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Executive Summary

EXECUTIVE SUMMARY

The BREF (Best Available Techniques reference document) on Mineral Oil and Gas Refineries
reflects an information exchange carried out according to Article 16(2) of Council Directive
96/61/EC. This Executive Summary — which is intended to be read in conjunction with the
BREF preface’s explanations of objectives, usage and legal terms — describes the main findings,
the principal BAT conclusions and the associated emission levels. It can be read and understood
as a stand-alone document but, as a summary, it does not present all the complexities of the full
BREF text. It is therefore not intended as a substitute for the full BREF text as a tool in BAT
decision making. In this information exchange more than 40 people have participated directly.
Oil companies are typically international companies, so people from outside the EU have also
been involved in the process.

Scope

The scope of this BREF for the Mineral Oil and Gas Refinery Industry is based on Section 2.1
of Annex I of the IPPC Directive 96/61/EC, from which it also takes its title. This document
addresses the mineral oil refining industry as well as the natural gas plants. Other related
activities such as exploration, production, transportation or marketing of products are not
included here. All types of mineral oil refineries regardless of capacity and all types of process
activities typically found there are covered in this document. Some activities that are or may be
found in refineries are not covered here because they are covered in other BREFs (e.g. low
olefins and solvent production, generation of power with natural gas). Other activities have not
been fully covered in this document because they are partially covered in other BREFs (e.g.
cooling, storage, waste water and waste gas). Thus, when implementing IPPC permits for a
specific site, other BREFs should also be considered. Soil remediation is not included in this
BREF because it is not a contamination prevention or control technique.

The European Refinery industry

The mineral oil and gas refinery industry is an important and strategic industry. Mineral oil
refineries alone provide 42% of EU energy requirements and 95% of the fuels required for
transport. About 100 mineral oil refineries have been identified in EU, Switzerland and Norway
and together they process around 700 million tonnes per year. Installations are well spread
around the European geography, generally located near the coast. Estimations show that the
mineral oil refinery sector has 55000 direct employees and some 35000 indirect employees. 4
on-shore natural gas plants have been identified.

Refinery processes and the most important environmental issues

The document provides an updated picture of the technical and environmental situation of the
two industrial sectors. It contains a brief technical description of the major activities and
processes found in the sectors complemented by the actual emissions and consumptions found
in European installations.

Refinery installations are typically big and fully integrated. Refineries are industrial sites that
manage huge amounts of raw materials and products and they are also intensive consumers of
energy and water. In their storage and refining processes, refineries generate emissions to the
atmosphere, to the water and to the soil, to the extent that environmental management has
become a major factor for refineries. The type and quantity of refinery emissions to the
environment are typically well known. Oxides of carbon, nitrogen and sulphur, particulates
(mainly generated from combustion processes), and volatile organic carbons are the main air
pollutants generated by both sectors. Water is used intensively in a refinery as process water and
for cooling purposes. Its use contaminates the water with oil products. The main water
contaminants are hydrocarbons, sulphides, ammonia and some metals. In the context of the
huge amount of raw material that they process, refineries do not generate substantial quantities
of waste. Currently, waste generated by refineries are dominated by sludges, non-specific
refinery waste (domestic, demolition, etc.), and spent chemicals (e.g. acids, amines, catalysts).

Mineral Oil and Gas Refineries i



Executive Summary

Emissions to air are the main pollutants generated by mineral oil refineries and, to a much lesser
extent, natural gas plants (i.e. number of emission points, tonnes emitted, number of BAT
developed). For every million tonnes of crude oil processed (European refineries range from 0.5
to more than 20 million tonnes), refineries emit from 20000 — 820000 t of carbon dioxide,
60 - 700 t of nitrogen oxides, 10 — 3000 t of particulate matter, 30 — 6000 t of sulphur oxides
and 50 — 6000 t of volatile organic chemicals. They generate, per million tonnes of crude oil
refined, from 0.1 — 5 million tonnes of waste water and from 10 — 2000 tonnes of solid waste.
Those big differences in emissions from European refineries can be partially explained by the
differences in integration and type of refineries (e.g. simple vs. complex). However, the main
differences are related to different environmental legislation schemes in Europe. Main air
emissions from natural gas plants are CO,, NO,, SO, and VOC. Water and waste are typically
less important than for mineral oil refineries.

Given the progress that refineries have made in the abatement of sulphur emissions to air, the
focus has started to shift towards VOC (including odour), particulates (size and composition)
and NO,, as it has in the environmental debate generally. When the carbon dioxide emissions
debate gathers momentum, it will also strongly affect refineries. Refinery waste water treatment
techniques are mature techniques, and emphasis has now shifted to prevention and reduction.
Reduction of water use and/or the concentration of pollutants in the water can have effects in
reducing the final emission of pollutants.

Techniques to consider in the determination of BAT

Close to 600 techniques have been considered in the determination of BAT. Those techniques
have been analysed following a consistent scheme. That analysis is reported for each technique
with a brief description, the environmental benefits, the cross-media effects, the operational
data, the applicability and economics. In some cases the driving force for implementation has
been explored and references to the number of installations containing the technique have been
included. The description of the techniques ends with the reference literature supporting the data
in Chapter 4. Those techniques have been put into in 25 sections as shown in the following
table.
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Techniques applied to
production
Chapter | Activity/Process and gases and waste solid TOTAL
section prevention | waste gas water waste
1 General
2 Alkylation 3 0 0 0 3
3 Base oil production 14 4 2 1 21
4 Bitumen production 2 5 1 2 10
5 Catalytic cracking 17 13 2 5 37
6 Catalytic reforming 3 3 0 0 6
7 Coking processes 9 19 8 3 39
8 Cooling 3 - - - 3
9 Desalting 13 0 4 1 18
10 Energy system 56 22 2 0 80
11 Etherification 1 0 1 1 3
12 Gas separation processes 3 2 0 0 5
13 Hydrogen-consuming 8 0 0 2 10
processes
14 Hydrogen production 6 0 0 0 6
15 Integrated refinery 33 0 24 6 63
management
16 Isomerisation 3 0 0 0 3
17 Natural gas plants 0 12 5 3 20
18 Polymerisation 1 0 0 2 3
19 Primary distillation units 3 2 3 3 11
20 Product treatments 5 2 4 0 11
21 Storage and handling of 21 19 2 12 54
refinery materials
22 Visbreaking 3 1 1 1 6
23 Waste gas treatments - 76 - 1 77
24 Waste water treatments - - 41 - 41
25 Waste management - - - 58 58
TOTAL 207 180 100 101 588

As can be calculated from the above table, 35 % of the techniques included in Chapter 4 are
techniques dedicated to production and to the prevention of contamination, 31 % are air
abatement techniques and 17 % are for techniques to reduce water pollution and to reduce waste
or to prevent soil contamination. Those figures again reflect the fact that air emissions are the
most important environmental issue in the refinery sector.

