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a b s t r a c t
Fugitive emissions are not an environmental concern alone, but are also a health concern. From occupational health
standpoint, fugitive emissions are the main sources of origin of the continuous exposure to workers. Operating
plants regularly measure release and concentration levels through a plant-monitoring program. However, for processes which are still ‘on paper’, predictive estimation methods are required. Therefore, three methods for estimating
concentration of the fugitive emissions are presented for the process development and design phases of petrochemical processes. The methods estimate the fugitive emission rates and plant plot dimensions resulting to fugitive
emission concentrations. The methods were developed for the type and amount of information available in three
process design stages; conceptual design, preliminary process design, and detailed process design. The methods are
applied on a real benzene plant; the estimated benzene concentrations are compared to the actual concentration
measured at the plant. The results show that as the information mounts up during design, the concentration estimate becomes more accurate. The results indicate that the methods presented provide simple estimates of fugitive
emission-based concentrations during the design stages.
© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1.

Introduction

The industrialized nations of the world have all placed
increased emphasis on the control of industrial emissions
to the atmosphere. Many emissions are the result of the
actual process streams, and as such, can be controlled by
operator. However, a considerable proportion of emissions are
unanticipated—usually referred to fugitive emissions (Onat,
2006). Often fugitive emissions are deﬁned as a chemical, or a
mixture of chemicals, in any physical form, which represents
an unanticipated or spurious leak in an industrial site (Ellis,
1997; ESA/FSA, 1998; ESA, 2005). The leaks occur wherever
there are discontinuities in the solid barrier that maintains
containment.
Worldwide, fugitive emissions from industrial applications
amount to over a million metric tones per year. Fugitive
emissions in the USA have estimated to be in excess of

300 000 tones per year, accounting for about one third of the
total organic emissions from chemical plants (Lakhapate,
2006). This situation is mirrored in Europe, and is probably
much worse in other parts of the world where emission standards and policing levels are lower.
Fugitive emissions are not only an environmental and
health issues, but also a concern to the economy. Fugitive
emissions represent a loss of potentially valuable materials
and a cause of plant inefﬁciency (Szweda, 2000). In many cases,
the true costs are not appreciated, as many of the costs associated with fugitive emissions are invisible. From October 2007,
all existing processing plants and power stations within the
EU have to comply with the IPPC directive 96/61/EU, which
aims to improve the management of industrial processes
and ensure a higher level of protection for the environment.
An important part of this legislation is reducing fugitive
emissions, which will have signiﬁcant consequences for all
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Ai
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B
C
Comp
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d
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FE
G
h
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i
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IPPC
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k
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LL
mix
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n
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PFD
PFR
PID
ppm
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T
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U.S. EPA
V
wt
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total ﬂoor areas
ﬂoor area of process module i
process vertical area
benzene
concentration
compressor
continuous stirred tank reactor
pentane
heptane
nonane
plot width
diameter
piping component’s emissions rate
European Union
fugitive emission
gas
height
heavy liquid
individual chemical substance
ion exchanger
Integrated Pollution Prevention and Control
inside battery limit
individual type of piping component
liquid–liquid extractor
light liquid
chemicals mixture
material Safety Data Sheet
number of piping component
n-formylmorpholine
process ﬂow diagram
plug ﬂow reactor
piping and instrumentation diagram
part per million
qualitative Exposure Assessment
toluene
threshold limit value
U.S. Environmental Protection Agency
vapor
weight
air volumetric ﬂow rate

Greek letter

wind speed

processes. Increasingly challenging environmental, health,
and economic demands are driving a need to reduce leaks and
fugitive emissions that are perhaps greater today than ever
before (Nicholls, 2005). The implementation of legislation in
the US governing emissions of volatile organic compounds,
together with EU directives, has provided a stimulus for work
aimed at reducing fugitive emissions. The new legislation is
wide ranging and introduces a concept of ‘Best Available Technique’ (BAT), urging plants to ﬁnd the best available solution
for reducing fugitive emissions right the way along the process, from areas such as design.
Before a hazard can be managed, it is necessary to ﬁrst
identify and evaluate it. Same goes to the case of fugitive
emissions. This paper presents how atmospheric chemical
concentration, as a result of fugitive emissions can be quantiﬁed during the design phase of chemical process. Exposure

chemical concentration is a necessitated variable for health
hazards risk assessment, which is the focus of the whole
research. However, in order to calculate the concentration, the
amount of potential fugitive emissions needs to be estimated
beforehand. This data is beneﬁcial for environmental and
economy assessment purposes. Even though the main interest of the research is on health aspect, the methods presented
in this paper are also advantageous from environmental and
economic standpoint.

