
over time given by the model, with a calculated baseline
value (indicating the soil concentration as it would be with-
out the plant), and historical data with error bars based on
the variation of sample measurements for each year (as
obtained from the original study). The variability of sample
measurements is largely attributable to the fact that five
samples were taken across a 20 m � 20 m sample site,
where specific leaf deposition, runoff characteristics, and soil
properties could affect the sulfur content. Variability of
results due to error in analytical techniques was shown to
have a lesser effect than inherent soil variability. The calcu-
lated baseline is solely based on background sulfur values
(i.e., with no power plant in the airshed). For comparison
purposes, the model can provide information on how the sul-
fur concentration of the soil varies in the case of: (i) baseline
for background concentration only, (ii) full loading as con-
ventionally used showing continuous accumulation of sulfur

Table 2. Model Parameters

Parameter Symbol Model Value Reference

Background atmospheric
SOx concentration (lg/m3)

b 1 Gilmour et al.21

Dry deposition rate (m/s) u 0.005 Seinfeld and Pandis15; Gilmour et al.21

Henry’s law constant (SOx) k 1.23 Seinfeld and Pandis15

Emissions (SOx) (t/yr) Ei 27,000
Wind speed (m/s) v Direction-specific Tarong20

Rainfall (mm/yr) qr, qN Year-specific Nanango20

Runoff factor G 70 (slow)–2500 (fast) Site dependent; correlation with Plenderleith22 (see Table 3)
Permeability factor F 1.4 (low)–2.2 (high) Site dependent; correlation with Plenderleith22 (see Table 3)
Height of airshed ‘‘tanks’’ (km) h 1.1 –
Soil depth (m) 0.1 as per monitoring22

Surface water depth (m) 1 –
Surface water coverage (%) l 1–5 estimated from maps23

Tank 1 radius (km) r 1.5 –

Figure 6. Site 15—soil concentration performance—
model, baseline, and historical data.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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on soils, and (iii) the model based on plant emissions incor-
porating environmental interaction. Calculated baseline is
indicated in the legend as ‘‘base,’’ simulation results as
‘‘model,’’ and historical data is indicated by the site number.

It is seen from Figure 6 to Figure 8 that the performance
of each site is very similar, with soil characteristics and
atmospheric transport accentuating or decreasing the effect
of variations in rainfall. It is also noted that the soil sulfur
concentration increases toward the end of the period. This is
due to the drought conditions that have prevailed over recent
years in the area, which have led to reduced removal by
leaching and runoff.

Variance between samples across a single site (as indi-
cated by error bars on the graphs) can be quite wide because
of localized differences in soil sulfur distribution. This may
be due to the processes not included in the current model
and is a consequence of examining complex real world
phenomena. One method suggested to overcome this was to
create a narrower sample site, but this would also require
more numerous monitoring sites to improve overall reliabil-
ity of the model.

In comparison with the model presented, the situation,
given no environmental processes other than dry deposition
(the logical conclusion of isolated atmospheric transport
models), would lead to the situation shown in Figure 9.
However, the measured sulfur content is significantly lower
than would be predicted in this ‘‘full-loading’’ situation,
which indicates that the current model, which fits the
observed data well, is more realistic—that in fact much of
the deposited sulfur is removed by environmental processes.
This has direct consequences for existing sustainability
models, because it indicates that a loading-only model is not
applicable to all situations, as actual environmental processes
can reduce the overall impact of an emission.

Sensitivity analysis

In the development of the ETM model, all the parameters
were assessed in a thorough sensitivity analysis to determine
the key factors affecting model performance and to ensure
alignment with theoretical underpinnings and robust model-
ing of the environmental effects of emissions. The effect of
varying the parameters of the ETM on the subsequent
response of the model is analyzed in Table 3. Each of the
key parameters shown was increased and decreased by 20%
(one parameter at a time), the model response in soil sulfur
concentration observed, and the average percentage change
from the accepted values recorded. The parameters that
impacted most on the model performance were the yearly
rainfall, average rainfall, runoff factor, and dry deposition
velocity.

The yearly rainfall produced the largest deviation from the
standard model, with a variation of 20% that causes a varia-
tion of between 26 and 47% at Site 15. This has many
implications—both for the model and for the local impact of
Australian emissions sources in general.

