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Abstract

Volatile Organic Compound emissions from hydrocarbon storage tanks are a key source of
industrial air pollution and odour nuisance. This study evaluates odour impact predictions
using annual average emissions versus time-resolved emissions from fixed roof tanks and
external floating roof tanks that store different hydrocarbon products, including crude
oil and refined products such as gasoline, diesel, kerosene, fuel oil, and bitumen. Odour
emission rates are derived from field measurements and laboratory data and implemented
in CALPUFF dispersion modelling. The results show that for fixed roof tanks, time-resolved
emissions predict odour separation distances up to four times greater than annual averages,
with central domain differences reaching 300% and boundary variations between 50-100%.
In contrast, floating roof tanks show minimal variation (<10%) between the two methods.
These findings highlight that odour perception is driven by short-term peaks rather than
long-term averages and that using annualized emissions may significantly underpredict
odour impacts, especially for fixed roof tanks. Accurate temporal characterization is thus
essential for realistic odour assessments and effective regulatory compliance.

Keywords: dispersion modelling; CALPUFF; hydrocarbon storage; odour emission;
tanks; VOCs

1. Introduction

Volatile Organic Compound (VOC) emissions from Oil & Gas operations represent a
significant source of industrial air pollution, impacting air quality and the environment
around these facilities [1-4]. For instance, refineries, which process crude oil into various
petroleum products, release a variety of VOCs during different stages of production, in-
cluding storage, transfer, and processing [5,6]. Petrochemical plants also use hydrocarbons
for the production of specific organic molecules [7,8]. These emissions not only contribute
to the formation of ground-level ozone and smog but may also impact local communities
through odorous compounds that can affect the quality of life [9-12].

Combustion processes, such as those in boilers, heaters, and flares, release odorous
sulfur compounds and other VOCs. Likewise, product loading and unloading operations
contribute to odour emissions due to the handling and transfer of raw materials and refined
products. Wastewater treatment within Oil & Gas facilities also generates VOC emissions,
as inlet water may contain sulfur compounds and other volatile substances with a high
odour potential [13-15]. Understanding the dynamics of VOC emissions is crucial for
effective regulatory measures and public health protection [16,17].
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One of the most significant sources of odorous emissions in the Oil & Gas sector is the
storage and handling of crude oil and refined products [18-20]. These storage tanks are
designed to store volatile materials, and due to temperature fluctuations, pressure changes,
and handling activities, VOCs can be released into the atmosphere. There are two main
types of storage tanks that may release VOC in the atmosphere: Fixed Roof Tanks (FRTs)
and External Floating Roof Tanks (EFRTs).

FRTs, characterized by their static, immovable roof, create a confined gaseous
headspace above the liquid product, where vapours can accumulate. As the tank is filled
and the liquid level rises, the vapour space is compressed, forcing the release of VOCs
through vapour displacement. This process, known as “working losses”, represents the
primary emission contributor [14,21]. In addition, FRTs also experience emissions due to
“standing losses”, essentially caused by the daily thermal cycle. These losses occur when
temperature changes cause the vapour in the tank to expand and contract, releasing small
amounts of VOCs [22]. According to Invernizzi et al. [13], standing losses are a minor
contributor to operational FRTs to total emissions, compared to working losses.

In contrast, EFRTs are designed to minimize vapour accumulation by featuring a
movable roof that floats directly on the liquid surface, thereby reducing the headspace
and limiting the potential for vapour formation. However, these tanks are not completely
sealed, and VOC emissions can still occur at the points where the floating roof meets the
tank wall, known as “rim seal losses”, as well as at various openings and fittings on the roof,
such as manholes and vents, referred to as “deck fitting losses”. Both types of emissions are
influenced by temperature and pressure fluctuations, which can cause minor movements
of the roof or create small gaps, allowing VOCs to escape. Additionally, working losses in
EFRTs arise when the roof moves downward due to the film of liquid adhering to the tank
walls. As the liquid evaporates, this leads to the displacement of vapour and, consequently,
VOC emissions [23-26].