1.1.
Effects of fugitive emissions on occupational
health
From the context of occupational health, long-term exposure as a result of fugitive emissions is the most important
sources of hazards for worker exposure in chemical plants.
Despite being very small and mostly invisible, fugitive emissions are the main sources of the continuous background
exposure to workers. The small but continuous exposures
experienced by workers may chronically affect their health
in various ways, depending on the type of chemicals they are
exposed to.

2.

Exposure assessment models

In general, assessment of risk to hazards consists the four
standard steps of: (1) hazard identiﬁcation, (2) toxicity assessment, (3) exposure assessment, and (4) risk characterization.
Exposure assessment is the heart of health hazards evaluation. Human exposures can be quantiﬁed via direct or indirect
methods. The former approaches involve taking measurements of exposure at the point of contact or uptake at the
moment it occurs. The latter approaches include extrapolating
exposure estimates from other measurements and existing
data (Nieuwenhuijsen, 2003). The impossibility to exercise
direct methods on a process or operation, which is still ‘on
paper’, motivates the development of a variety of exposure
models for health risk assessments.
Exposure models have been in use for occupational setting since the early 1990s (Paustenbach, 2000). The Estimation
and Assessment of Substance Exposure (EASE) model (HSE,
2000) and the Predictive Operator Exposure Model (POEM)
(PSD, 1992) are among the occupational exposure models employed in the UK. In the US, many programs have
been introduced to help companies identifying likely problem areas related to occupational exposures. Some examples
among the many available exposure assessment models
are the Qualitative Exposure Assessment (QLEA) method
(Dunham et al., 2001), the Modiﬁed Vapor Hazard Rating
System (MVHRS) methodology (Popendorf, 1984), and the
Workplace Exposure Assessment (WORKBOOK) method (Tait,
1993). As for the Europe, the European Chemicals Agency
has proposed several occupational exposures assessment
models, namely the ECETOC TRA and the EMKG (ECHA,
2008).
These exposure models however are direct contact-based
and not suitable for large plants located outdoors, which are
the scenario of petrochemical plants and oil reﬁneries. They
are more suitable for indoor facilities and are task-oriented.
Also they have not been process design oriented as they
require information beyond the design phase; making the
models best applied on existing plants (Hassim and Hurme,
2009).
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Table 1 – Average emission factors for fugitive emissions
(EPA, 1988).
Equipment type

Fig. 1 – Flowchart of chemical concentration calculation for
simple and detailed PFDs and PIDs.

Calculating chemical concentration

For the purpose of evaluating the risk of health hazards,
exposure assessment requires chemical concentration to be
estimated before comparison with the reference exposure
limit can be made. Throughout development phase, chemical
concentration in a process can be quantiﬁed based on simple
process ﬂow diagrams (PFDs), detailed PFDs, and piping and
instrumentation diagrams (PIDs). These process documents
are generated at different design stages.
To calculate the concentration, basically two data are
needed; ﬁrst the amount of fugitive emissions potentially
emitted from the process and subsequently, the air volumetric
ﬂow rate within the process area (Fig. 1). Volumetric ﬂow rate
is calculated from wind speed, plot dimensions, and height
below which the leak sources reside. Full mixing of chemicals released from leak sources in the plot considered is
assumed.

4.

Estimating fugitive emissions

In principal, there are four techniques available for quantifying fugitive emissions: (1) direct measurement, (2) mass
balance, (3) engineering calculation, and (4) emission factor.
Direct measurement is applicable to existing processes only;
mass balance technique is not so accurate since only very
small amount of material losses are involved; engineering
calculation, which is based on theoretical and complex equations or models on material losses estimation from equipment
or facilities is complicated and requires detailed inputs and
usually involves software tools (Cunningham, 1995)—thus,
leaving emission factor as the most appropriate technique for
design stage application.
The U.S. Environmental Protection Agency (U.S. EPA) has
devised four approaches for estimating fugitive emissions
based on emission factor (EPA, 1988). The Average Emission
Factor is the most convenient option, as it only requires limited process information, which is acquirable even from a very
early stage of conceptual design. Unlike the other three that
need screening values, this approach needs equipment and
piping item count and piping element count for PID stage as
well as average emission factors. Therefore, the methods for

Emission factor
(kg/h/source)

Valves

Gas
Light liquid
Heavy liquid

0.00597
0.00403
0.00023

Pump seals

Light liquid
Heavy liquid

0.0199
0.00862

Compressor seals
Pressure relief valves
Flanges
Sampling connections
Open-ended lines
Agitator seals

Gas
Gas
All
All
All
All

0.228
0.104
0.00183
0.015
0.0017
0.0199

estimating fugitive emissions presented in this paper were
developed based on this approach.