In terms of the model, error may enter into the assessment
of each individual site if the annual rainfall is not relatively
constant across all tanks or if there is an extreme variation
within a single tank. This may be one source of error caus-
ing the model to deviate from the historical data at times. In
terms of the local impact of Australian emissions sources,

Figure 9. Full-loading model behaviour on soil sulfur
concentration.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Site 17—soil concentration performance—
model, baseline and historical data.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Site 32—soil concentration performance—
model, baseline and historical data.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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with the current national drought and potential under a cli-
mate change paradigm to have reduced annual rainfall, the
soil sulfur concentration (and, hence, the potential for soil
acidification) may increase rapidly. This could be cause for
concern and is something that Australian decision makers
should keep in mind. Likewise, the average annual rainfall
has shown a decrease over the past 30 years.20 If this trend
continues, then the sulfur levels in the soil could be raised to
a new steady state. If the average rainfall and sulfur levels
do not return to their previous levels, then the model would
need to be reset around the new averages.

The effects of runoff factor and dry deposition rate are of
lesser concern, given that the model remains within the
bounds of error under the variation of these factors. The
runoff factor is site specific, which can lead to difficulty in
prediction of environmental response if the factor deviates
too far from the best fit, however, given a simple classifica-
tion of any site, such as that used in the original study, the
model can be fitted with reasonable confidence.

From the sensitivity analysis, the model may be consid-
ered to be appropriately responsive to variations in parame-
ters, but robust in regards to the behavior compared with his-
torical data.

Comparison of the ETM with existing models

To confirm the validity of the ETM, it was compared with
two existing models—the AUSPLUME Gaussian plume soft-
ware and the RAINS-ASIA acid deposition software.6 From
these comparisons, it was hoped to ascertain the level to
which the simplified model could be trusted in comparison

with more complex models. The parameters of interest were
the deposition and atmospheric concentration of SOx.

Comparison with AUSPLUME. AUSPLUME is an Aus-
tralian-based Gaussian plume model, developed by Monash
University and the Victorian Environmental Protection
Agency.24 A terrain file and meteorological file were devel-
oped using geographic and meteorological data and used in
AUSPLUME for comparison with the current model.

From Figure 10, it is apparent that the current model provides
concentrations that are close to those provided by the AUS-
PLUME software. Although it has been surpassed for specific
air pollutant transport and reaction by The Air Pollution
Model,25 the AUSPLUME model is widely used in the Austra-
lian context to model atmospheric emissions transport21,26 and
is typical of a Gaussian plume model. With the close correlation
shown with AUSPLUME results, the model can be used with
reasonable confidence to predict the atmospheric concentration.

Comparison with RAINS-ASIA. RAINS-ASIA (Regional
Air Pollution Information and Simulation)6 is a model allow-
ing the examination of effects of control options on deposi-
tion of sulfur and acidification of the soil. It was developed
for use in South Eastern Asia, hence, is not directly applica-
ble to Australia; however, by selecting regions of Asia with
similar climatic conditions to South-East Queensland (where
the coal-fire power plant is located), a comparison giving the
magnitude of expected results can be obtained. Furthermore,
RAINS-ASIA is a model specifically looking at the deposi-
tion of sulfur and its contribution to acidification over long
distances. The factors extractable from this model for com-
parison are the deposition rates per unit of area.

Examining the stationary point sources and the climatic
data for the different regions of South Eastern and Central
Asia that the model addresses, the Guang Zhou province of
China proved to be the most comparable, with a single sta-
tionary source emitting 24,800 tonnes of sulfur (similar to
the emissions rate of 27,000 tonnes for the source examined
in this validation) and climatic conditions similar to the
region of interest.

The differences between the current model and the RAINS
value at individual sites is due to RAINS incorporating only

Figure 10. Comparison of atmospheric SOx concentra-
tions from ETM with AUSPLUME.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 4. Comparison of model with RAINS-ASIA—Annual
Deposition

Annual
Deposition

Rate (mg/m2/yr)

Total
Annual

Deposition (t)

Percentage
of Emissions

(%)

Model 151–1695
(186 average)

6812 27.6

RAINS 170 6013 24.2

Table 3. Percentage Variation in Soil Sulfur Concentration from the Base Model in Response to 20% Parameter Variation

Parameter

Percentage Change in Sulfur Concentration in Response to Parameter Variation of 20%

Site 15 (�20%) Site 17 (�20%) Site 32 (�20%) Site 15 (þ20%) Site 17 (þ20%) Site 32 (þ20%)