Numerous studies have investigated VOC emissions from hydrocarbon storage tanks,
primarily focusing on their contribution to air pollution and their environmental impact on
surrounding areas [24,27-31]. However, research specifically addressing odour emissions
from these tanks is extremely limited. The few existing studies on hydrocarbon-related
odour emissions generally focus on either methodology for estimating emissions [13,14],
without addressing atmospheric dispersion, or modelling approaches to assess the impact
of an entire site [32-34]. To date, the odour impact of storage tanks as individual sources has
not been systematically evaluated, despite their potential contribution to odour nuisance in
nearby communities.

In the context of odorous gas emissions, it is essential to recognize that the concentra-
tion of a substance advected by a turbulent boundary layer flow often exhibits substantial
fluctuations around its mean value [35]. Unlike traditional air pollutants, which are typi-
cally regulated based on long-term average concentrations, odour impacts are primarily
assessed using short-term peak concentrations and percentiles [36,37]. This difference is
key, as odour nuisance is a transient phenomenon driven by brief, high-concentration
spikes, rather than continuous exposure. As such, a more granular approach to emission
input data is necessary to capture these peaks, which are crucial to understand odorous
emissions and their impact. This is particularly significant for hydrocarbon storage tanks,
which display a discontinuous emission pattern, characterised by sporadic yet intense
release events throughout the year, that can lead to odour nuisance. Consequently, relying
solely on a constant annual emission rate may obscure critical information about odour
impact on receptors, with the risk of underestimating the peak events that define actual
odour perception and possible nuisance [38—40].
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This study aims to quantify the odour impact of oil refinery storage tanks, leveraging
high-resolution temporal emission data to improve the accuracy of odour dispersion mod-
elling. By comparing odour impact predictions obtained using annual average emissions
versus temporally resolved emissions, this study highlights how different approaches to
emission characterization can lead to significantly different outcomes. The Odour Emission
Rates (OERs) used in the simulations are derived from real measurements collected through
field campaigns at industrial sites (for FRTs) or laboratory experiments (for EFRTs).

The simulations were performed using the CALPUFF dispersion model, selected
due to its widespread application in regulatory frameworks [41,42] and its recognition
by agencies such as the US-EPA [43,44]. CALPUFF’s capacity to incorporate temporally
and spatially resolved emission data and its ability to handle non-steady-state conditions
and simulate short-term odour peaks make it particularly appropriate for evaluating the
variability and intensity of odour nuisance events [45-49].

This study advances the estimation of odour emissions from hydrocarbon storage
tanks, extending existing research on the influence of temporal variability in emission rates
on odour impact assessments. Previous works have demonstrated that assuming constant
emissions may lead to underestimation of impact areas [38,49,50]. However, these studies
focused on generic modelling scenarios or agricultural sources, whereas no research has
yet examined this aspect for odorous emissions from Oil & Gas operations.

In this context, the present work provides a novel contribution by applying the concept
of temporally resolved emissions to industrial hydrocarbon storage tanks, where odorous
releases are highly intermittent and process-dependent, and by distinguishing between
FRTs and EFRTs, which exhibit markedly different emission dynamics. The study provides
a quantitative comparison of how predicted odour impacts vary between these two tank
types when using emission data with different temporal resolutions, thus illustrating the
extent to which simplified, time-constant approaches can distort the assessment results.

2. Materials and Methods
2.1. CALPUFF Model

CALPUFF [51] is an advanced three-dimensional, non-stationary Lagrangian puff
dispersion model, designed to simulate the atmospheric transport and dispersion of pollu-
tants, including gases, aerosols, and particulate matter. It is particularly suited in case of
complex orographic terrain and coastal influences.

The model simulates pollutant dispersion through discrete puffs, each containing
a fraction of the total emission mass. As they travel, these puffs expand horizontally
and vertically from the plume’s centerline, following a normal distribution according to

Equations (1) and (2):
1/dc\?
~G)))

1/da\?
C(x,y,z) = Zmiayg[exp <_2<Ux> )