Best Available Techniques for Mineral Oil and Gas Refineries

The conclusions on Best Available Techniques for both sectors as a whole are considered the
most important part of this document and are included in Chapter 5. Where possible, the
associated emission, consumption and efficiency levels have been included. Once again, this
BAT chapter reflects that emissions to air are the most important environmental concern of
refineries. More than 200 BAT have been reported in Chapter 5 that relate to all environmental
issues found in refineries. Because of the complexity of the sector, the different raw materials
used, the great number of cross-media issues and the different environmental perceptions, it has
not been easy to define a structure for Chapter 5. For example, this chapter does not prioritise
the environmental goals or the steps towards achieving them, because of the differences of
opinion within the TWG and the different site-specific possibilities to reach the same
environmental goal.

This section of the executive summary highlights the most relevant environmental issues and
the key findings that are given in Chapter 5. During the discussion of the information exchanged
by the TWG, many issues were raised and discussed. Only some of them are highlighted in this
summary.
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Unit- based BAT approach vs. generic BAT approach

A most controversial issue during the preparation of the BREF, given its bearing on most of the
conclusions on BAT in Chapter 5, has been the issue of process integration within the refinery
as a whole, notably on the basis of the bubble approach, versus an integrated multi-media
approach per individual process unit, i.e. the unit-by-unit approach. An important conclusion
has been that both approaches should be respected as having their own merits in the permitting
procedure and can complement each other rather than opposing each other. Chapter 5 has
therefore been divided into two sections (generic and process BAT). So, BAT for any specific
refinery is the combination of the non-unit-specific elements, i.e. those applicable to refineries
as a whole (generic BAT), and the unit-specific-BAT applicable to that particular case.

Implementation of IPPC permits based on BAT

As totally new refineries are unlikely to be built in Europe, the application of the BAT concept
is most relevant to the permitting of new process units in existing refineries or the update and
renewal of permits for existing facilities. Implementation of some concepts or techniques related
to BAT in those existing refineries may be very difficult. This difficulty is related to the
complex nature of the refinery sector, its diversity, the high degree of process integration or its
technical complexity.

Emission or consumption levels “associated with best available techniques” are presented where
relevant within BAT chapter. BREFs do not set legally binding standards, they are meant to
give information for the guidance of industry, Member States and the public on achievable
emission and consumption levels when using specified techniques. Those levels are neither
emission nor consumption limit values and should not be understood as such. The appropriate
limit values for any specific case will need to be determined taking into account the objectives
of the IPPC Directive and the local considerations.

It was acknowledged that the implementation of BAT in each refinery needs to be addressed in
each case and that multiple technical solutions exist. That is why prevention or control
techniques are given in the BAT as a group of possibilities.

Amongst the many environmental issues addressed in the BREF, the five that are dealt with
below are probably the most important:

* increase the energy efficiency

* reduce the nitrogen oxide emissions

* reduce the sulphur oxide emissions

* reduce the volatile organic compounds emissions

* reduce the contamination of water

BAT is to increase refinery energy efficiency

It was recognised during the exchange of information that one of the most important BAT for
the sector is to increase energy efficiency, the principal benefit of which would be a reduction in
the emissions of all air pollutants. Techniques to increase energy efficiency within refineries
were identified (~32) and data were provided, but it was not possible, with any of the several
methods available, to quantify what constitutes an energy efficient refinery. Only some reported
figures on the Solomon index for ten European refineries were included. It is recognised in the
BAT chapter that an increase in energy efficiency should be tackled on two fronts: increasing
the energy efficiency of the various processes/activities and enhancing energy integration
throughout the refinery.

BAT is to reduce nitrogen oxides emissions

NO, emissions from refineries were also identified as an issue that should be analysed from two
perspectives: that of the refinery as a whole and that of specific processes/activities, notably the
energy system (furnaces, boilers, gas turbines) and catalytic cracker regenerators, because that is
where they are mainly generated. The TWG has therefore tried to reach consensus using both
the bubble concept and scrutiny of the individual processes that generate NO, emissions. The
TWG has not been able to identify a single range of emissions associated with the application of
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BAT under the bubble concept. Five different ranges or values were provided by the TWG for
the concentration bubble approach (three based on different scenarios when implementing BAT)
and two for the load bubble approach (one based on the scenario of implementation of BAT).
BAT related to NO, emissions (~17) typically contain associated emission values.

BAT is to reduce sulphur oxides emissions

The third area identified as an issue that should be examined from those two perspectives is SOy
emissions, which are typically generated in the energy system (from fuels containing sulphur
compounds), catalytic cracker regenerators, bitumen production, coking processes, amine
treating, sulphur recovery units and flares. An additional difficulty here is that sulphur appears
in the products manufactured by the refinery. A sulphur balance has therefore been included as a
technique to consider as part of the Environmental Management System. As a consequence of
all that, the TWG tried to reach consensus using the bubble concept and by examining the
individual processes that generate SO, emissions. The TWG was not able to identify a single
range of emissions associated with the application of BAT under the bubble concept. Five
different ranges or values were provided by the TWG for the concentration bubble approach
(two based on different scenarios when implementing BAT) and two for the load bubble
approach (one based on the scenario of implementation of BAT). BAT related to SO, emissions
(~38) typically contain associated emission values.

The Commission has noted the divergent views of the TWG concerning the average sulphur
dioxide emission levels when burning liquid fuels, associated with the use of BAT. The
Commission further notes that Council Directive 1999/32/EC on the sulphur content of certain
liquid fuels prescribes a maximum emission limit value of 1700 mg/Nm’, which equates to 1 %
sulphur in heavy fuel oil, as a monthly mean value averaged over all plants in the refinery from
1 January 2003. In addition, the more recently adopted Directive 2001/80/EC on large
combustion plants provides for emission limit values in the range of 200 to 1700 mg/Nm’
depending on the characteristics of plants covered by that directive.