4.1.

3.

Service

Simple process ﬂow diagrams (PFDs)

Simple PFDs comprehend simpliﬁed process diagram and
process descriptions found in patents or literature such as
encyclopedias. Quantifying fugitive emissions based only on
this limited process data has not been possible. Therefore, the
fugitive emission evaluation method was developed based on
the idea of precalculated process modules. Precalculated modules refer to a set of fugitive emission rates data that has been
precalculated for standard module types in a chemical process. The standard modules represent regular operations in
chemical plants such as distillation, reactor, ﬂash, absorption
etc. systems. The precalculated modules data was created by
analyzing the number of potential leak sources in these operations. This was accomplished by studying typical piping and
instrumentation diagrams (PIDs) of the process modules. For
comprehensiveness, the emission from each module stream is
calculated for all possible types of service; gas/vapor, light liquid, and heavy liquid. The calculation made use of the average
emission factors provided by the U.S. EPA for traditional component types (see Table 1). ‘Traditional component types’ refer
to those that have conventionally been reported as sources of
equipment leak fugitive emissions by the U.S. EPA, e.g. pump,
valve, and ﬂange.
To encourage use of the method, the estimation procedure has been designed to be straightforward. First, process
drawing is divided into standard modules. Next, based on process descriptions, chemicals present in each module stream
are identiﬁed before the stream’s service type can be determined. A liquid stream is classiﬁed under light liquid service
if it mainly contains highly volatile chemicals (atmospheric
vapor pressure of pure chemical >0.3 kPa). Otherwise, it is a
heavy liquid. The fugitive emissions from the module streams
are determined by referring to the precalculated modules data
provided in Table 2 and Fig. 2. The emission rate data for different ﬂuid services as presented in Table 2 is calculated based
on the number of equipment in each module stream and the
corresponding service emission factor in Table 1. The emission rates from all module streams are summed up to obtain
the total fugitive emissions from a process.
However, since the research concerns with the risk assessment of health hazards, it is vital to know the emission rate of
the individual chemicals in the process. Due to detailed mass
balance data lacking, in this stage the calculation is done by
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Table 2 – Database of precalculated fugitive emission rates for process module stream.
Process module (fugitive emission rate, kg/h)
Stream

Service

Absorber

Stripper
Normal

Feed 1

Feed 2

G/V
LL
HL
G/V
LL
HL

Outlet
2/3

G/V
LL
HL
G&LL mix
G&HL mix

Outlet
3/4

G/V
LL
HL

0.024

Flash

0.236
0.134

Ion exch

CSTR

PFR

Vacuum

0.117
0.098
0.060

0
0
0

Distillation
Normal

0.057
0.053
0.046

0.113
0.063
0.109

LEX

0.048
0.025

0.052
0.044
0.029

0.235
0.125
0.002
0.464
0.324

0
0.225
0.127

0.021

0.159
0.094

0
0

0.301
0.165

0.055
0.036

0.123
0.100
0.054

0.102
0.082
0.044

0.059
0.127
0.082

0.110
0.088
0.046

0.063
0.052
0.029

0.560
0.378

0.163
0.271
0.156
0.498
0.380

0.097
0.059

Vacuum

0.044
0.036
0.021

0
0
0

0.025
0.405
0.254

0
0.239
0.137

0.217
0.137

0.139
0.082

Total
Comp
0.454

G: gas, V: vapor, LL: light liquid, HL: heavy liquid, mix: mixture, LEX: liquid–liquid extractor, ion exch: ion exchanger, and comp: compressor.

determining the most toxic chemical (‘worst chemical’) to represent the stream emission rate. The ‘worst chemical’ is the
major stream component with the lowest reference limit value
(such as TLV). For the same ‘worst chemical’, the stream rates
are totaled up throughout the process.

4.2.