2 —(He 4 2nh)?
g = GZ\/THZQXP[ 26% ] (2)

where C [g/ m?3] is the concentration at (x, y, 2); Q [g] is the pollutant mass; oy, oy, and

o, [m] are the Gaussian distribution standard deviations in the along-wind, cross-wind,
and vertical directions; d, and d. [m] indicate the distances from the puff barycenter to the
receptor in the along-wind and cross-wind directions; He [m] is the puff barycenter’s height
relative to the ground; h [m] is the mixing-layer height; g [m~1] is the vertical component
of the Gaussian formulation, including the effects of ground and inversion layer reflections;
and n is an integer index accounting for multiple reflections in the vertical direction.
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CALPUFF can account for various meteorological phenomena, including variations
in wind speed, direction, and atmospheric stability. The meteorological fields required
by CALPUFF are provided by CALMET [52], a diagnostic meteorological preprocessor
that integrates local and regional data, such as terrain information, observational data,
and weather forecast outputs. CALMET generates high-resolution wind, temperature, and
stability profiles to simulate pollutant dispersion under a variety of conditions.

Moreover, it also includes options for simulating pollutant removal processes, like dry
and wet deposition, as well as the plume rise phenomenon. It offers flexibility in simulating
plume rise by providing different algorithms, including the empirical Briggs formulation
and a numerical plume rise method.

2.2. Site Description and Meteorological Data

All simulations were performed using CALPUFF version 7.2.1 on an annual basis,
with a time step of 3600 s.

Chemical transformation processes were not activated, as commonly assumed in
odour dispersion modelling, where pollutants are treated as chemically inert. Dry and wet
deposition processes were also not included; this assumption is conservative with respect
to predicted ground-level concentrations. Building downwash effects were not considered.

The dispersion option MDISP was set to 2, whereby horizontal and vertical dispersion
coefficients are determined on the basis of micrometeorological parameters provided by the
meteorological preprocessor, allowing for a physically based representation of atmospheric
turbulence and stability effects.

Default CALPUFF values were adopted for the minimum size of newly generated
puffs, with SYMIN = SZMIN = 1.

The computational domain is located in northern Italy (SW corner: 487.632 km UTM
E, 4997.350 km UTM N, UTM zone 32), covering an area of 6 km x 6 km, with a grid
resolution of 100 m. This area is characterized by relatively flat terrain, with an average
elevation of approximately 90 m above sea level. The land use data used for the simulation
were sourced from the CORINE CLC 2018 (100 m resolution) land cover database, while
the terrain elevation data were obtained from the SRTM Global (30 m resolution) dataset.

To generate the three-dimensional wind field for the simulation, the meteorological
data used as input for the CALMET (version 6.5.0) simulations, including both surface
and upper-air data, were derived from hourly 3D outputs of a prognostic WRF model
with a 1 km resolution. Unlike data from a single monitoring station, which provides only
point measurements, this approach delivers spatially resolved, three-dimensional data. The
dataset spans the entire year of 2022, selected as the reference period.

Figure 1 illustrates the annual wind rose (blowing-from) at the first vertical layer, 10 m
above ground level, and the frequency distribution of stability classes, as extrapolated from
the CALMET simulations at the centre of the domain (490.632 km UTM E, 5000.350 km
UTM N, UTM zone 32). The meteorological simulation indicates prevailing wind directions
from the northeast and southwest, with an average wind speed of approximately 2.84 m/s.
Furthermore, nearly one-third of the annual hours are associated with stability class F,
reflecting highly stable atmospheric conditions. These findings are consistent with the
typical climate of the Po Valley, where the domain is located. In the CALMET/CALPUFF
modelling system, calm-wind conditions are defined as situations in which wind speed is
lower than 0.5 m/s. Under such conditions, CALPUFF is able to simulate stagnant puffs
that are not transported by wind advection while still allowing for dispersion driven by
atmospheric turbulence. This capability is particularly relevant for the simulation of odour
dispersion under stable and low-wind conditions.
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Figure 1. Annual wind rose (blowing—from) at the centre of the domain (490.632 km UTM E,
5000.350 km UTM N, UTM zone 32), (a). Annual distribution of stability classes, (b).

