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This work studies the introduction of cleaner production (CP) in the tank farm of the Pancevo Oil
Refinery. From 2003 to 2008, substantial investments in storage technology and equipment were made
in order to minimize the emissions of volatile organic compounds (VOCs). This article analyzes the effects
of the CP activities using a model of tank farm emissions before and after reconstruction. US EPA TANKS
software was used in order to develop a comprehensive model of the tank farm emissions. The year 2006
was accepted as representative for the analyses and related technical and production data as well as
meteorological information were employed in the development of the model. The results show that the
total VOC emissions were 37.6% lower after reconstruction and that the emissions of the major pollutant
benzene were decreased by 62.7%. The effects of the CP activities were analyzed through the reduction of
ecological damage, elements related to the operating costs, liability issues and the company’s image.
Future tank farm reconstruction activities in the Oil Refinery, Pancevo were proposed and their envi-
ronmental effects predicted. An indicator of the expected decrease in VOC pollution was developed and
quantified, with the aim of its use for quick calculations in similar cases.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Oil refineries are large industrial plants in which crude oil is
converted (refined) to petroleum products. The oil and gas refinery
industry in Europe provides 42% of the energy requirements and 95%
of the fuels required for transport by the operation of more than 100
refineries that process 700 million tones of crude oil per annum (EC,
2003). Each of these oil refineries is an emission source of various
pollutants, mainly volatile organic compounds (VOCs), which have
been the subject of various environmental analyses (Bevilacqua and
Braglia, 2002; Abdul-Wahab et al., 2002; Cetin et al., 2003; Whit-
combe et al., 2003; Mata et al., 2005; Ras et al., 2009; Tompa et al.,
2005; Majumdar et al., 2008; Gielen et al., 2002; Ostermark, 1996;
Khan and Ghoshal, 2000; Na et al., 2001; Liu et al., 2008; Amaral
et al., 1996; Lin et al., 2004; Guo et al., 2007; Cheng et al., 2008;
Clements and Cheng, 1982; Snider and Manning, 1982).

Oil, gas and petrochemical companies have always been the
major environmental concern of the civil society. Huge multina-
tional companies, such as Exxon Mobil, Royal Dutch Shell, BP and
Chevron, have substantially changed their environmental policies
by designing less polluting and safer processes and plants.
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Numerous “end of pipe” and cleaner production technologies were
developed and implemented aimed at reducing ecological damage
and improving the companies’ images. Nevertheless, the public
often raise doubts and ask serious questions concerning the accu-
racy and the completeness of reports from the oil industry
(Environmental Integrity Project, 2009). Refinery capacities have
moved towards developing countries and the “new seven sisters”
(Saudi Aramco - Saudi Arabia, JSC Gazprom - Russia, CNPC - China,
NIOC - Iran, PDVSA - Venezuela, Petrobras - Brazil and Petronas -
Malaysia) have emerged and taken the leading positions in the
world’s oil and gas industry. It is crucial that the new world leaders
in crude oil processing clearly and quickly implement the best
available CP techniques and new approaches in their operations
(Silva and Amaral, 2009; Dowi et al., 2009; Karavanas et al., 2009;
Fernandez and Ruiz, 2009; Klemes and Huisingh, 2008; Hojer et al.,
2008; Ekins et al., 2007).

The location of each oil refinery experiences different degrees
and forms of pollution. Therefore, a universal cleaner production
philosophy and framework applies its principals through different
approaches, for example like the one in the Baku Oil Refinery
Factory JSC, Azerbaijan, with a joint cleaner production and energy
efficiency program (The Government of Azerbaijan, 2009). The
application in China of a fully regulated mandatory cleaner
production approach, based on a cleaner production promotion
law, incorporates a special regulation - a cleaner production
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standard for the petroleum refinery industry (Cleaner Production in
China, 2009; Ministry of Environmental Protection The People’s
Republic of China, 2009). The Mexican PEMEX has launched
programs for cleaner production and efficient use of water in all of its
operating subsidiaries, thereby reducing related costs. CO; emis-
sions were reduced by 3.1 million t/y, i.e., by about 8% of the esti-
mated 40 million t/y of emissions in 2001 (USAID, 2009). The Caltex
Refinery in Lytton, Brisbane, Australia has implemented substantial
changes in solid waste management. The BP oil refinery at Kwinana,
Australia has implemented a number of cleaner production
measures and is particularly active in reducing water consumption,
greenhouse gases, volatile organic compounds and other air emis-
sions, and promoting energy efficiency and improvement of the
protection of ground and coastal waters (North Carolina Division of
Pollution Prevention and Environmental Assistance, 2009; Curtin
University of Technology, 2009; Berkel, 2007).