Neutral rainfall �20 �20 �20 þ20 þ20 þ20
Process emissions �9.36 �6.9 �8.37 þ9.36 þ6.9 þ8.37
Dry deposition rate �14.09 �10.77 �9.45 þ13.99 þ10.73 þ9.43
Yearly rainfall þ47.32 þ41.93 þ39.80 �26.59 �24.19 �23.24
Runoff factor (F) þ17.86 þ13.55 þ11.84 �11.91 �9.03 �7.89
Permeability factor (G) þ7.14 þ11.45 þ12.57 �4.76 �7.63 �8.38
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an average deposition over a large area (approximately 90
km � 90 km), whereas the current model examines deposi-
tion on a more local scale, with average values over the tank
surface area (circles of radius 3–15 km for the sites of inter-
est). The monitored sites are all in close proximity to the
plant, which accounts for the higher deposition rate in com-
parison with the average. Comparing the overall average val-
ues, however, shows that across the whole area of interest,
RAINS and the current model give very similar deposition
rates (Table 4).

The comparison of the current model deposition rate with
RAINS-ASIA shows that the results are quite close in terms
of deposition. This result allows greater confidence in appli-
cation of the model.

Discussion

The results and implications of this work are three-fold,
which arises from the monitoring, the model, and the sustain-
ability context. Firstly, the monitoring regime indicates that
there has been a real increase in soil sulfur concentration over
the period of monitoring around the power station. This is at-
tributable to the emissions from the power station and the
recent drought in the area (which has prevented washout).
Since the time of this work, the area has received much higher
levels of rainfall than the previous 5 yr, which may have
brought the sulfur levels down again. Monitoring under the
current regime has focused on vegetation uptake of emissions,
rather than soil concentrations, with only irregular soil testing.
This recent testing, however, indicates that there is useful data
to be gained from soil testing—even if the interval between
measurements is long. It is recommended that more testing be
carried out to identify the effects of recent rainfall and to
improve the model performance. The fact that monitoring has
been undertaken represents a significant opportunity for fur-
ther research in this unique context.

Second, the ability to model the emissions, deposition, and
removal from soil by rainfall using the process approach
allows the end use in sustainability metrics to be undertaken.
Environmental data is very complex, so this work takes the
approach of using the midpoint of soil deposition and subse-
quent soil concentration variation based on purely physical
processes. Omitting the biological and biochemical influences
of the receiving environment naturally causes some error and
variability, however, inclusion of these exceedingly complex
processes would belie the inherent error in prediction, thus,
giving a false appearance of precision. In truth, the inclusion
and perfect modeling of even a single site would require
resources and analysis beyond the scope of any corporation or
study because of the vast number of parameters in constant
flux. Given that the available data does not support a more
complex model and that the inclusion of only physical proc-
esses still allows validation within the limits of error, it is con-
cluded that the omission of these processes is both warranted
and valid. Furthermore, the ability to reduce data requirements
for monitoring and modeling of environmental flows is useful
from a cost and practicality perspective.

The model was fitted to the empirical data using variation
of multiple parameters derived from the process modeling
approach described. The key variables derived from the

process approach were the control factors modellng runoff
and permeability. The validation of the model based on data
from a local power station and the comparison of results for
deposition and atmospheric concentration with accepted
existing models indicate that it is able to mimic environmen-
tal behavior within reasonable limits of accuracy for the
desired application. The sensitivity assessment shows that
the model is robust in response to variation of parameters
and highlights that the parameters of highest impact are
those factors, which affect the removal of sulfur from the
soil. The particularly strong influence of the annual rainfall
rate has significant implications for the future acidification
of the soil in drought conditions and with the potential for
decreasing annual rainfall in a future climate influenced by
global warming. This factor could also be a strong influence
when siting of a potential plant is considered, because the
influence on soil may be mitigated under conditions of
higher rainfall. The ultimate sink for any leached contami-
nants would be groundwater and surface water, which are
not examined here due to the lack of historical data for
validation, but this is an area needing further research.

In applying this model to the sustainability metrics sys-
tem, excessive complexity would limit the usefulness of
the system. The ETM requires a minimal number of pa-
rameters, but it would still take significant efforts to
obtain the empirical data on soil runoff and permeability
for each new site. The model could benefit from a further
examination of soil classifications and topographical data
to come to a more rigorous method of estimating the con-
trol factors for runoff and permeability from existing or
remotely measurable data. The current model is also lim-
ited in the number of ‘‘sub-airshed tanks’’ that it uses,
which could be increased if a greater number of monitor-
ing sites were used. However, this would require a more
extended tuning process for the model. If capacity for
monitoring is limited, as is typically the case, then identi-
fication and selection of the most sensitive sites (as moni-
toring sites) would be recommended. From the perspective
of monitoring the ultimate fate of emissions, it is recom-
mended that future work aim to combine the more com-
plex atmospheric and hydrological models currently in use,
because this would hopefully provide greater accuracy and
easier uptake in industrial applications.