2.3. Emission Data and Sources Characterization

For FRTs, the OER for each tank was estimated as described by Invernizzi et al. [13],
by associating the odour concentration [oug/ m°] representative of the stored product to
the airflow [m3/h] emitted from the tank vent during the filling phase, as working losses
are the primary source of emissions for this type of tank. The model refers to freely vented
tanks, i.e., not connected to vapour recovery units, flares, or vapour balancing systems,
thus assuming direct venting to the atmosphere:

Q.ir [m3 /h] x Coq [oug/ m3] 3
3600s/h )

OER|oug/s|] =

where Q,;; is the emitted airflow during the filling phase and Cq is the odour concentration
at the vent.

Odour concentrations for each product were obtained by averaging datasets of values
collected during multiple olfactometric campaigns conducted by the Olfactometric Labora-
tory of Politecnico di Milano at the vents of FRTs containing different hydrocarbon products.
The experimental procedures were carried out in accordance with recognized olfactometric
standards [53], ensuring consistency and reliability of the measurements within the context
of this study. It should be noted that these values are specific to the sampling campaigns
and reflect the operational conditions of the tanks and facilities at the time of sampling,
including factors such as product temperature and filling level; therefore, they should not
be considered as universally applicable reference data.

A total of 21 odour concentration measurements were available for bitumen tanks,
while 42 measurements were collected for the remaining refined products (kerosene, diesel,
and fuel oil). For each product category, representative mean values and standard devia-
tions of the odour concentration were computed and are reported in Table 1.

Table 1. Input for emission estimates for FRTs and EFRTs.

FRTs EFRTs
Q [m?/y] = 7 x 10° VOC losses [kg/y] = 52,000
Cod [oug/m?3] HCOEC [oug/kg]
Fuel oil 60,000 + 69,000 -
Bitumen 150,000 =+ 98,000 -
Gasoline - 100
Kerosene 60,000 + 69,000 107
Diesel 60,000 + 69,000 107
Crude oil - 108

Q = annual throughput; C,gq = Odour concentration.
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Odour concentration values showed substantial variability across tanks and monitor-
ing campaigns, mainly related to product characteristics such as sulfur content and degree
of refining. A clear distinction was nevertheless observed between bitumen and the other
refined products, with bitumen consistently exhibiting higher odour concentrations, while
kerosene, diesel, and fuel oil displayed broadly comparable levels. On this basis, bitumen
was treated as a separate category, and the remaining refined products were grouped
together in the analysis.

The airflow rate was estimated based on the hourly fluctuations in the tank level, which
were obtained from a real-case refinery’s DCS (Distributed Control System), resulting in an
hourly variable OER throughout the year. Emissions were set to zero when the tank was
in a stationary or descending phase, as emissions are associated with the loading phase,
during which gas or vapor is released due to filling and pressure variations inside the tank.
Additionally, a constant OER was also considered for the entire year. This was derived by
replacing the hourly variations in tank throughput, as estimated from hourly level data,
with the total annual throughput distributed evenly across the year, as commonly done by
yearly VOC inventories [54].

In the time-resolved approach, the hourly variability of FRT emissions originates solely
from the airflow rate Q,;;, while odour concentrations are assumed constant over time and
depend only on the type of product stored, thus differing from tank to tank.

In particular, the simulation of FRTs includes a total of 47 tanks, categorized as follows:
10 bitumen tanks, 5 kerosene tanks, 11 diesel tanks, and 21 fuel oil tanks.

In the case of EFRTs, the OER was derived by associating the estimated VOC losses
[kg/y], with a representative HCOEC (Hydrocarbon Odour Emission Capacity) [oug /kg]
value for each stored product, according to [13]:

OER[oug/s| = HCOEC [oug/kg| x Lot [kg/y]
8760 h/y x 3600 s/h

(4)

where HCOEC is the hydrocarbon odour emission capacity and Ly the yearly VOC losses.

VOC losses were derived on a monthly basis using the equations for external floating
roof tanks provided in Chapter 7 of the U.S. EPA AP-42 methodology [53], accounting
for all relevant loss mechanisms, including rim seal, deck fitting, and withdrawal losses.
The required input parameters include tank geometric characteristics (tank diameter and
height), roof and seal configuration, number and type of deck fittings, product properties,
and operating conditions. Meteorological inputs required by the AP-42 equations, such
as ambient temperature and wind speed, were derived from the CALMET meteorological
fields used for dispersion modelling. All remaining tank-specific parameters were obtained
from refinery technical databases and design documentation.