The main oil refinery installations in Serbia, the NIS Petrol Oil
Refinery Pancevo (since 2009 owned by JSC Gazprom), are located
near the town Pancevo, 15 km northeast from Belgrade, the capital
of Serbia. The citizens of Pancevo have always blamed the oil
refinery for the bad quality of the ambient air in the town. In the
last eight years, full public awareness of environmental problems
has developed and the citizens of Pancevo, its municipality officials
and the Government of Serbia have put the industry under constant
pressure to eliminate industrial sources of pollution. There have
been many air pollution incidents in Pancevo that were connected
with the operations of industrial installations. In 2004, the
Municipality of Pancevo had an automated system for the
measurement of pollutants in the ambient air installed at several
locations in urban areas. In last few years, there were several
occasions when the citizens of Pancevo were alarmed by sirens to
remain in doors due to the presence of a high level of BTEX
hazardous air pollutants (HAPs, benzene, toluene, ethylbenzene
and xylenes), especially benzene, in the ambient air: 20/07/2008 -
100 pg/m> benzene, 06/02/2007 - 153.4 pg/m>, 05/02/2007 -
160.5 pg/m> and 14/11/2006 - 125.88 pg/m?> (Pancevo town, 2009).
Responding to serious public reactions of the civil society and
pressures from the government and local institutions, the Refinery
Pancevo decided to perform reconstruction of its storage facilities
in order to minimize related hazardous BTEX emissions.

The Pancevo Oil Refinery has made substantial changes and large
investments in its storage technology and equipment in the last five
years in order to resolve one of the major air pollution problems at it
source by minimizing the emission of VOC from its tank farm. The
described activity commenced as pollution prevention and evolved
into a cleaner production project. In this article a case study aimed at
analyzing the effects of the mentioned activity is presented. For this
purpose, a comprehensive model of the VOC emissions from the
refinery was developed. The aim of the present study was to employ
the developed model to quantify achieved reductions of ecological
damage, based on which the other cleaner production elements
(operating costs, liability issues and improvements of the image of
the company) were developed. The cleaner production results ach-
ieved in Pancevo could be of wider interest for oil refineries, petro-
chemical plants and similar industrial facilities.

2. Case study elements

The NIS Petrol Oil Refinery Pancevo with a capacity of 4.8 million
tones of crude oil prefabrication per annum is one of the largest
factories in Serbia and the dominant supplier of the domestic and
regional fuel market. The refinery produces different types of
gasoline, diesel fuel, paraffin and aromatic solvents, raw materials
for petrochemicals, bitumen, sulfur, liquefied petroleum gas, etc. The
refinery handling department consists of loading and unloading

facilities and large tank farm in which crude oil, oil derivatives and
refinery products are stored. The tank farm has 141 tanks, which
cover around 2/3 of the surface of the refinery complex.

The major emission sources of air pollutants are the tanks used
for storage of derivatives which contain VOCs, such as motor gaso-
line, solvents and intermediates. Some 40 tanks were the subject of
activities aimed at minimizing emissions. The other tanks in the
refinery are used for the storage of crude oil, diesel and fuel oil;
therefore, the content of VOC in these liquids is significantly lower.
The perception that the mentioned group of 40 storage tanks was
one of the major emission sources to the ambient air in Pancevo was
one of the key reasons for the decision to invest in the reconstruc-
tion. The second reason was the fact that in the previous decade the
tank farm was poorly maintained, resulting in higher than normal
VOC emissions. On the floating roof of the tanks, ring holes had
formed due to insulation deterioration and large surfaces of the VOC
in storage were exposed to the ambient air, enabling large emissions.

It should be documented that the reconstruction was mostly
based on equipment recommendations and the best available tech-
nique guidelines (EC, 2003; European Commission, 2003) and was
not supported by a detailed emission estimation analysis. The basic
concept was to retrofit the external floating roof or to convert fixed
roof tanks to domed external floating roof tanks. Reconstruction of
the tanks commenced in 2004 and lasted until mid 2008, with the
majority of the 27 tanks planned for reconstruction finished by mid
2006. The total investment for the refinery tank reconstruction was
cc 40 million USS. These 27 tanks are employed for the storage of
various refinery derivatives: merox, raffinate, pyrolitical gasoline,
light gasoline, special gasoline, stabilized gasoline, benzene, toluene,
unleaded motor gasoline, motor gasoline, naphtha and alkylate.