Detailed process ﬂow diagrams (PFDs)

Detailed PFDs provide additional process data of mass and
energy balances. Overall, the approach for estimating the fugitive emissions is the similar precalculated modules-based
method that is used for simple PFDs. However, the way the
stream’s service type is classiﬁed is made differently. For a
liquid stream under operating conditions, the pure chemical
vapor pressures of components at 20 ◦ C in the mixture are
determined. The pure vapor pressure information is readily
available, e.g. from Material Safety Data Sheets (MSDS). For the
chemicals with vapor pressure above 0.3 kPa (at 20 ◦ C), their
weight compositions are added. If the total composition is
≥20 wt%, the stream is in a light liquid service; or else, it is
a heavy liquid. The determination of the stream ‘worst chemical’ is now unnecessary. Instead, the stream emission rate is
multiplied with the weight composition of the respective components in that particular stream. Weight compositions are
used throughout the calculation since the EPA emission factor data is weight-based. Similarly, the emissions of the same
chemical substances throughout the process are summed up.

Step-by-step procedures of calculating the fugitive emissions
from simple and detailed PFDs are presented in Fig. 3.

4.3.

Piping and instrumentation diagrams (PIDs)

More comprehensive assessment is feasible when PIDs are
available since these offer piping and equipment details. The
fugitive emission rates can be quantiﬁed more accurately
as the rates are now determined based on speciﬁc type of
components. Also here, emission factors for more speciﬁc
components (e.g. pump shaft with single mechanical seal
or exchanger head) are utilized, which also contribute to a
more accurate estimation. The database (Table 3) was constructed by compiling data from various references (Schroy,
1979; Carson and Mumford, 1985; EPA, 1995; TCEQ, 2006). Some
of the emission factors need to be recalculated in order to
ensure they are compatible with the method. Emission factors for processes handling solids are also provided (Carson
and Mumford, 1985) (Table 4). Likewise in detailed PFDs, the
emission rate calculated for each process stream is corrected
with the respective chemical weight composition (see Fig. 4).

5.

Estimating air volumetric ﬂow rate

For indoor facilities, the normal procedure to dilute any chemical release is ventilation. A lot of information can be found
about ventilation for indoor facilities from literatures (Lipton
and Lynch, 1994; Lees, 1996; Jayjock, 1997; Harris, 2000; Soares,

Fig. 2 – Process module diagram for stream number allocation.
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Fig. 3 – Flowchart of fugitive emissions calculation for simple and detailed PFDs.
2002; Manuel, 2006; Seppänen et al., 2006). Nevertheless, most
of petrochemical and chemical plants are located in the open
air so that any leak will be naturally dispersed by wind (Lees,
1996). Basically the volume of air ﬂow within a certain space
depends on the wind speed and the cross-sectional area considered. These two variables vary case-by-case, depending
on the time, location, and type of facilities under study. In
this paper, approaches for estimating the air ﬂow rate within
chemical plants are proposed.

5.1.

Simple and detailed process ﬂow diagrams (PFDs)

For simple and detailed PFDs, the air ﬂow rate is estimated
based on the typical average ﬂoor area of standard process
modules and their average height, as well as the average wind
speed. The ﬂoor areas were approximated from a petrochemical plant’s plot plan (see Table 5). The air ﬂow rate estimation is
presented in Fig. 5. The calculation procedure assumes square
shape of plot plan and full mixing condition. First the ﬂoor
areas of all modules (Ai ) in the process are aggregated, Af = ˙Ai .

Then the width of the area is calculated, d = (Af )1/2 . Subsequently process vertical area (An ) is determined by assuming
the height (h) of majority of piping components in petrochemical plants is below 7 m (Mecklenburgh, 1985), An = 7d. Finally
air volumetric ﬂow rate is calculated by multiplying the process vertical area with the average wind speed, V̇ = An . This
approach is a simpliﬁcation since many actual data is still lacking at the conceptual phase. Typical average wind speed can
be used upon the absence of average local wind speed; 4 m/s
is the common wind speed for outdoor facilities (Clement
Associates, 1982; Baldwin and Maynard, 1998; CCPS, 2000).
Fig. 6 presents the ﬂowchart of the estimation steps for these
design stages.

5.2.