In this perspective, the Commission believes the range of 50 to 850 mg/Nm’, as average sulphur
dioxide emission levels when burning liquid fuels to be consistent with BAT. In many cases,
achieving the lower end of this range would incur costs and cause other environmental effects
which outweigh the environmental benefit of the lower sulphur dioxide emission (reference in
Section 4.10.2.3). A driver towards the lower end could be the national emission ceiling for
sulphur dioxide as fixed in Directive 2001/81/EC on national emission ceilings for centain
atmospheric pollutants or if the installation is located in a sulphur sensitive area.

BAT is to reduce VOC emissions

VOC emissions from refineries were identified more as a global issue than a process/activity
issue, because VOC emissions in the sector come from fugitives, for which the point of
emission is not identified. However, those processes/activities with a high potential for VOC
emissions are identified in the Specific BAT for processes/activities. Because of this difficulty
in identifying points of emission, the TWG concluded that one important BAT is to quantify the
VOC emissions. One method is mentioned in Chapter 5 as an example. In this case the
implementation of a LDAR programme or equivalent is also recognised as very important. The
TWG was not able to identify any range of emissions associated with the application of BAT,
mainly because of a lack of information. Many (~19) BAT related to VOC emissions have been
identified.

BAT is to reduce contamination to water

As mentioned repeatedly in the document, air emissions are the most important environmental
issues that appear within a refinery. However, because refineries are extensive consumers of
water, they also generate great quantities of contaminated waste water. The (~37) BAT related
to water are on two levels. One deals with water management and waste water management in
the refinery as a whole and the other deals with specific actions to reduce contamination or
reduce water consumption. In this case, benchmarks for fresh water usage and process effluent
volume are included in Chapter 5 as well as water parameters for the effluent of the waste water
treatment. Chapter 5 contains many (~21) BAT related to the possibility of recycling of waste
water from one process to another.
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Emerging techniques

This brief chapter includes the techniques that have not yet been commercially applied and are
still in the research or development phase. However, because of the implications they may have
in the refinery sector, they have been included here to raise awareness during any future revision
of the document.

Concluding remarks

The environmental situation of European refineries varies greatly across the European
Community, so the starting point for each case is very different. Different environmental
perceptions and priorities are also evident.

Level of consensus

The refineries sector is a large and complex one, spread across all Member States except
Luxembourg. This size and complexity are reflected in the number of processes / activities
addressed in the BREF and the number (200+) of BAT it contains. The fact that agreement has
been reached on all but 27 of those 200+ BAT is a measure of the broad commitment of TWG
members to the conclusions reached. Those 27 split views can be summarised and classified in
the following three ways:

e One relates to the general introduction to Chapter 5
* cleven relate to the Generic BAT
» fifteen relate to Specific BAT.

* Nineteen relate to the figures in the ranges given in Chapter 5. They represent two points
of view; the first is that control techniques are almost always applicable in all cases and
the second is that control techniques are hardly applicable

» four relate to the structure of the parts of Chapter 5 that relate to SO, and NO, emissions
and are driven by the bubble concept approach

e two relate to the water emissions table; one to the average time period given in the
concentration column and the other to how the metal content should be expressed within
the table

* one is addressed to the introduction to Chapter 5 and relates to the way in which the
upper value of the ranges in Chapter 5 is selected

* only one split view relates fundamentally to a technique; base oil production.

¢ Nine relate to the water emissions table
* ecight relate to SO, emissions

* eight relate to NO, emissions

* two relate to particulates emissions.

Recommendations for future work

In preparation for future BREF reviews, all TWG members and interested parties should
continue to collect data on the current emission and consumption levels and on the performance
of techniques to be considered in the determination of BAT. For the review, it is also important
to collect more data on the achievable emission and consumption levels and the economics of
all production processes under analysis. It is also important to continue collecting information
on energy efficiency. Apart from these general areas, some techniques in Chapter 4 need more
information in order to be complete. Other complementary data missing in the document is
about characteristics of particulates, noise and odour. It is also recognised that other
organisations such as technology providers, may enhance the appearance and validation of data
within the document.
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Recommendations for future R&D work

The previous paragraph highlights many areas for attention in future work. Much of the future
work concerns the collecting of information to be used in reviewing this BREF. Proposals for
future R&D work focus on the techniques that are identified in this BREF, but are too expensive
or cannot be used yet in the sector.

The EC is launching and supporting, through its RTD programmes, a series of projects dealing
with clean technologies, emerging effluent treatment and recycling technologies and
management strategies. Potentially these projects could provide a useful contribution to future
BREF reviews. Readers are therefore invited to inform the EIPPCB of any research results
which are relevant to the scope of this document (see also the preface of this document).
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PREFACE

1. Status of this document

Unless otherwise stated, references to “the Directive” in this document means the Council
Directive 96/61/EC on integrated pollution prevention and control. As the Directive applies
without prejudice to Community provisions on health and safety at the workplace, so does this
document.

This document forms part of a series presenting the results of an exchange of information
between EU Member States and industries concerned on best available technique (BAT),
associated monitoring, and developments in them. It is published by the European Commission
pursuant to Article 16(2) of the Directive, and must therefore be taken into account in
accordance with Annex IV of the Directive when determining “best available techniques”.

2. Relevant legal obligations of the IPPC Directive and the definition of BAT

In order to help the reader understand the legal context in which this document has been drafted,
some of the most relevant provisions of the IPPC Directive, including the definition of the term
“best available techniques”, are described in this preface. This description is inevitably
incomplete and is given for information only. It has no legal value and does not in any way alter
or prejudice the actual provisions of the Directive.

The purpose of the Directive is to achieve integrated prevention and control of pollution arising
from the activities listed in its Annex I, leading to a high level of protection of the environment
as a whole. The legal basis of the Directive relates to environmental protection. Its
implementation should also take account of other Community objectives such as the
competitiveness of the Community’s industry thereby contributing to sustainable development.

More specifically, it provides for a permitting system for certain categories of industrial
installations requiring both operators and regulators to take an integrated, overall look at the
polluting and consuming potential of the installation. The overall aim of such an integrated
approach must be to improve the management and control of industrial processes so as to ensure
a high level of protection for the environment as a whole. Central to this approach is the general
principle given in Article 3 that operators should take all appropriate preventative measures
against pollution, in particular through the application of best available techniques enabling
them to improve their environmental performance.