Merox gasoline is obtained by the MEROX (mercaptan oxida-
tion) process. This gasoline has a low octane number and is used for
the blending of motor gasoline. Raffinate is a product of aromatic
extraction and has a low octane number. It can be used in the
gasoline blending unit and for the production of special gasolines.
Pyrolitical gasoline is a by-product of naphtha pyrolysis in the
Petrochemical complex and is transported by pipeline from this
factory into the Oil Refinery. It has high amounts of aromatic
compounds, a high density, low vapor pressure and a high octane
number. Light gasoline is the primary component for gasoline
blending and is a product of the crude distillation unit. It has
a moderately high octane number. Stabilized gasoline has a higher
octane number and a higher vapor pressure than light gasoline. It is
used for motor gasoline blending. Naphtha is a product of the crude
distillation unit. Alkylate (light and heavy) is the main product of
the alkylation process. It has a high octane number (due to the
presence of iso-paraffins) and is mostly used for the blending of
unleaded motor gasoline. It has a low content of aromatic
compounds. The mentioned derivatives have quite similar, or the
same, compositions in different oil refineries. Therefore, the major
characteristics of the Pancevo oil refinery derivates that are being
kept in its tank farm are presented in Table 1.

3. Modeling of VOC emissions

US EPA software “TANKS” was used in order to develop
a comprehensive model of the tank farm emissions. TANKS
(Emissions Estimation Software Version 4.09D) is a Windows-
based computer software program that calculates VOC and HAP
emissions from organic liquid storage tanks based on the emission
estimation procedures developed in USA EPA’s Compilation of Air
Pollutant Emission Factors. The program is able to calculate air
pollutant emissions by retrieving chemical properties from a soft-
ware database of over 100 organic liquids. The program is based on
storage equations and balances that were derived for petroleum
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Table 1
Characteristics of the refinery derivates (average values).

No. Storage liquid Characteristics®

1 Merox Density (15 °C) 0.675 g/cm?, 60%P, 15%A, 20%N?
2. Raffinate Density (15 °C) 0.745 g/cm>, 29%P, 30%A, 11%N
3. Pyrolitical gasoline Density (15 °C) 0.841 g/cm?3, 25%P, 56%A, 10%N
4, Light gasoline and Density (15 °C) 0.641 g/cm?, 87%P, 3.4%A, 0.5%0

stabilized gasoline

5 Special gasoline Density (15 °C) 0.714 g/cm>, 0.90%A
6 Benzene Density (15 °C) 0.878 g/cm>, 100%A
7. Toluene Density (15 °C) 0.871 g/cm?®, 100%A
8 Unleaded gasoline Density (15 °C) 0.754 g/cm?, 40%P, 27%A, 12%N
9 Leaded gasoline Density (15 °C) 0.742 g/cm>, 50%P, 35%A, 12%N

10. Naphtha
11. Alkylate

Density (15 °C) 0.718 g/cm?, 60%P, 12%A, 25%N
Density (15 °C) 0.700 g/cm?, 56%P, 12%A, 18%N

2 P - paraffins, A - aromatics, N - naphthenes, O - olefins.

products, such as gasoline, diesel fuel, jet fuel, stable crude, etc.
TANKS is capable of calculating emissions of an individual
component from known mixtures and of estimating emissions
from crude oils and selected refined petroleum products using
liquid concentration HAP profiles supplied with the program. The
addition of more chemicals, if desired, is allowed. In the calcula-
tions, the software employs emission factors, representative values
that attempt to relate the quantity of a pollutant released into the
atmosphere with an activity associated with the release of that
pollutant. These factors are usually expressed as the weight of
pollutant divided by a unit weight, volume, distance, or duration of
the activity emitting the pollutant. Application of factors facilitates
software calculations for an estimation of emissions from various
sources of air pollution. In the program embedded emission factors
are averages of all available data of acceptable quality (US Envi-
ronmental Protection Agency, 2009a,b; Jackson, 2006).

TANKS uses chemical, meteorological, as well as roof fitting and
rim seal data to generate estimations of emissions from several types
of storage tanks. The program allows the usage of its own meteoro-
logical database (of over 240 cities in the United States) or an installed
new database of the location for which the emissions are to be
calculated. A specific model was developed for the tank farm of the
Oil Refinery Pancevo, Serbia using adequate data input, as follows:

1. individual tank specifications for 27 tanks,

2. detailed characteristics of the oil derivatives,

3. meteorological data of the Pancevo location (temperature,
wind, solar flux etc.), and

4. data related to the operation of a tank.