Piping and instrumentation diagrams (PIDs)

A plot plan is readily available at the same time when a PID is
produced. This document is showing the location of the facilities and equipment in the plant. Based on the actual process
area measured from the plot plan, the air ﬂow rate estimate is
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Table 3 – Emission rates for ﬂuids from various equipment and piping items.
Equipment

Emission rate (mg/s)

Reference

Pump shaft seals
Regular packing without external lube sealant
Regular packing with lantern ring oil-injection
Grafoil packing
Single mechanical seals
Double mechanical seals
Bellows seal with auxiliary packing, diaphragm pump (double), canned pump

140
14
14
1.7
0.006
Nil

1
1
1
1
1
1

Valve stems (excluding pressure relief valves)
Rising stem valves with regular packing (globe and others)
Rating ≤ 300 lb
Rating > 300 lb

1.7
0.03

1
1

0.005

1

Pressure relief valves
Average release for valve vented to closed system without upstream protection by bursting disc

Non-rising stem valves (ball)

2.8

1

Compressors
Reciprocating
Single rod packing
Double rod packing

45
3.6

1
1

45
As for pumps
0.006

1
1
1

5.53

2

Piping and ﬂange connections
Open ended pipe

0.63

1

Flange and asbestos gasket
Rating 150–300 lb
Rating > 300 lb

0.056
0.056

1
1

Threaded connection
Welded connection

0.056
Nil

1
1

One ﬂange

3

0.47

2

0.011/m to 0.017/m
0.111/m to 0.167/m
0.0056/m to 0.008/m

3, 4
3, 4
3, 4

Flange × 2
Flange
4.17

3
3
2

Rotary
Labyrinth seal
Mechanical seal
Liquid ﬁlm seal
Stirrer sealsa
b

Bolted manway/hatch
c

Heat exchanger head
Unmonitored
Monitoredd
Gas service (10–20 bar)
Liquid service (10–20 bar)
High pressure (40–80 bar)
Sight glass
Cap/plug, connector, compression ﬁtting
Sampling point
(1) Carson and Mumford (1985), (2) EPA (1995), (3) TCEQ (2006), and (4) Schroy (1979).
a
b

c
d

Upon availability of shaft speed, the emission from stirrer seals can be estimated based on the equation provided by (1).
Provided for a typical plant size/capacity. For an extremely small or large plant, the rates can be estimated based on the ﬂange correlation
equation, which is a function of the ﬂange’s outer circumference (4). Upon no data, the typical size is 0.7–1 m.
Heat exchanger head: for tube and shell heat exchanger.
The emission rates range refers to the number of ﬂanges the head has (lower rate: 2 ﬂanges, higher rate: 3 ﬂanges). Upon data unavailability,
use the lower rate (typical heat exchanger head has 2 ﬂanges). The emission rate is a function of ﬂange’s outer circumference.

expected to become more accurate compared to the standard
module areas approach. Since the process design phase is now
almost reaching to the end, the location of the plant may be
known to the designers and the average wind distribution data
within the location of interest can be obtained (see Fig. 7 for
the ﬂowchart).

6.

Application on a real plant

For testing, the methods were applied on the Borealis Polymers
Oy benzene process at Porvoo, Finland. The process is based on

the technology of extractive distillation of aromatic feedstock
fractions. The process can be divided into four main stages of:
pre-distillation of pyrolysis gasoline; second-stage hydrogenation of pyrolysis gasoline; extractive distillation; and benzene
puriﬁcation (see Fig. 8).
Benzene concentration in the plant is estimated based on
the simple PFDs, detailed PFDs, and PIDs of the process. Benzene is the substance of interest of the assessment because the
company monitors this carcinogenic material at the plant. The
benzene concentration estimates are compared to the actual
concentrations measured at the plant.

Process Safety and Environmental Protection 8 8 ( 2 0 1 0 ) 173–184
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Table 4 – Emission rates for dusts from various
equipment (Carson and Mumford, 1985).
Type of equipment/handling
Vibratory screens
Open top

Emission rate (mg/s)
5.5 × top surface
area in m2

Closed top with open access port
6-in. dia. port
8-in. dia. port
12-in. dia. port

0.11
0.21
0.44

Closed cover—no ports

Nil

Bag dumping
Manual slitting and dumping
Fully automatic and negative pressure

3
Nil

Bagging machines (ﬁlling)
No ventilation
Local ventilation
Total enclosure and negative pressure

1.5
0.01
Nil

Fig. 5 – Principle used in air ﬂow rate estimation.