The term “best available techniques” is defined in Article 2(11) of the Directive as “the most
effective and advanced stage in the development of activities and their methods of operation
which indicate the practical suitability of particular techniques for providing in principle the
basis for emission limit values designed to prevent and, where that is not practicable, generally
to reduce emissions and the impact on the environment as a whole.” Article 2(11) goes on to
clarify further this definition as follows:

“techniques” includes both the technology used and the way in which the installation is
designed, built, maintained, operated and decommissioned;

“available” techniques are those developed on a scale which allows implementation in the
relevant industrial sector, under economically and technically viable conditions, taking into
consideration the costs and advantages, whether or not the techniques are used or produced
inside the Member State in question, as long as they are reasonably accessible to the operator;

“best” means most effective in achieving a high general level of protection of the environment
as a whole.
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Furthermore, Annex IV of the Directive contains a list of “considerations to be taken into
account generally or in specific cases when determining best available techniques.. bearing in
mind the likely costs and benefits of a measure and the principles of precaution and prevention”.
These considerations include the information published by the Commission pursuant to
Article 16(2).

Competent authorities responsible for issuing permits are required to take account of the general
principles set out in Article 3 when determining the conditions of the permit. These conditions
must include emission limit values, supplemented or replaced where appropriate by equivalent
parameters or technical measures. According to Article 9(4) of the Directive, these emission
limit values, equivalent parameters and technical measures must, without prejudice to
compliance with environmental quality standards, be based on the best available techniques,
without prescribing the use of any technique or specific technology, but taking into account the
technical characteristics of the installation concerned, its geographical location and the local
environmental conditions. In all circumstances, the conditions of the permit must include
provisions on the minimisation of long-distance or transboundary pollution and must ensure a
high level of protection for the environment as a whole.

Member States have the obligation, according to Article 11 of the Directive, to ensure that
competent authorities follow or are informed of developments in best available techniques.

3. Objective of this Document

Article 16(2) of the Directive requires the Commission to organise “an exchange of information
between Member States and the industries concerned on best available techniques, associated
monitoring and developments in them”, and to publish the results of the exchange.

The purpose of the information exchange is given in recital 25 of the Directive, which states that
“the development and exchange of information at Community level about best available
techniques will help to redress the technological imbalances in the Community, will promote
the world-wide dissemination of limit values and techniques used in the Community and will
help the Member States in the efficient implementation of this Directive.”

The Commission (Environment DG) established an information exchange forum (IEF) to assist
the work under Article 16(2) and a number of technical working groups have been established
under the umbrella of the IEF. Both IEF and the technical working groups include
representation from Member States and industry as required in Article 16(2).

The aim of this series of documents is to reflect accurately the exchange of information which
has taken place as required by Article 16(2) and to provide reference information for the
permitting authority to take into account when determining permit conditions. By providing
relevant information concerning best available techniques, these documents should act as
valuable tools to drive environmental performance.

4. Information sources

This document represents a summary of information collected from a number of sources,
including in particular the expertise of the groups established to assist the Commission in its
work, and verified by the Commission services. All contributions are gratefully acknowledged.

5. How to understand and use this document

The information provided in this document is intended to be used as an input to the
determination of BAT in specific cases. When determining BAT and setting BAT-based permit
conditions, account should always be taken of the overall goal to achieve a high level of
protection for the environment as a whole.
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This document provides information for two industrial sectors: Mineral Oil refineries and
Natural Gas plants. The rest of this section describes the type of information that is provided in
each section of the document.

The document has been divided into seven chapters plus annexes. Chapters 1 and 2 provide
general information on the mineral oil refinery and natural gas sector and on the production
processes and activities that can be found within the sector. Chapter 3 provides data and
information concerning current emission and consumption levels reflecting the situation in
existing installations at the time of writing. Chapter 4 describes the prevention (including
production techniques) and control techniques that are considered to be most relevant for
determining BAT and BAT-based permit conditions. Each technique within Chapter 4 includes
information on consumption and emission levels considered achievable by using the technique,
some idea of the costs and the cross-media issues associated with the technique, and the extent
to which the technique is applicable to the range of installations requiring IPPC permits, for
example new, existing, large or small installations. Chapter 5 presents the techniques and the
emission and consumption levels that are considered to be compatible with BAT in a general
sense for the mineral oil refineries and natural gas plants as a whole. Chapter 6 describes
briefly techniques that may be applied in both sectors in the future. Chapter 7 summarises the
conclusions and recommendations of the document. In order to help the reader, a Glossary is
also included. Complementing the document, the Annexes contain a summary of the legislation
applicable to the sector as well as summaries of the type of refinery configurations and
descriptions of the refinery products/intermediates generated within refineries.

The purpose of Chapter 5 is thus to provide general indications regarding the emission and
consumption levels that can be considered as an appropriate reference point to assist in the
determination of BAT-based permit conditions or for the establishment of general binding rules
under Article 9(8). It should be stressed, however, that this document does not propose emission
limit values. The determination of appropriate permit conditions will involve taking account of
local, site-specific factors such as the technical characteristics of the installation concerned, its
geographical location and the local environmental conditions. In the case of existing
installations, the economic and technical viability of upgrading them also needs to be taken into
account. Even the single objective of ensuring a high level of protection for the environment as
a whole will often involve making trade-off judgements between different types of
environmental impact, and these judgements will often be influenced by local considerations.
Although an attempt is made to address some of above-mentioned issues, it is not possible for
some of them to be considered fully in this document. The techniques and levels presented in
Chapter 5 will therefore not necessarily be appropriate for all installations. On the other hand,
the obligation to ensure a high level of environmental protection including the minimisation of
long-distance or transboundary pollution implies that permit conditions cannot be set on the
basis of purely local considerations. It is therefore of the utmost importance that the information
contained in this document is fully taken into account by permitting authorities.

6. How chapters have been structured

Chapters 2, 3, 4 and 6 as well as Section 5.2 have a common internal structure, so as to facilitate
the reading and understanding of the document. Each of those chapters has been structured per
type of process or activity found in the refinery sector and classified in alphabetical order to
make it easier to find them in the document. Those sections do not pretend to be of equal
importance from the environmental impact point of view. Some have more relevance than
others, but this structure is considered a good and clear way to tackle the BAT assessment for
these industrial sectors. Moreover, it is unlikely that a completely new mineral oil refinery
installation will be built in Europe, but it is very likely that new processes will be installed in
existing European refineries.

The first section in each of those chapters is dedicated to a general description of the chapter
issue under consideration in refineries as a whole. Then follow 20 sections covering all the
mineral oil refinery processes and activities and one covering natural gas plants.
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Since the best available techniques change over time, this document will be reviewed and
updated as appropriate. All comments and suggestions should be made to the European IPPC
Bureau at the Institute for Prospective Technological Studies at the following address:

Edificio Expo, ¢/ Inca Garcilaso s/n, E-41092 Seville — Spain
Telephone: +34 95 4488 284 Fax: +34 95 4488 426
e-mail: eippcb@)jrc.es

Internet: http://eippcb.jre.es
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Scope

SCOPE

This document, together with other BREFs in the series, are intended to cover the activity
described in point 1.2 described in Annex 1 of Council Directive 96/61/EC, namely Mineral Oil
and Gas refineries.