The required data regarding the tank characteristics were
collected in the Oil Refinery Pancevo. Detailed characteristics of the
oil derivatives (representative amounts of the components in the
petroleum mixtures of the refinery) were obtained based on
laboratory reports from the refinery’s ISO 17025 accredited labo-
ratory (Association of Accredited Laboratories, Serbia, 2009). With
these data, TANKS is able to relate chemical properties from its
database with the representative content of each petroleum
mixture stored in each of the tanks in the refinery’s tank farm.

Meteorological data were obtained from annual reports of the
Republic Hydrometeorological Service of Serbia for the area of
Pancevo (Republic Hydrometeorological Service of Serbia, 2009).
The parameter solar radiation (solar radiation energy received on
a given surface area in certain period, (World Meteorological
Organization, 2008)) is embedded in the model using average
monthly values. The data embedded in the tank models related to
the ambient air temperature of Pancevo are illustrated in Fig. 1.

Derivatives’ characteristics and meteorological data should be
regarded as stable. Related average values of derivates characteristics
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Fig. 1. Ambient air temperature profile for Pancevo, Serbia.

are presented in Table 1. Meteorological data does not change
significantly in time. Data related to tank operation (listed as 4.),
especially the average fluid flow, sequences in which the tanks are
being loaded and unloaded, the period of the year in which the
tanks do or do not have intense operation, etc. are those that vary
annually and are related to the various production elements of the
Oil Refinery Pancevo. The year 2006 was accepted as the reference
year for analyses because of its stable and high production level. A
series of individual tank emission models were developed for the
reference year. The consistency of data and its adequacy in the
model were evaluated through series of sensitivity analyses which
were performed with developed model (Jovanovic et al., 2008a,b) A
monthly approach to the modeling of the tank emissions was
employed (rather than a yearly one) in order to achieve more
precise results. Therefore, each of the individual tank models
developed for a year of operation represents the sum of 12 indi-
vidual monthly models.

The emissions of each individual tank and stored liquid were
calculated using the developed model. The model calculations were
realized for each month separately and the obtained results are
presented for the representative year in Tables 2 and 3.

VOC emissions from the floating roof tanks before their recon-
struction were 143,300 kg/y, of which benzene emissions were
6181.5 kg/y. After reconstruction, the emissions from the domed
floating roof tanks declined to 13,089 kg/y, of which benzene
emissions are 731 kg/y. The remaining part of the tank farm, which
consists of fixed roof tanks that were not changed during the CP
reconstruction, produces 203,239 kg of emissions per year, of
which 2503 kg/y are benzene emissions.

Taking into account the data from Table 2, which presents the
results of the emissions before and after the reconstruction of 27
tanks (reductions from retrofit actions), and the results from Table
3, which presents the emissions from the non-reconstructed fixed
roof part of the VOC tank farm, some summary statements related
to the emissions of the tank farm before and after reconstruction
can be presented as follow.

e VOC emissions from the Oil Refinery, Pancevo before the
reconstruction were on the level of 346,539 kg/y (benzene
emissions were 8685 kg/y or 2.51%);

e VOC emissions from Oil Refinery, Pancevo after the recon-
struction are on the level of 216,328 kg/y (benzene emissions
are 3235 kg/y or 1.50%);
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Emissions from the Oil Refinery, Pancevo tanks before and after reconstruction.

No Tank symbol/
capacity (m?)