The HCOEC values were determined through laboratory analyses conducted by the
Olfactometric Laboratory of Politecnico di Milano on various refinery cuts to assess their
odour potential. To measure HCOEC, air is bubbled through the liquid samples in a bubbler
to promote the controlled evaporation of volatile compounds. The airflow is regulated
and monitored, while air samples are collected and analyzed by dynamic olfactometry to
measure odour concentration. The total amount of odour released due to the evaporation
of a cut over a given time period can be computed as:

Odloug] = /O  Qur x Cod(t) x dt 5)

where Q,;, represents the airflow delivered to the bubbler, Cod denotes the odour concen-
tration measured in the collected air sample, and ti refers to the time interval.
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The hydrocarbon odour emission capacity can be estimated by relating the amount of
odour released to the mass evaporated during the test. Further details can be found in [14].

The choice of a monthly time frame for estimating VOC losses in EFRTs follows the
methodology outlined in US-EPA AP-42 [53], with the caveat that a one-month period is
considered the minimum duration for estimating emissions [54], as the equations reported
in US-EPA AP-42 become increasingly uncertain over shorter time spans. Although this
approach does not explicitly account for short-term (daily or hourly) variability, it is
consistent with the applicability limits of the AP-42 correlations.

Moreover, OER values for EFRTs were estimated based on annual VOC losses, which
were homogeneously distributed throughout the year, resulting in a constant OER value
without monthly variability.

The simulation of EFRTs includes a total of 33 tanks, consisting of 9 crude oil tanks,
22 gasoline tanks, and the remainder storing kerosene and gas oil.

Table 1 presents the various HCOEC and odour concentration values considered in
the study for the different stored products, as well as the total annual VOC losses for EFRTs
and the total annual throughput of FRTs. The reported totals were obtained by summing
the contributions of all 33 EFRT tanks and all 47 FRT tanks, respectively, while tank-specific
values are provided in the Supplementary Materials.

Among the hydrocarbon products considered, the highest odour potential differs
depending on tank typology. For FRTs, bitumen is characterized by the highest odour
concentration at the vent, while for EFRTs, crude oil exhibits the highest HCOEC. However,
the intrinsic odour potential of the stored product alone does not directly determine the
emitted odour flux.

In the case of FRTs, the odour emission rate is primarily governed by tank operating
conditions, as it results from the combination of the product-specific Cod and the airflow
associated with tank filling operations. Consequently, peak emissions typically occur
during filling events and periods of high throughput.

Conversely, for EFRTs, the odour emission rate is determined by the product-specific
HCOEC in combination with VOC losses estimated through empirical correlations. Gaso-
line tanks are generally associated with the highest VOC losses, primarily due to the
higher volatility of gasoline compared to other stored products. However, VOC losses
from individual tanks are not governed by product type alone, but also by a range of
tank-specific and operational parameters, and ambient temperature. As a consequence,
EFRT emissions typically exhibit a seasonal pattern, with higher emission levels occurring
during the warmer months, when volatilization processes are enhanced.

The vent of each FRTs was modelled as a point source emission, with a height equal
to the tank roof, and a temperature assumed to be equal to the storage temperature of
the tank. Storage temperatures for the different hydrocarbon cuts (typically 50-70 °C
for fuel oil, 150-200 °C for bitumen, and near-ambient temperature for kerosene and
diesel) were obtained directly from industrial Distributed Control System (DCS), where
tank temperatures are continuously monitored by in-tank temperature sensors as part of
standard operational control.

EFRTs were simulated as area source emissions, with an emission height corresponding
to the top of the tank walls and a surface area corresponding to the circular area of the
tank. The initial vertical dispersion coefficient, 07y, defines the vertical extent of the pulff at
the point of emission. As outlined in the AERMOD User’s Guide [55], 079 is determined
by dividing the vertical dimension of the emission source (i.e., its height) by a factor of
2.15 [56,57].

Additional input data related to FRTs and EFRTs are provided in the Supplemen-
tary Material.
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3. Results
3.1. Annual Emission Trend

Figure 2 shows the comparison of total OER from EFRTs and FRTs, obtained by
summing the contributions of all tanks, considering two approaches for estimating VOC
losses: annual average and time-varying approach.