The mineral oil and gas industry is organised into four broad sectors: exploration and
production of crude oil and natural gas; transportation; refining; and marketing and distribution.
This document addresses only the refining industry from both sectors (Mineral Oil refineries
and Natural Gas plants); specifically the activities and processes set out in the table below. The

table indicates other reference documents dealing with related issues as shown.

Section no. | Activity name used Subactivities or processes included in each Reference to additional
within this | within this document category of processes information
document
2 Alkylation HF, H,S0O, alkylation processes
3 Base oil production Deasphalting, aromatic extraction, high pressure
hydrogenation unit, dewaxing, wax processing and
lubricant oil hydrofinishing
4 Bitumen production
5 Catalytic cracking All types of catalytic cracking units. Types
according to feedstock and process conditions
6 Catalytic reforming Continuous, cyclic and semiregenerative
7 Coking processes Delayed and fluid coking and coke calcination
8 Cooling Industrial cooling
systems BREF
9 Desalting
10 Energy system Refinery power plants including all types of Large Combustion Plants
technologies applied and all types of fuels used BREF
within EU refineries
11 Etherification MTBE, ETBE and TAME production
12 Gas separation Separation of light fractions of the crude oil (e.g.
processes refinery fuel gas, LPG)
13 Hydrogen consuming | Hydrocracking, hydrorefining, hydrotreatments,
processes hydroconversion, hydroprocessing and
hydrogenation processes
14 Hydrogen production | Gasification (coke and heavy oils), steam reforming
and hydrogen purification
15 Integrated refinery Environmental management activities, utility
management management and overall refinery management
(noise, odour, safety, maintenance)
16 Isomerisation C,, Cs and C4 isomerisation
17 Natural gas plants Processes related with the processing of natural gas
18 Polymerisation Polymerisation, dimerisation and condensation
19 Primary distillation Atmospheric and vacuum distillation units
units
20 Product treatments Sweetening and final product treatments
21 Storage and handling | Storage, blending, loading and unloading of refinery | Storage BREF
of refinery materials materials
22 Visbreaking
23 Techniques for the It merges the contents related to waste gas, waste
abatement of emissions | water and solid wastes in Chapters 2
(only in Chapters 2)
23 Waste gas treatments Waste gas and waste
water BREF
24 Waste water treatments Waste gas and waste
water BREF
25 Waste management Waste treatment, waste disposal and incineration
26 Monitoring Monitoring BREF
(only in Chapter 3)

As can be seen in the above table, most of the processes and activities under analysis are
specifically dedicated to mineral oil refineries. The only exception is Section 17, which deals
with the processes that can be found in inland natural gas plants (name used in this document to
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identify this industrial sector). Those plants also use some of the end-of-pipe techniques (in
Sections 23 to 25) used in mineral oil refineries and, for this reason, no distinction is made
between the two types of industry.

Some processes or activities that may be present in refineries are not included or are only
partially included in this document, because they are covered in other BREFs. Some examples
are:

e the steam cracker for the production of lower olefins, the production of aromatics (i.e.
BTX), cyclohexane and cumene or alkylation of aromatics in Large Volume Organic
Chemicals BREF

* the energy production techniques when commercial fuel oil, natural gas or gasoil are used
are included in the Large Combustion Plant BREF

* horizontal BREFs as industrial cooling, monitoring, storage and waste water and waste gas
treatments are also applicable to refineries.

TWG has considered that soil remediation techniques are not a part of study within this BREF.
The reason given is that those techniques are not techniques to prevent nor to control emissions.
They are techniques used to clean up the soil when it has been already contaminated.
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General information Chapter 1

1 GENERAL INFORMATION

1.1 The purpose of refineries

The purpose of refining is to convert natural raw materials such as crude oil and natural gas into
useful saleable products. Crude oil and natural gas are naturally occurring hydrocarbons found
in many areas of the world in varying quantities and compositions. In refineries, they are
transformed into different products as:

» fuels for cars, trucks, aeroplanes, ships and other forms of transport

* combustion fuels for the generation of heat and power for industry and households
e raw materials for the petrochemical and chemical industries

e speciality products such as lubricating oils, paraffins/waxes and bitumen

e energy as a by-product in the form of heat (steam) and power (electricity).

In order to manufacture these products, these raw materials are processed in a number of
different refining facilities. The combination of these processing units to convert crude oil and
natural gas into products, including its supporting units and facilities, is called a refinery. The
market demand for the type of products, the available crude quality and certain requirements set
by authorities influence the size, configuration and complexity of a refinery. As these factors
vary from location to location no two refineries are identical.

1.2 Refinery sector in the EU

The economic and political worldwide refining industry has undergone considerable changes.
The increased effort in oil and gas exploration and production as well as cost reductions
achieved in those activities has resulted in a worldwide maintenance of the total world reserves.

Oil provides 42 % of the European Union's (EU) energy requirement, and 94 % of the fuels
required for transport. The health and viability of the refining industry is of critical strategic
importance to the Union for maintaining a successful and internationally competitive position
for industry as a whole, and for providing competitively priced products to consumers.

The refining industry has suffered from a structural distillation overcapacity most of the time
since the oil crisis in 1973/1974. Only in the early 1980s, early 1990s and last years were
attractive margins achieved due to high oil prices at those times. Moreover, severe competition
costs, environmental compliance of the refining industry and regulatory uncertainty have added
to the decrease in profitability in certain periods. This long-lasting recession led oil and gas
companies to make significant adjustments in upstream and downstream operations such as cuts
in production costs, innovations in technology and organisational restructuring.

However co-operation in the form of partnerships, alliances, joint ventures or mergers between
companies, governments and local communities, contractors and suppliers has led to significant
cost reductions. This trend is also fuelled by increased environmental awareness in society at
large and is supported by the current process of harmonisation of legislation, particularly within
Europe. Examples of new forms of co-operation are the recent (mid-1998) downstream merger
between BP and Mobil which started as a partnership in refining and marketing in 1996 and
secured reportedly significant pre-tax cost savings. Recently a Total-Fina-Elf merger and an
Esso-Mobil merger were concluded. A further recent example is the refining capacity exchange
between Statoil (Mongstad-Norway) and Shell (Sola/Pernis-Netherlands).