Storage liquid

Before reconstruction

After reconstruction

Tank type

Total emission Benzene

Tank type

Total emission Benzene

(kgly) emission (kg/y) (kgly) emission (kg/y)
1. FBO07014500 Merox External floating roof 4402.53 26.30 Domed external floating roof 522.85 3.73
2. FB 0707 540 Raffinate External floating roof 3337.22 9.81 Domed external floating roof 192.83 0.58
3. FB 0708 540 Pyrolitical gasoline External floating roof 4041.33 651.12 Domed external floating roof 275.29 275.29
4. FBO0717 3800 Light gasoline and  External floating roof 12563.50 40.52 Domed external floating roof  1141.91 5.16
stabilized gasoline
5. FB0718 3800 Light gasoline and External floating roof 12563.50 40.52 Domed external floating roof  1141.91 5.16
stabilized gasoline
6. FB 1101 1000 Benzene Fixed - roof 2143.81 2143.81 Domed external floating roof 103.53 103.53
7. FB 1106 540 Benzene Fixed - roof 838.75 838.75 Domed external floating roof 84.58 84.58
8. FB 1107 540 Benzene Fixed - roof 838.75 838.75 Domed external floating roof 84.58 84.58
9. FB 1103 1000 Toluene Fixed - roof 836.74 0.00 Domed external floating roof 36.19 0.00
10. FB 13014510 Unleaded gasoline External floating roof 5871.54 87.22 Domed external floating roof 557.89 9.65
11. FB 13024510 Unleaded gasoline External floating roof 5871.54 87.22 Domed external floating roof 557.89 9.65
12. FB 13111000 Unleaded gasoline External floating roof 5136.91 75.70 Domed external floating roof 361.51 5.98
13. FB 13121000 Unleaded gasoline External floating roof 5136.91 75.70 Domed external floating roof 361.51 5.98
14. FB13131000 Unleaded gasoline External floating roof 5136.91 75.70 Domed external floating roof 361.51 5.98
15. FB 13141000 Unleaded gasoline External floating roof 5136.91 75.70 Domed external floating roof 361.51 5.98
16. FB 1306 4510 Leaded gasoline External floating roof 5852.33 120.21 Domed external floating roof 573.42 14.08
17. FB 1308 4510 Leaded gasoline External floating roof 5852.33 120.21 Domed external floating roof 573.42 14.08
18. FB 1309 10150 Leaded gasoline External floating roof 6608.37 133.33 Domed external floating roof 675.75 14.08
19. FB 1310 10150 Leaded gasoline External floating roof 6608.37 133.33 Domed external floating roof 675.75 14.08
20. FB 13151000 Leaded gasoline External floating roof 5153.95 105.13 Domed external floating roof 378.45 9.11
21. FB 1316 1000 Leaded gasoline External floating roof 5153.95 105.13 Domed external floating roof 378.45 9.11
22. FB 140521700 Leaded gasoline External floating roof 7883.59 160.01 Domed external floating roof 969.12 21.02
23. FB 1406 21700 Leaded gasoline External floating roof 7883.59 160.01 Domed external floating roof 969.12 21.02
24. FB 1903 13000 Naphtha External floating roof 4865.72 38.66 Domed external floating roof 532.70 4.45
25. FB 1904 13000 Naphtha External floating roof 4865.72 38.66 Domed external floating roof 532.70 445
26. FB 2007 1100  Alkylate External floating roof 4357.63 0.00 Domed external floating roof 342.22 0.00
27. FB2008 1100  Alkylate External floating roof 4357.63 0.00 Domed external floating roof 342.22 0.00
Total 143,300 6181.5 13088.81 731.31

e The present major individual contribution to VOC emissions
are produced by the operations in two stabilized gasoline fixed
roof tanks with 167,293 kg VOC emissions per year (benzene
emissions 347.4 kg/y), and by the benzene fixed roof tank with
2144 kg of benzene emissions per year. Benzene emissions
from these three tanks represent 77% of the total benzene
emissions from the tank farm.

It should be noted that VOCs tank farm emission model of the
Oil Refinery Pancevo was developed after the retrofit investment
decisions have been made and served as a tool for transformation of
pollution prevention into cleaner production activity.

The developed model and the obtained results formed the base
for the calculation of an informative air pollution reduction indi-
cator for quick calculations of the emissions reductions (I) that
could be expected by the large scale reconstruction of external
floating roof and fixed - roof tanks into domed external floating
roof tanks in oil refineries (in our case 27 tanks have been recon-
structed). For this purpose air pollution reduction indicator is
defined as a relation between achieved VOCs emission reduction by
reconstruction from existing (external floating roof and fixed - roof
tanks with VOCs emission Egp) into domed external floating roof
tanks (VOCs emission Epggr), and the emission before the recon-
struction. Its mathematical expression and illustrative calculation
based on the cumulative data from Table 2 is presented as follows:

I = (Eg — Epgrr)/Eo
— (143,300 — 13088.81)[kg/y]/143, 300[kg/y] — 0.90866

Indicator value for the case of Oil Refinery, Pancevo was cc a 91%.
Calculated value could be taken into consideration in refineries

with similar problems, meaning that they could expect an
approximately 10-fold improvement by the tank reconstruction
from existing into domed external floating roof tanks.

4. Cleaner production effects

In order to define the effects of the described cleaner production
activities, it was necessary to analyze the achieved reductions in
ecological damage, as well as different elements related to the
operating costs, liability issues and the company’s image.