As previously mentioned, the ETM was developed as a
core element of a location-specific sustainability metrics
methodology, and its key value is its usage in this context.
Typical sustainability metrics do not incorporate emissions
transport or key environmental factors, such as rainfall,
which leaves them largely devoid of context (i.e., they
become simply an indicator of technology performance, not
local sustainability impact). These typical models represent
the ‘‘loading model’’ of emissions, which has been shown
here to not to reflect the actual situation. The nonlinearity of
the response of the modeled soil sulfur concentration to step
changes in emissions or other parameters supports the use of
an ETM in sustainability assessment. If a directly propor-
tional, linear response had been recorded for all parameters,
it might be assumed that a loading-model system would be
sufficient. However, a nonlinear response to emissions varia-
tion in particular denies the validity of loading models
except for use in comparison of potential technologies. This
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finding throws the validity of purely technological perform-
ance-based sustainability metrics into question.

Conclusions

This article has described a combined atmospheric-hydro-
logical model derived using a process approach to environ-
mental transport modeling. A system of tanks, reactors, and
pipes is used to create the model. The results of model veri-
fication and sensitivity analysis show that the model gives
sound performance in regards to fitting the empirical data on
soil sulfur concentrations. The development and verification
of the model was made possible due to the availability of
soil data across a 23-yr period, around an isolated coal-fired
power station. Verification indicated that the environmental
sulfur concentrations had risen because of the power station,
but that the soil concentrations were largely dependent on
annual rainfall, which had decreased in recent years, leaving
an elevated level of soil sulfur.

The developed model allows local soil and climatic condi-
tions to be incorporated, which is vital in assessing environ-
mental impacts of emissions. This model was created in the
context of a location-specific sustainability model, and the
results of applying the model indicate that there is a need
for this type of new approach to sustainability metrics. The
ETM indicates a nonlinear response of soil sulfur to
increases in power station emissions, which shows the
limitations of one of the underlying assumptions of current
sustainability metrics.

The ETM has a number of limitations which are recom-
mended as potential areas of further research and develop-
ment. The inclusion of ground and surface water sulfur
concentrations and atmospheric and soil water chemistry
would be of significant value. Furthermore, combining more
complex models of groundwater and atmospheric transporta-
tion would likely result in improved accuracy.
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Notation

a ¼ model coefficient (Eq. 7)
l ¼ fraction surface water in sub-airshed
b ¼ background concentration (lg/m3)
c ¼ concentration (lg/m3)

ci/64 ¼ Molar concentration of sulfur in air in tank ‘i’ (lgmol/m3)
c1 ¼ sub-airshed ‘‘1’’ sulfur concentration (lg/m3)
cr ¼ rainwater sulfur concentration (lg/m3)
cs ¼ soil sulfur concentration (lg/m3)
cs0 ¼ bulk soil sulfur concentration under ambient conditions (lg/m3)
D ¼ deposition ¼ u.c.FSA (lg/s)
Ei ¼ emission rate (lg/s)
F ¼ runoff factor

FSA ¼ surface area of land forming the base of the tank (m2)
G ¼ permeability factor
k ¼ Henry’s law constant

KL ¼ runoff removal factor
KP ¼ permeation removal factor
M ¼ total mass of sulfur (lg)
nair ¼ number of micro moles of air in 1 m3 � 44.6 � 106 (at 273 K

and 1 atm)

NFi ¼ natural flux in ¼ b.v.SA1 (lg/s)
NFo ¼ natural flux out ¼ c.v.SA2 (lg/s)

P ¼ Partial pressure of sulfur in air
qr ¼ rainfall rate (m3/s)

qr(t) ¼ annual rainfall for a given year (t) (m3/yr)
qr(N) ¼ historical average annual rainfall (m3/yr)

rp ¼ rate of removal by plants (lg/m2)
rs ¼ rate of removal by reaction (lg/m2)

SAi ¼ vertical surface area of airshed ‘tank’ i (m2) (airsheds counted
radially out from the centre)

u ¼ deposition velocity (m/s)
v ¼ wind velocity (m/s)
t ¼ time (s; used for calculation) or (yr; used for reporting)
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