Table 5 – Area of different process module types.
Process module
Liquid–liquid extractor
Flash
Distillation
Stripper
Compressor
Absorber
Continuous stirred tank reactor (CSTR)
Tubular reactor (PFR)
Ion exchanger

Area (m2 )
48
72
129
147
182
82
95
108
28

Fig. 6 – Flowchart of air volumetric ﬂow rate calculation for
simple and detailed PFDs.

Fig. 4 – Flowchart of fugitive emissions calculation for PIDs.

Fig. 7 – Flowchart of air volumetric ﬂow rate calculation for
PIDs.
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Fig. 8 – Borealis Polymers Oy benzene plant at Porvoo.

6.1.

Estimating benzene fugitive emissions

The estimation of benzene fugitive emissions in the plant
inside battery limit (ISBL) is described below.

6.1.1.

Simple process ﬂow diagrams (PFDs)

The process drawing (Fig. 8) is divided into standard modules and main streams of each module are identiﬁed. Only
ISBL process modules are considered (not storages). Fugitive
emission rate of each stream is determined from Table 2 after
the service type is classiﬁed. Wide range of hydrocarbons are
involved in the process. However, majority of the streams
have benzene as the most toxic and/or major component in
the mixture (‘worst chemical’). The fugitive emissions calculations for the process modules are summarized in Table 6.
Streams 1, 2, and 3 in Table 6 refer to streams as presented in Fig. 2. The total benzene emission rate is calculated
by summing up the emissions of this substance from each
stream. The sum gives 3.29 kg/h as the total benzene emission
rate.

6.1.2.

6.1.3.

Piping and instrumentation diagrams (PIDs)

The number of piping ﬁttings and components in the process
is counted from the PIDs. Emission from each process stream
is calculated by totaling up the emission from each type of
component in that particular stream. Speciﬁc types of valve,
pump, etc. are now considered in the evaluation. The stream
rates are ﬁnally corrected by the respective weight fractions.
The total benzene emission rate calculated from the PID is
1.20 kg/h.

6.1.4.

Comparison of benzene emission estimates

The calculated benzene emission rates appear to become
gradually smaller as the evaluation progresses from simple
PFDs to PIDs. The emission calculated from detailed PFDs is
31% smaller than that from simple PFDs. Meanwhile, PIDsbased emission estimate is 47% and 63% lower than the value
given by detailed PFDs and simple PFDs, respectively. The
results agree with the principle that the earlier stage estimation should give more conservative estimate value. This is
partly because the PFDs-based estimation used ‘unmonitored’
average emission factors (Table 1) thus contributing to larger
emission estimates.

Detailed process ﬂow diagrams (PFDs)

The detailed ﬂow sheets reveal more information about the
process such as the material balance, operating conditions,
and more operations. Now it is known that the BTX distillation
and stripping columns are actually operating under vacuum
conditions. Additional units of compressor and clay towers
are also included into the assessment since they appear in the
detailed ﬂows sheets. The streams containing benzene are corrected by the substance’s weight composition (see Table 7). The
total benzene emission rates calculated based on the detailed
PFDs is 2.26 kg/h.

6.2.
Estimating air volumetric ﬂow rate and emission
concentration
The estimation of air ﬂow rate within the process area for
simple and detailed PFDs and PIDs is described below.

6.2.1.

Simple and detailed process ﬂow diagrams (PFDs)

For these process documents, the air ﬂow rate is estimated
based on the average module areas as provided in Table 5 and
typical wind speed value of 4 m/s (Clement Associates, 1982;
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Fig. 10 – Considered wind direction for air ﬂow rate
estimation.

Fig. 9 – Plot dimension to be considered depending on the
selected wind direction.
Baldwin and Maynard, 1998; CCPS, 2000) using the method discussed in Chapter 5.1. The calculation of the total process ﬂoor
areas for simple and detailed PFDs is presented in Table 8.
The air ﬂow rates estimate for simple and detailed PFDs are
930 m3 /s and 1025 m3 /s, respectively.

6.2.2.