Comparison in total VOC and benzene emissions before and
after the reconstruction is displayed in Fig. 2. The main benefits of

Table 3

Emissions from the Oil Refinery, Pancevo fixed roof tanks.
No Tank symbol/ Storage liquid Tank type Total Benzene

capacity (m>) emission  emission
(kgly) (kgly)

1. FB0710540 Raffinate Fixed - roof 2642.87 7.94
2. FB 08052530 Special gasoline Fixed - roof  11265.04 1.56
3. FB 0806 2530 Special gasoline Fixed - roof  11265.04 1.56
4. FB 1108 450  Special gasoline Fixed - roof 2386.36 0.33
5. FB 1109450 Special gasoline Fixed - roof 2386.36 033
6. FB1110143  Special gasoline Fixed - roof 755.06 0.10
7. FB1111 143  Special gasoline Fixed - roof 755.06 0.10
8. FB1112 143  Special gasoline Fixed - roof 755.06 0.10
9. FB1113 143  Special gasoline Fixed - roof 755.06 0.10
10. FB 0807 1420 Stabilized gasoline Fixed - roof = 83646.40 173.70
11. FB 0808 1420 Stabilized gasoline Fixed - roof = 83646.40 173.70
12. FB 1102 1000 Benzene Fixed - roof 2143.81 2143.81
13. FB 1104 1000 Toluene Fixed - roof 836.74 0.00

203239.30 2503.33
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Fig. 2. Total VOC and benzene emissions before, after and with future reconstruction.

the CP activities in the Oil refinery, Pancevo are the following
emission reductions.

e VOC emissions from the Oil Refinery, Pancevo have decreased
by cc 37.6%.

e Benzene emissions have decreased by cc a 62.7%.

e Emissions in the reconstructed part of the refinery’s tank farm
have decreased by cc a 91%.

It should be noted that the level of emissions pollution before
the reconstruction of the tank farm was higher than the data
obtained from the model because of the poor maintenance of the
external floating roof tanks, which caused the formation of large
holes in the rim insulation, allowing direct contact of the surfaces of
the derivatives with the ambient air.

Serbian environmental regulations define limits for (i) aromatic
hydrocarbon emissions from stored oil products of 8 mg/m?> for the
total VOCs and (ii) concentrations in the ambient air as follows:
max. 10 pg/m?> for benzene (year 2006) and 7.5 pug/m?> for toluene.
The benzene limit must be lowered to the level of 5pug/m> by
the year 2015, each year by 0.5 pg/m> commencing from 2006 (the
benzene limit for 2009 is 8.0 pg/m>) (Official Gazette of the
Republic of Serbia, 1997, 1992). It should be noted that the limit
concentrations in the ambient air are much stricter than the
twelve-year-old emission limits; therefore the environmental
regulations are generating adequate pressure.

The lower emissions from the reconstructed tank farm have
reduced ecological damage to the environment. The results of the
measurement of the key contaminant benzene in the ambient air at
the location Vojlovica, some 3 km from the Oil Refinery, Pancevo in
the direction of the major south-east wind stream, are presented in
Fig. 3. The average monthly concentrations of benzene in 2006
(average year 6.70 ug/m3), 2007 (3.73 pg/m>) and the first five
months of 2008 (4.00 pg/m?>) are significantly lower than in 2005
(9.61 pg/m>) (Pancevo town, 2009). The reduction in average
annual ambient air concentrations of benzene after the recon-
struction of the tank farm is clearly visible from environmental data
presented in Fig. 4. It is important to point out that, in that period,
the reconstruction of the refinery tank farm was the only major
environment-related activity in the Oil refinery, Pancevo and in the
industrial zone as well. The measured benzene concentrations are
influenced by other emissions from the oil refinery, emissions from
activities in the nearby petrochemical complex and road traffic. The
work on the tank farm reconstruction started in 2006 and was
finished in 2007. Fig. 4 shows that significant reduction in average
annual ambient air benzene concentrations is achieved during
(30.2% reduction, 2006 vs. 2005) and after the reconstruction
(62.7% reduction, 2007 and 2008 vs. 2005). Furthermore, average
annual ambient air benzene concentrations remain relatively
constant after the reconstruction. Considering that the refinery
tank reconstruction was the only major environmental activity
performed in that period, while the other polluting factors
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Fig. 3. Benzene in the ambient air near the Oil Refinery, Pancevo.
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remained unchanged, the presented data indicates that lower VOC
emissions from refinery tank farm have had positive effects on the
quality of the ambient air, reducing the average annual ambient air
benzene concentrations by 62.7%.

The tank farm reconstruction was a rather high investment of
Oil refinery Pancevo (cc 40 million $US). The volume of compounds
which are now not lost through emissions (hundreds of t/y)
compared with the huge refinery output (cc 600,000 t/y) is very
small. Their value and share in the refinery’s material costs could be
neglected. Total costs of environmental protection are much higher
than executives usually think having in mind the costs of material,
energy and labour. Therefore, the costs analyses should focus on
other related elements, among which the most important are the
production shutdown costs (Hamner, 2009).