EFRT OER annnual trend
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Figure 2. Annual emission trends for EFRTs and FRTs. Blue markers represent time-resolved odour
emission rates (monthly for EFRTs and hourly for FRTs), while the yellow line indicates the constant

annual-average emission rate used for comparison.

Concerning EFRTs, the results reveal a distinct seasonal trend, with higher VOC
emissions estimated during the summer months. This increase is primarily driven by
elevated ambient temperatures and enhanced solar radiation, which lead to greater VOC
volatilization. Notably, the maximum deviation occurs in August, where the OER exceeds
the annual trend by 50%, highlighting the potential underestimation of emission rates
when relying solely on annual averages. Overall, outside the peak summer conditions,
the differences between the two approaches are modest, with an average deviation of
about 10%.

In the case of FRTs, Figure 2 presents a comparison of the OER estimated by summing
the contributions of all tanks using the annual average throughput for each tank versus an
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approach that considers hourly variations in tank levels. The results show that relying on
annual averages significantly underestimates peak values, as it smooths out fluctuations
driven by intense tank-filling activities or high throughput periods. Quantitatively, while
the annual average OER is around 16,000 oug /s, the highest peaks exceed 100,000 oug/s,
demonstrating a discrepancy of nearly one order of magnitude, corresponding to underes-
timations approaching 85-90% during peak emission events.

3.2. Odour Impact

Odour impact was evaluated in terms of the 98th percentile of ground-level odour
concentrations over the simulation year, in accordance with the Italian regulatory frame-
work. Hourly averaged concentration outputs (averaging time equal to 1 h) generated by
CALPUFF were used as the basis for the percentile calculation.

To account for short-term concentration fluctuations relevant for odour perception,
a peak-to-mean factor was applied during post-processing (using CALPOST tool, ver-
sion 7.1.0). Specifically, hourly mean concentrations were multiplied by a constant peak-to-
mean factor equal to 2.3, as prescribed by Italian regulation [58].

Figure 3 illustrates the direction-dependent separation distances for three reference
concentration values mentioned in the recent Italian regulation for the control of odorous
emissions from industrial activities [58]. According to Schauberger et al. [59], 1 oug/ m3
corresponds to the odour detection threshold, 3 oug/ m? to odour discrimination, and
5 oug/m? to unmistakable perception. The separation distances represent contour lines
(isopleths), varying according to direction, of an ambient concentration threshold. To
evaluate the separation distances, a dedicated receptor nest, located at ground level, was
implemented by placing receptors radially around the geometric centre of the tank area,
with an angular spacing of 20° and at increasing distances from the source. For each
reference concentration level, the separation distance was determined independently for
each direction by interpolating between the two adjacent receptors encompassing the
target concentration.

From Figure 3, it can be observed that, for EFRTs, the outcome resulting from the
two different approaches for estimating odour emission fluxes is largely comparable. The
separation distances highlight more significant impacts in the prevailing wind directions
(NE and SW). Specifically, for angles of approximately 60° and 240° from the north, the
maximum separation distance reaches 1500 m for 1 oug/ m3, 400 m for 3 oug/m?3, and
200 m for 5 oug/ m3. For all three reference concentration values, the separation distances
estimated by the two different approaches are nearly identical, suggesting negligible
differences between monthly varying emission fluxes and a constant annual emission rate.

However, in certain instances, the annual approach results in slightly higher separation
distances (e.g., for 1 oug/m?> at 240°), although the difference is minimal. This could
be attributed to the fact that higher emission fluxes typically occur during the summer
months. These months often experience conditions that favour pollutant dispersion, such
as increased convective turbulence driven by higher surface temperatures. This turbulence
enhances vertical mixing in the atmosphere, facilitating the dilution and transport of
pollutants over greater distances. As a result, the dispersion efficiency is higher during
the summer, which compensates for the elevated emission rates. Therefore, the constant
annual emission rate approach may, in some cases, slightly overestimate the impacts at the
98th percentile compared to the monthly approach.
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Figure 3. Separation distances referred to 1 oug/ m?, 3 oug/m? and 5 oug /m? for EFRTs and FRTs,
expressed in terms of the annual 98th percentile of ground-level odour concentration.