Some European refineries have been closed in the last 20 years, but crude oil processing
capacity has increased in recent years, mainly by ‘capacity creep’ (debottlenecking,
improvement in equipment reliability and longer cycles between turnarounds) to cope with the
low but steady increase in product demand of 1 - 2 % per year in Europe. Worldwide ‘capacity
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creep’ is estimated to be ‘equivalent to six to ten additional world scale refineries going on
stream every year’.

The crude oil refining industry is complex, with the following issues at stake in Europe:

Feed stock: steady production and a shift towards lighter (North Sea) crudes specifically in the
North of Europe. World reserves of crude oil seems to guarantee the availability of raw
materials for a reasonably long period (~40 years). Table 1.1 shows a summary of the world
reserves and the consumption of crude oil per geographical area during the last decade.

RESERVES (Mt) 1990 1993 1996 1999
Europe 2400 2200 2500 2800
North America 5300 5000 11500 8700
South and Central America 17600 17350 11300 12200
USSR (former) 8200 8100 9100 8900
China 3200 3200 3300 3400
Middle East 89300 89600 91600 92000
Africa 7800 8430 9000 10200
Other Regions 3000 2790 2400 2600
Total 136800 136670 140700 140800

CONSUMPTION (Mt)
Europe 217.5 256.6 328.1 755.2
North America 656.5 653.8 660.7 1047.1
South and Central America 229.8 257.0 313.9 218.8
USSR (former) 570.7 402.3 352.6 182.0
China 138.3 144.0 158.5 200.0
Middle East 861.9 945.8 983.3 215.0
Africa 320.7 332.2 359.6 115.6
Other Regions 184.7 190.8 204.9 728.7
Total 3180.1 3182.5 3361.6 3462.4

Table 1.1:  Crude oil reserves and consumption per geographical region
Source: [247, UBA Austria, 1998], [246, BP-AMOCO, 2001]

The advent of North Sea crude oils and the continuous increase in the production of these light,
low-sulphur crudes is mainly responsible for the lowering of the average sulphur content of the
crude oils processed in European refineries. Since 1985 the average sulphur content has
fluctuated around 1.0 and 1.1 %. However, the difference between type of crude processed in
each European region should be noted, i.e. an average of 1.17 % S in the crude oils processed in
the refineries of North West Europe, an average of 0.91 % S in the Atlantic region, of 1.2 % S
in the Mediterranean and of 0.64 %S in the ‘Others’. The availability of the type of crude oil to
refineries is not the same. In Figure 1.1, the differences in average sulphur content of the crude
feedstock of refineries in different regions/countries are stated.
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Figure 1.1: Percentage of sulphur in the crude used in each European Country
Source: [261, Canales, 2000]

Some local factors for those differences are the following:

¢ location close to oil fields where low-sulphur crudes are produced (freight for crude from
the North Sea to Mediterranean costs up to 1 $/bbl, so low-sulphur crudes from the North
Sea are rarely processed in the Mediterranean area.)

¢ refinery equipped with insufficient desulphurization / upgrading capacity to process (heavy)
high-sulphur crudes

* exclusion from markets where high-sulphur products can be sold (e.g. bitumen, bunker fuel)

* some other form of specialisation in the use of low-sulphur crudes (e.g. luboil production).

Any refinery that is not influenced by local factors such as those mentioned above will try to
process high-sulphur crudes to the maximum extent, as their prices are considerably lower. (e.g.
in September 1999 Platt’s quoted Arab heavy with sulphur content 2.8 % was 1.1 $/bbl cheaper
than Arab Light with sulphur content 1.8 %). If the flexibility of refineries would be theorically
high, the product slate would be altered to suit market requirements irrespective of the crude
type by the inclusion of conversion units. As consequence of that all refineries would
continuously be running on the cheapest crude available, which probably would be very heavy
and high-sulphur [253, MWV, 2000] [310, Swain, 2000].

Refinery capacity: excess in primary processing capacity, some ‘misfits’ (incompatibility
between production and market demand) and excess in conversion capacity. European
downstream sectors show too many refineries producing too much gasoline. Table 1.2 shows
the charge and production capacity of European oil refineries for European Union countries and
Switzerland and Norway (hereafter called EU+ or European). The table also reflects capacities
per type of process. The EU+ crude oil capacity in 1999 was around 700 million tonnes per year
with Italy and Germany having the greatest capacity.

Mineral Oil and Gas Refineries 3



Chapter 1 General information

Charge capacity, Mm®/yr

Country Number of | Crude Vacuum | Coking Thermal | Catalytic | Catalytic Catalytic Catalytic Catalytic
refineries distillation operations | cracking | reforming | hydrocracking | hydrorefining hydrotreating

Austria 1 12.2 338 1.0 1.6 1.3 3.0 2.9 23
Belgium 5 41.7 15.8 3.7 6.5 6.0 134 16.2
Denmark 2 7.8 1.3 3.1 1.2 0.6 2.5
Finland 2 11.6 5.5 2.0 2.6 2.5 1.2 6.0 34
France 15 113.0 44.6 9.0 214 154 0.9 11.2 46.9
Germany 17 130.3 50.3 7.0 12.1 19.5 22.9 7.0 433 54.0
Greece 4 22.9 7.9 2.8 4.2 33 1.6 5.0 10.1
Ireland 1 3.9 0.6 0.8 0.6
Ttaly 17 141.9 44.6 2.6 24.2 17.4 16.4 114 203 42.6
Netherlands 6 69.0 25.0 2.1 7.0 6.1 10.0 6.2 5.0 32.5
Norway 2 15.0 1.5 1.8 3.1 2.2 2.0 6.2
Portugal 2 17.7 4.5 1.4 1.8 2.9 0.5 1.8 8.4
Spain 10 77.3 25.0 1.7 8.6 11.1 12.0 0.9 4.9 26.3
Sweden 5 24.8 7.8 3.6 1.7 4.1 2.8 4.1 11.0
Switzerland 2 7.7 14 1.2 1.6 04 1.6 4.3
UK 13 107.6 46.9 3.9 5.5 26.1 214 3.2 15.0 50.2
EU+ 104 804.3 284.4 18.9 86.7 1232 123.8 39.1 137.9 317.5
Vacuum distillation has been included in primary distillation sections in this document.
Thermal operations include visbreaking (within this document) and thermal cracking (within LVOC BREF).
Catalytic hydrocracking, hydrorefining and hydrotreatment are included in hydrogen-consuming processes.