Piping and instrumentation diagrams (PIDs)

For PIDs, the estimation of air ﬂow rate can be made in more
detail since the real plot plan and local wind speed data are
available. It is important to consider the correct wind direction
since this will affect on the cross-sectional area considered
and consequently the estimated concentration. E.g. in Fig. 9,
if the wind ﬂows in or opposite direction of v2 , plot dimension
d2 should be used in the calculation. Also if the estimated and
measured concentrations are to be compared, both the direction of wind ﬂow and location of measurement point have

to be in accordance (Fig. 10). The width of the plant corresponding to the wind direction is taken from the real plot plan.
Therefore square shape plot is not assumed anymore (Fig. 9).
For this benzene plant, the plot width dimension that corresponds to the wind direction of interest is 84 m. The average
wind velocity is calculated from the wind distribution data.
The average speed in the Porvoo area within the time period
under study is 4 m/s. The resulting air ﬂow rate calculated for
this particular case is 2352 m3 /s.
The concentration of benzene is calculated by dividing the
estimated benzene’s total fugitive emission rate by the estimated air volumetric ﬂow rate within the process area. The
resulting concentration estimates are: 0.31 ppm for simple
PFDs, 0.19 ppm for detailed PFDs, and 0.045 ppm for PIDs.

6.3.
Comparing estimated and measured benzene
concentrations
Benzene concentration measurements in the plant were taken
at nine sampling points distributed around the plant. Fig. 11
shows rough locations of the sampling points. Earlier, the
plant total ISBL fugitive emission rates were estimated. To

Table 6 – Fugitive emissions for each module stream’s worst chemical type rate (kg/h).
Process unit

Equivalent standard module

Stream 1

Stream 2

Stream 3

Depentanizer

Distillation

B
LL
0.036

C5
LL
0.405

B
LL
0.217

BTX

Distillation

B
LL
0.036

B
LL
0.405

C9+
HL
0.137

Reactor

PFR

B
LL
0.127

B
G
0.163

–

Flash

Flash

B
G
0.057

H2S
G
0.021

B
LL
0.301

Stabilizer

Distillation

B
LL
0.036

H2S
G
0.025

B
LL
0.217

Splitter

Distillation

B
LL
0.036

B
LL
0.405

T
LL
0.217

ED-column

Distillation

B
LL
0.036

C7
LL
0.405

B
LL
0.217

Stripper

Stripper

B
LL
0.098

B
LL
0.464

NFM
HL
0.094

Benzene puriﬁcation

Distillation

B
LL
0.036

B
LL
0.405

T
LL
0.217

B: benzene, T: toluene, C5: pentane, C7: heptane, C9+: nonane +, H2S: hydrogen sulﬁde, NFM: n-formylmorpholine, PFR: tubular reactor, ED:
extractive distillation, LL: light liquid, HL: heavy liquid, and G: gas.
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Table 7 – Benzene composition, stream and benzene fugitive emission rate from each process module stream.
Process unit

Equivalent module

Stream

1

2

Depentanizer

3

Distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
30.58
0.011

0.405
1
0.004

0.217
39.64
0.086

BTX

Vacuum distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
39.64
0.014

0.405
61.37
0.249

0.217
0.09
0

Reactor

PFR

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.127
61.47
0.078

0.271
45.92
0.124

–

Flash

Flash

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.057
45.92
0.026

0.021
7.4
0.002

0.301
60.6
0.182

Stabilizer

Distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
60.6
0.022

0.405
12.36
0.05

0.217
60.69
0.132

Splitter

Distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
60.69
0.022

0.405
61.71
0.25

0.217
1.5
0.003

Compressor

Compressor

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.454
7.4
0.003

ED-column

Distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
57.2
0.021

0.405
1.39
0.006

0.137
12.69
0.017

Stripper

Vacuum stripper

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0
12.69
0

0.225
99.83
0.225

0
0.64
0

Benzene puriﬁcation

Distillation

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.036
99.83
0.036

0.405
99.99
0.405

0.217
0
0

Clay tower 1

Ion exchanger

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.038
99.83
0.038

0.106
99.83
0.106

–

Clay tower 2

Ion exchanger

FE (kg/h)
Benzene (wt%)
Benzene (kg/h)

0.038
99.83
0.038

0.106
99.83
0.106

–

–

–

FE: stream fugitive emission rate.

compare with measured values, a sampling point that measures emissions almost from the whole plant at the selected
wind direction must be used for reliable comparison as
described by Fig. 10.
For this study, measurements by sampling point number
7 in the month of January 2008 are considered. In January
2008 majority of the wind speeds range from 3 to 7 m/s. However, there are several low wind speeds (at 9-1, 9-2, and 23-3 of

Fig. 12; 0.6, 0.1, and 0.9 m/s, respectively). The very low wind
speeds give unrepresentative values for total concentration,
but represent local concentration due to low mixing. Therefore, these values were removed when calculating the average
concentration. The measured monthly concentration average
value was 0.040 ppm and the average velocity was 4.4 m/s.
Fig. 12 presents the estimated local concentrations in comparison to the measured ones. Each data is represented by a