The Serbian Ministry in charge of the environment has intro-
duced the practice to order the immediate stop of all production
activities in the Oil Refinery whenever the benzene concentration
in the ambient air of Pancevo reaches a value over 100 pg/m>. The
operating costs of each refinery shut down/start up is on the level of
millions of $US, not to mention the huge organizational and tech-
nical problems and related costs. The absolute priority of the
Refinery is, therefore, to avoid such situations.

Analyses related to the measurement of Pancevo tank farm
investment efficiency have defined three levels of refinery’s shut-
down costs, as follows: (a) full refinery shutdown/start up/lost
income costs - cc a 2 million $ US, (b) partial shutdown/start up/lost
income - cc a 1 million $ US, (c) isolated disturbance/shutdown/lost
income in production - cc a 0.5 million $ US. If the investment in
tank farm was not performed authorities orders to shut up refin-
ery’s production would probably have had scenario as follows: 1
full refinery shutdown per year with a cost of 2 million $ US, 4
partial refinery shutdown per year with a cost of 4 million $ US and
8 individual plants shutdown per year with a cost of 4 million $ US.
Total estimation of shutdown/start up/costs and lost income is 10
million $ US per year. Refinery’s management would probably be
able to predict those situations and couple it with regular main-
tenance activities in order to decrease costs in some 20% cases. Final
estimation of related costs is 8 million $ US per year. Return on
investment calculation of tank farm reconstruction based on pre-
sented data is 5 years.

The new Serbian environmental regulation, which has been in
force since 2008, has given the Serbian Environmental Protection
Agency the authority to control industrial emissions, aiming at the
full implementation of the “polluter pays” principle. An environ-
mental registry (cadastre) fully in line with the PRTR protocol of the

Aarhus Convention and relevant EU regulation has been introduced,
whereby industrial producers must report their measured or
calculated emissions (Hamner, 2009; Official Gazette of the Republic
of Serbia, 2007; United Nations Economic Commission for Europe,
2009; European Parliament and Council, 2006). The Oil Refinery
Pancevo has the obligation to report on 18 different air-contami-
nating substances, among which are VOCs. Verified reports are the
base for related environmental tax costs calculations (inadequate or
incorrect reports, with lower than real emissions, are to be seriously
fined). For each of its activities that cause environmental damage,
the Oil Refinery, Pancevo has to pay related environmental operating
cost. The intention of the Serbian government is to constantly
increase environmental costs related to pollution (detailed cost data
are not available at the moment because it is the first year of the
implementation of the regulation). The presented information,
together with the data shown in Fig. 2, indicates that lower VOC
emissions from refinery tank would exclude the possibility of
environmental refinery production shut down and the thereby
generated huge operational costs. Accurate elaboration of environ-
mental registry reports based on the tank farm emission model will
produce reliable data for related environmental tax costs calcula-
tions, with the aim of decreasing both emissions and costs.

The Environmental Law and the Criminal Law of Serbia both
define high sanctions for producers that fail to implement envi-
ronmental measures and release polluting substances (Official
Gazette of the Republic of Serbia, 2004, 2005). In the last five years,
a dozen environmental and criminal law processes have
commenced against the refinery and its managers, of which most
are still in the court of law (with very few convictions due to the
long procedures). The primary indictment of these processes is
ecological damage to the ambient air by pollutant emissions,
primarily benzene. The lower VOC emissions from the refinery tank
farm are good news, which should be utilized for improving the
very bad image of the Oil Refinery Pancevo Company. The presen-
tation of valid technical data of lower emissions calculated using
the developed model, the decrease in the environmental tax costs,
the decrease in the environmental inspection orders, the decrease
in the refinery’s liability law cases, etc. would produce an ambient
for positive public reactions and, in time, improve the damaged
image of the company.

5. Future activities

The VOCs emissions data from each of the tanks in Oil Refinery
Pancevo were not available and taken into account before retrofit
reconstruction and some substantial VOCs emitters were left
unchanged. Therefore, future activities in the refinery tank farm
should focus on the remaining 13 tanks with very high VOC
emissions of some 203 t/y, of which emissions of benzene are 2.5 t/
y (Table 3). The priority should be the minimization of the carci-
nogenic benzene emissions.