In contrast, for FRTs, the trends in separation distances reveal more pronounced
discrepancies, especially along the prevailing wind directions. Specifically, Figure 3 shows
that the 1 oug/m?® concentration isoline extends up to approximately 1500-1700 m in the
NE and SW directions when hourly emission variability is considered. In contrast, using a
constant annual emission rate, the same isoline is reduced to about 750 m. This trend is
consistent across different concentration levels. For instance, when considering the highest
reference concentration value of 5 oug/m?3, the discrepancy in separation distances reaches
a factor of up to five, passing from 500 m to 100 m, highlighting the significant influence of
hourly flux variability on the dispersion predictions.

Figure 4 shows the odour impact maps within the computational domain for EFRTs
and FRTs obtained by the two different approaches investigated.
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Figure 4. Odour impact maps for EFRTs and FRTs, expressed in terms of the annual 98th percentile of
ground-level odour concentration.

As highlighted by the separation distances, the odour impact maps obtained for EFRTs
using the two different approaches (i.e., monthly variable and annual average) appear
virtually identical. In both cases, the 1 oug/m? isoline extends predominantly towards the
northeast and southwest, reaching distances of up to approximately 1500 m.

In contrast, for FRTs, significant discrepancies emerge between the two simulated
scenarios. When considering an hour-by-hour variable OER, the 1 oug /m3 isoline reaches a
maximum distance of nearly 1800 m towards the southwest. In the annual average scenario,
however, the same isoline extends only up to about 900 m. Similar differences are observed
for the other isolines as well.

Figure 5 highlights the relative (%) differences between the scenario with a variable
OER (monthly for EFRTs and hourly for FRTs) and the scenario with an annual average
approach over the simulation year:

(Cmonthly/hourly - Cannual)

A (%) = x 100 (6)

Cannual

Figure 5 shows that, in the case of EFRTs, the differences between the two emission
scenarios are essentially negligible, generally falling between 5% and 10%. Specifically,
positive values indicate an overprediction of the variable scenario, with deviations typically
under 10%, while negative values suggest a slight underprediction of the monthly scenario,
with discrepancies peaking at 15%.
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Figure 5. Relative (%) differences between the time-variable OER scenario and the annual average
approach, for EFRTs and FRTs.

For FRTs, much larger differences emerge near the sources, with variations up to
300% (hourly emissions about four times higher than annual averages). At the domain
boundary, discrepancies are smaller, typically 50-100% (a factor of 1.5-2). This pattern
reflects dispersion dynamics: close to the source, concentrations are highly sensitive to
emission temporal variability, while further away, turbulent diffusion and advection,
introducing effects related to the larger-scale mixing and transport processes, reduce
its influence.

In addition to the results discussed above, which refer to the Italian regulatory crite-
rion, a supplementary analysis was carried out to investigate how the relative differences
between time-resolved and annual-average emission scenarios depend on the definition of
the odour impact metric. To this end, a set of alternative impact metrics representative of
markedly different regulatory approaches was selected, spanning a wide range of percentile
and peak-to-mean combinations. These include criteria characterized by a relatively low
percentile combined with a higher peak-to-mean factor (e.g., the German reference crite-
rion), high percentiles combined with low peak-to-mean factors (e.g., the French reference
criterion), and criteria where both the percentile and the peak-to-mean factor are high
(e.g., the Danish reference criterion). A criterion characterized by comparatively low values
of both parameters was also considered (e.g., the Irish reference criterion).

For each impact metric, the mean percentage variation between the time-resolved and
annual-average emission scenarios was calculated by averaging the relative differences
over all gridded receptors within the computational domain. The results, summarized
in Table 2, show a clear and systematic increase in the relative differences as the selected
percentile increases. Mean variations range from approximately 36% for the 90th percentile
to about 80% for the 98th percentile and increase further to 145% and 260% for the 99th and
99.5th percentiles, respectively.

Table 2. Mean relative differences (%) between time-resolved and annual-average emission scenarios
for FRTs under selected odour impact metrics.