Table 8 – Count of process modules and their standard ﬂoor areas based on PFDs.
Standard module

Floor area/unit (m2 )

Count of unit
Simple PFDs

Distillation
PFR
Flash
Stripper
Compressor
Clay tower
Total ﬂoor area (m2 )
Square plot width dimension (m)

129
108
72
147
182
28

Detailed PFDs

6
1
1
1
0
0

6
1
1
1
1
2

1103
33

1341
37
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Fig. 11 – Distribution of sampling points in the process
area.
two set of number. The ﬁrst number refers to the day in January 2008 when the samples were taken. The second number
refers to the sampling hour range it belongs to (1) 7 a.m. to
3 p.m., (2) 3 p.m. to 11 p.m., and (3) 11 p.m. to 7 a.m. Except for
larger concentration at the three lower wind velocities, the
other estimated local values are reasonably close to the actual
concentrations.
Table 9 compares the estimated benzene concentrations to
the measured ones. The results show that as more accurate

process information is utilized in the estimation, the concentration estimates become closer to the actual concentration.
Table 9 shows that the discrepancies in the result are partly
due to the plot size estimation. It has to be remembered that
the real plots are seldom square (as assumed in the estimation). Therefore in reality, the concentration varies with the
wind direction. Also the estimated plot size is too small in this
case. If the real plot dimensions are used the concentrations
are much closer (see the last line of Table 9). The rest of the
discrepancy is because of the emission rate estimation. Larger
emission values result is partly from the unmonitored emission factors used in the PFDs stage, which are larger than the
monitored ones. From Fig. 13, it is seen that the estimated concentrations in simple PFD stage is 3 times, detailed PFD stage
is 2 times, and PID stage is 1.1 times larger than the measured
one in this case.
As seen above the estimated plot size was too small in this
case. The size of plot depends on the layout practices and also
the process capacity. In earlier days, plants are more compact
compared to the newer plants. As for this case, the plant has
quite scattered layout. The estimation of plot size may be a
topic of a further study.

Fig. 12 – Comparison between estimated and measured local concentrations (ppm) in January 2008 (at selected wind
direction).
Table 9 – Comparison of results from estimations (wind velocity 4 m/s).
Simple PFD
Emission rate (kg/h)
Plot width (m)
Air ﬂow rate (m3 /s)
Concentration (ppm)
Alternative concentration (ppm) (with real plot size)

3.29
33
930
0.31
0.12

Detailed PFD
2.26
37
1025
0.19
0.08

PID

Measured

1.20
84
2352
0.045
0.045

Fig. 13 – Comparison between estimated and actual benzene concentrations (ppm) (with real plot size).

–
–
–
0.040
0.040
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Conclusions

Three methods are proposed for estimating chemical concentrations in air due to fugitive emissions during the design
phase of chemical processes. The methods were developed
for application at different stages of process development
and design. The estimation methods require different level
of design information, which is available from simple PFDs,
detailed PFDs, and PIDs. The concentration calculation basically involves the estimation of fugitive emissions, plot
dimensions, and air ﬂow rate within the process. The methods for estimating these variables are presented for each level
of process design.
The methods have been tested on an actual benzene
plant. Benzene emission and concentration levels in the plant
are regularly monitored. A comparison between estimated
and actual concentrations shows that as process information mounts up from simple PFDs to PIDs, the benzene
concentration estimate becomes closer to the actual value
measured by the plant. The PFDs-based estimates are higher
because they are based on ‘unmonitored’ average fugitive
emission factors which overestimate the emissions and average standard module areas, where the spacing factor in the
process gives a too small plot size in this case thus underestimates the wind ﬂow rate. The layout estimation is a
separate method, which can be further improved in future.
As for the PIDs, the consideration of piping and equipment details and actual process area from the plot plan
contributes to a more accurate benzene concentration estimate. In this stage the estimation is nearly the same as the
average measured concentration at the plant. Even though
the PFDs-based estimates are larger than the actual value,
the results are still acceptable. A good practice is to reasonably overestimate the actual risk when the process is
under development. This concept is called ‘to err on the safe
side’.
The methods can be used both as back-up tools for existing
plants as often demanded by the authorities and as prediction
methods to assist designers to evaluate process concepts from
the health perspective during the process design.
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