Proposal for future tank farm reconstruction activities is pre-
sented in Table 4. The benzene storage tank FB 1102, with 85.6% of
the total calculated emissions, should be reconstructed first, as
soon as possible. The model predicts that its reconstruction from
a fixed roof to a domed external floating roof tank should result in
significantly lower benzene emissions: from 2144 kg/y to 103 kg/y.
The second priority should be a similar reconstruction of the tanks
for stabilized gasoline FB 0807/8, aimed at lowering the high VOC
emissions from 167293 kg/y to 3435 kg/y.

If the model had been developed before the retrofit investment,
related decisions would have been different. Comparison of data
presented in Tables 2 and 4 shows that not reconstructed tanks FB
1102 and FB 0807/8 have VOCs emission, particularly benzene,
bigger than some of the reconstructed tanks.
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Table 4
A future reconstruction proposal with emissions reductions.

No  Tank symbol / Storage liquid Before reconstruction

After reconstruction

capacity (m?)

Tank type Total emission  Benzene Tank type Total emission ~ Benzene
(kgly) emission (kg/y) (kgly) emission (kg/y)
1. FB 0710/540 Raffinate Fixed - roof 2642.87 7.94 Domed external floating roof 132.14 0.26
2. FB 0805/2530 Special gasoline Fixed - roof = 11265.04 1.56 Domed external floating roof 563.25 1.13
3. FB 0805/2530 Special gasoline Fixed - roof = 11265.04 1.56 Domed external floating roof 563.25 1.13
4. FB 0807/1420°  Stabilized gasoline  Fixed - roof = 83646.40 173.70 Domed external floating roof  1717.35 3.83
5. FB 0808/1420°  Stabilized gasoline  Fixed - roof =~ 83646.40 173.70 Domed external floating roof ~ 1717.35 3.83
6. FB 1102/1000*  Benzene Fixed - roof 2143.81 2143.81 Domed external floating roof 103.53 103.53

2 Proposed for future reconstruction.

The reduction of total VOC and benzene emissions for the
proposed future reconstruction is shown in Fig. 2. If the proposed
reconstruction of these three tanks is realized, VOC emissions from
the QOil Refinery, Pancevo could decrease from today’s level of
216,328 kg/y to 50,429 kg/y (a 76.7% decrease from 2006) and
benzene emissions from 3235 kg/y to 854 kg/y (a 73.6% decrease
from 2006). This would represent the overall reduction in total VOC
and benzene emissions before the initial reconstruction of 90.2%
and 85.5%, respectively (Fig. 2).

6. Conclusions

The introduction of cleaner production in the tank farm of the
Pancevo Oil Refinery was expensive but an environmentally justi-
fiable decision. The tank farm after reconstruction showed a signif-
icant decrease in the level of VOC emissions. The main concept of the
reconstruction was to retrofit external floating roof tanks with
adomed internal floating roof or to add an internal floating roof onto
fixed roof tanks. An analysis of the emission reduction was per-
formed by comparing estimations of the losses from the tank farm
before and after reconstruction, based on the specific tank farm VOC
emission model developed using US EPA TANKS software. The total
emissions were lowered by 37.6% and that of the major carcinogenic
pollutant benzene were lowered by 62.7%. There is an indication of
a decrease in the ecological damage in the Pancevo environment.
The lower benzene emissions resulted in a significant decrease of its
concentration in the nearby ambient air, as registered by the Voj-
lovica monitoring station, from 9.61 pg/m?> to 4.00 pg/m?>, or a 58%
decrease. The CP activities in the tank farm should continue, focusing
on benzene emissions, with the reconstruction of three more fixed
roof tanks into domed floating roof tanks. The future reconstruction,
as proposed in this article, should produce a further significant
decrease in benzene emissions of 85.5%.

An indicator for quick calculations of related CP contributions to
the decrease in air pollution resulting from the reconstruction of
external floating roof oil refinery tanks into domed external
floating roof tanks was developed based on the data from the
developed model. Its value is a 91% decrease in emissions, or
approximately a 10-fold improvement.

VOC emissions from the oil refinery tank farm were significantly
lowered by the reconstruction, however not completely eliminated.
Emissions from refinery tanks cannot be measured but they can,
and should be put under precise and adequate control by the
development of tank farm emissions models. Once developed,
these models could be used for the determination of possible
emission reductions, recalculation of emissions for different actual
technical data and meteorological conditions, as well as for the
development of obligatory environmental reports and the calcu-
lation of related environmental state taxes. The reported case study
of the Oil Refinery, Pancevo showed that the development of
emissions models based on TANKS is an adequate tool to support CP

investment decisions. If such an approach had been used in the
past, which was not the case in the presented study, better results
between effects and investment costs could have been achieved
and future reconstruction might not be necessary.
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