Catalytic hydrorefining: Includes processes where 10 % of the feed or less is reduced in molecular size. It includes
desulphurisation of atmospheric residues and heavy fuel gas oil, catalytic cracker treatments and mid-distillates.
Catalytic hydrotreating: No reduction in molecular size of feed occurs. It includes pretreatment of catalytic reformer|
feed, naphtha desulphurisation, naphtha olefin/aromatic saturation, straight-run distillate, pretreating catalytic

cracker feed, pretreatments of other distillates and polish of base oils.

Production capacity, Mm’/yr

Country Alkylation Polymerisation Aromatics Isomerization Base Oil Etherification Hydrogen Coke Sulphur Bitumen
Dimerisation production (MNm*/d) (t/d) (t/d)

Austria 0.6 0.1 180 0.1
Belgium 0.8 0.1 0.3 4.4 1184 1.5
Denmark 0.3 0.5
Finland 0.2 0.02 0.2 0.6 156 0.7
France 1.1 0.35 0.3 4.0 2.3 0.2 1.3 701 850 2.6
Germany 1.4 0.14 3.8 3.4 1.5 0.9 355 3570 1982 5.2
Greece 0.1 0.51 1.2 0.2 0.1 0.5 186 0.3
Ireland 2

Italy 2.1 0.18 1.3 5.2 1.6 0.3 6.5 2000 1410 1.3
Netherlands 0.7 1.5 0.8 0.7 0.2 4.1 823 0.8
Norway 0.67 0.2 610 24

Portugal 0.3 1.0 180

Spain 0.9 1.9 0.8 0.5 0.6 3.0 1250 703 2.8
Sweden 0.20 1.6 0.1 1.3 312 1.7
Switzerland 0.6 0.3
UK 5.4 0.97 0.9 5.6 1.4 0.2 2.7 2300 612 3.5
EU+ 13.1 3.04 10.7 24.6 8.3 3.2 59.9 10431 8604 21.0

Aromatic production is included in the LVOC BREF, although some refineries have it.

Table 1.2:  EU+ capacity for mineral oil refining
Source: Data from [73, Radler, 1998] reviewed by the TWG

Refining distillation capacity decreased substantially in the early 1980s following the oil price
shocks of the 1970s. At the same time, the industry had to invest heavily in conversion capacity
to convert fuel oil and the rebalance demand for lighter transport fuels. Official figures for
nameplate capacity show small further capacity reductions to the end of 1995. Combined with a
slow rise in demand since 1986 this has increased apparent distillation capacity utilisation from
a low point of 60 % in 1981 to an average above 90 % in 1997, higher in northern Europe and
lower in southern Europe.

There are differences in supply and demand balances between different countries, with
Germany in particular having a large supply deficit. Growth of oil products demand in Iberia
has been well above the average for the EU, particularly in transport fuels. However, oil demand
growth in the 1990s shows the Mediterranean region to be in line with the rest of Europe. Even
in the most favourable scenario, European refining capacity will almost certainly exceed
demand for at least the next decade. International trading opportunities will only have a limited
impact on Europe's over-capacity. There is a refining capacity surplus of 70 - 100 million tonnes
per year (equivalent to 9 to 13 refineries) in the EU.
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Economics: low refinery margins and low return on investment stimulate refiners either to look
at other products such as electricity, hydrogen and petrochemicals with higher margins or to
shut down (e. g. Sola in Norway).

Political: the political pressures and the economic recession in some regions of the world will
have a significant bearing on European economies and the pace at which upgrading of refineries
or even new refinery projects will be undertaken world-wide.

Product market: growing demand for kerosene and diesel; a stable demand for gasoline; a
declining demand for light heating oil and heavy fuel oil; and an increasing demand for
petrochemicals. Competition is expected from refineries in the Russian Federation and the
Middle East. A picture for the demand in Western Europe is presented in Table 1.3.

Demand 1995 Average annual growth in %

Refinery products Mt % of total 1995 - 2010

Naphtha chemical feed stock 40 7 1.5

Gasoline 125 20 0.7

Jet fuel (kerosene) 40 7 2.7

Diesel 115 19 23

Fuel oil (Light inland) 110 18 -1.4

Heavy fuel oil for electricity 75 13 -2.6

Heavy fuel oils for bunker 30 5 0.7

Other products * 65 11 -

TOTAL 600 100 -

Notes:

- Values in the table corresponding to Austria, Belgium, Denmark, Finland, France, Germany, Greece,
Ireland, Italy, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, United Kingdom

- :‘O%etgl:rr.products (in 1995 at 65 Mt) include lubes and bitumen products and refinery fuel (estimated at
38.7 Mt/yr).

Table 1.3: Product demand development Western Europe
Source: [118, VROM, 1999]

Product quality: cleaner fuels. New specifications require reductions of the sulphur content for
all types of automotive fuels, lower aromatics, particularly benzene in gasoline and reduced
polyaromatic hydrocarbons and a higher cetane number in diesel; the phasing out of lead from
gasoline will be further pursued. The trend is that environmental quality requirements will
become more stringent for all refinery products. These requirements will be especially true for
automotive fuels (Auto-Oil I and II) (see Table 1.4).
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Product specification

Refinery product Unit Before Auto-Oil I Auto-Oil 1T

2000 2000 2005
Gasoline
Sulphur ppm 500 max. 150 max. 50 max.
Aromatics % vIv no spec 42 max. 35 max.
Olefins % viv no spec 18 max. ? max.
Benzene % v/v 5 max. 1.0 max. ? max.
Evaporation at 100°C (summer) % 65/70 max. 46 min. ? min.
Evaporation at 150°C (winter) % -- 75 min. ? min.
RVP, summer kPa 80 60 max. ?
Oxygen % 2.5 max. 2.3 max. ? max.
Diesel
Sulphur ppm 500 max. 350 max. 50 max.
Cetane number 49 min. 51 min. ? min.
Density @ 15°C kg/m® 860 max. 845 max. ? max.
T95 % °C 370 max. 360 max. ? max.
Polycyclic Aromatics % wW/w none 11 max. ? max.
Heating_gas oil 2008
Sulphur (% w/w) | 0.1 max
Inland heavy fuel oil 2003
Sulphur (% wiw) | 1
Bunker fuel oil in SO, emission control zones IMO-2003
Sulphur (% wiw) | 1.5

Table 1.4:  Mineral oil product specifications
Sources: [118, VROM, 1999], [61, Decroocq, 1997] and EP decision of 29/6/98

Moreover, EU acidification will put additional pressure on the sulphur content of liquid fuels,
and therefore also on the sulphur content of the fuels used in refineries. Meeting these new
specifications will require additional investments, particularly in desulphurisation capacity,
adding more pressure to the restructuring process of the sector mentioned above.