Reference Impact Metric Peak-to-Mean Percentile Mean Relative Difference (%)
Germany 4 90 36
Italy 2.3 98 78
Ireland 1 98 78
Denmark 7.8 99 145
France 1 99.5 260
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The comparison between the Italian and Irish reference criteria, which share the same
percentile (98th) but differ in the adopted peak-to-mean factor, clearly illustrates that the
peak-to-mean factor does not influence the relative differences between the two emission
scenarios when applied consistently. In both cases, identical mean relative variations are
obtained, confirming that the peak-to-mean factor affects absolute impact levels, while
cancelling out in the computation of relative differences.

Overall, this analysis indicates that the magnitude of the differences identified for
the Italian reference scenario may become even more pronounced under odour impact
criteria based on higher concentration percentiles. This suggests that, in regulatory contexts
adopting more stringent percentile-based metrics, the need for time-resolved emission
characterizations may be even more critical in order to adequately capture short-term
emission peaks and their contribution to odour impact.

4. Conclusions

This study aims to assess the impact of odour emissions from hydrocarbon storage
tanks by comparing dispersion model predictions obtained using annual average emission
data versus those derived from temporally resolved emission datasets.

For FRTs, the use of hourly resolved emission rates leads to substantially higher pre-
dicted odour separation distances compared to constant annual-average emissions, with
discrepancies reaching up to a factor of four near the sources and remaining significant at
the domain boundary. This confirms that annualized emission inputs may severely under-
predict odour impacts when emissions are driven by intermittent operational activities such
as tank filling. Aggregating these emissions over longer temporal scales would be expected
to smooth short-term peaks and reduce the predicted impacts, potentially masking the
conditions most relevant for odour nuisance.

In contrast, the analysis revealed that for EFRTs, the differences between the two
approaches remain minimal, with discrepancies typically below 10%, indicating that a
time-averaged approach may be adequate for this tank type within the current modelling
framework. This outcome should be interpreted in light of the temporal resolution presently
supported by established estimation methodologies. In particular, the monthly resolution
adopted for EFRT emissions reflects the minimum time scale for which AP-42-based
estimates can be considered reliable; applying the same approach at finer temporal scales
would likely introduce additional uncertainty rather than improve predictive accuracy.
Future research should therefore focus on the development of dedicated methods capable
of resolving EFRT emissions at finer temporal resolutions, beyond the current state of
the art.

Unlike traditional air pollutants, which are often regulated and evaluated based on
long-term average concentrations (e.g., annual means), odour impacts are typically assessed
using short-term peak concentrations and percentiles. This distinction is crucial because
odour nuisance is a transient phenomenon, driven by momentary high concentrations
rather than sustained exposure. Therefore, an approach that accounts for temporal emis-
sion variability is particularly relevant for odour assessments, as it better captures peak
events that determine actual odour perception and potential nuisance. Furthermore, it
should be noted that with higher calculation percentiles, as used in several countries [37],
the differences in assessed separation distances or exposure levels increase even further
compared to those based on annual mean OER.

These findings highlight the implications of emission characterization choices in odour
dispersion modelling, particularly in regulatory applications, as simplified emission inputs
may lead to significant underestimation of impact areas.
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Future research should extend this analysis to other industrial sources, assessing
whether finer temporal resolutions, such as hourly variability, provide better impact es-
timates than constant annual averages. For example, stack emissions, usually modelled
with steady-state annual rates, may show short-term fluctuations that affect dispersion and
ground-level concentrations.

Additionally, while this study considered a fixed odour concentration for FRTs based
on product type, future work should investigate the influence of tank operating conditions,
such as liquid level and storage temperature, on odour concentrations at the vent. Exper-
imental studies and targeted sampling campaigns could provide valuable insights into
these variations and help refine emission input data.

Moreover, extending the analysis to different meteorological conditions would be
valuable, as atmospheric turbulence, wind patterns, and seasonal variability strongly
affect odour dispersion and peak concentrations, thereby improving the robustness of
regulatory assessments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app16041851/s1, Supplementary Material S1: Geometry, Emission
Parameters, and Elevation (MSL) data for FRTs and EFRTs.
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