Environmental: emission reduction from refineries is a major issue. As regards the future,
refinery fuel consumption will be higher because of increased conversion (consumption at 49
Mt/yr at current energy efficiency). The composition of the refinery fuel will be adapted and
cannot excluded that the use of the liquid refinery fuel component (estimated at 11 Mt/yr in
1995) may be phased out. Such a reduction of use of liquid refinery fuels, some of them residual
components, leads further to more distillation residue upgrading investments (like coking,
thermocracking or gasification) (on top of the reduced demand for HFO by some 25 Mt/yr by
2010) [118, VROM, 1999].

Automation: application of information techniques features such as enhanced process control
and management’s systems. These investments have enabled considerable cost/manpower
savings and efficiency improvements.

1.3 European refineries

There are currently around hundred crude oil refineries spread around the EU+ countries. Of
these refineries, 10 are specialist refineries producing mainly lubricating oil basestocks or
bitumen. It is difficult to be precise about the actual numbers as there are several situations
where, as a result of amalgamations, what were separate refineries are now managed as one,
sharing some facilities, even though the component parts may be some kilometres apart.
Germany and Italy are the countries with the most refineries in Europe. Luxembourg has none.
Four on-shore natural gas plants have been identified in Europe. Table 1.2 above also shows the
distribution of European refineries by country. As can be seen in the map at Figure 1.2,
refineries are mainly placed close to the sea or to a big river, to satisfy their need for large
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amounts of cooling water as well as to facilitate the sea transport of raw materials and products.
There are some places in Europe with a high concentration of refineries (e.g. Rotterdam
Netherlands (5); Antwerp Belgium (5) and Sicily Italy (4).

As a result of over-capacity in the European refinery sector, very few new oil refineries have
been built in the last twenty-five years. In fact, only nine percent of the existing refineries have
been built in this period and only two percent in the last ten years, 95 % built before 1981 and
44 % before 1961 (see Table 1.5). Although most refineries will have had upgrades and new
units built since they were first commissioned, their overall structure, and in particular items
like the pattern of sewer systems, will have remained essentially unchanged.

Time period Number of Percentage of refineries | Cumulative

refineries built in built during the time percentage
the time period period (%)

Before 1900 1 1 1

1900 - 1910 2 2 3

1911 - 1920 1 1 4

1921 - 1930 9 9 13

1931 - 1940 7 7 19

1941 - 1950 8 8 27

1951 - 1960 17 17 44

1961 - 1970 41 40 83

1971 - 1980 12 12 95

1981 - 1990 3 3 98

1991 - 2000 2 2 100

Total 103 *

* Refinery in Martinique not included within the table. Some refineries have

been demolished recently.

Table 1.5:  Percentage of refineries built during different time periods
Source: CONCAWE

Four on-shore natural gas plants have been identified in Europe. Three have been identified in
the Netherlands and one in Norway.
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N Country Refinery location N Country Refinery location
1 Austria  Schwechat 56 Italy Frassino, Mantova
2-6 Belgium Antwerp 57 Gela, Ragusa
7 Denmark Fredericia 58 Siracusa
8 Kalundborg 59 Milazzo, Messina
9 Finland  Naantali 60 Roma
10 Porvoo 61 Sarroch
11,12 France  Dunkirk 62 S. Martino Di Trecate
X Martinique 63 Cremona
13 Petit Couronne 64 Netherlands  Rotterdam
14 Reichstett-Vendenheim 65 Rotterdam
15 Donges 66 Europoort
16 Feyzin 67 Pernis
17 Grandpuits 68 Vlissingen
18 Gonfrevill I'Orcher 69 Amsterdam
19 Port Jerome 69.a Den Helder/Emmen
20 Notre Dame Gravenchon 69.b Uithuizermeeden
21 La Mede 70 Norway Slagen
22 Berre I'Etang 71 Karstg
23 Fos sur Mer 72 Mongstad
24 Lavera 73 Portugal Leca da Palmeira-Porto
25 Germany Hamburg Grasbrook 74 Sines
26 Hamburg-Neuhof 75 Spain Tarragona
27 Hamburg-Harburg 76 Castellén de la Plana
28 Hamburg-Wilhelmsburg 77 Huelva
29 Godorf 78 Algeciras-Cadiz
30 Wesseling 79 Tenerife
31 Ingolstadt 80 Somorrostro-Vizcaya
32 Ingolstadt/Vohburg/Neustadt 81 Cartagena-Murcia
33 Karlsruhe 82 La Corufia
34 Spergau/Leuna 83 Puertollano-Ciudad Real
35 Heide 84 Tarragona
36 Burghausen 85 Sweden Gothenburg
37 Schwedt 86 Gothenburg
38 Salzbergen 87 Gothenburg
39 Gelsenkirchen 88 Nynashamn
40 Wilhelmshaven 89 Brofjorden-Lysekil
41 Lingen 90 Switzerland ~ Cressier
42 Greece  Thessaloniki 91 Collombey
43 Asprogyrgos 92 U.Kingdom  South Killingholme
44 Elefsis 93 Killingholme S. Humberside
45 Aghii Theodori 9 Fawley
46 Ireland Whitegate 95 Milford Haven
47 ltaly Livorno 96 Coryton Essex
48 Porto Marghera 97 Port Clarence
49 Pavia 98 Ellesmere Port
50 Taranto 99 Stanlow
51 Falconara Marittima 100 Grangemouth
52 La Spezia 101 Dundee
53 Augusta, Siracusa 102 Pembroke, Dyfed
54 Busalla 103 Llandarcy, Neath
55 Priolo Gargallo 104 Shell Haven

Figure 1.2:

Geographical distribution of the European refineries
(m Oil refineries (Italics: lubricant and bitumen refineries) A Natural gas plants (underlined))
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1.3.1 Technical characteristics of European refineries

Table 1.6 shows the number of processes currently operated in the mineral oil refineries in each
country. As can be seen, crude and vacuum distillations, catalytic hydrotreatment and catalytic
reforming are the most common processes, as they are found in the simplest of refineries. It may
be surprising that the number of catalytic hydrotreatment processes is higher than the number of
refineries, but the reason is simply that there is on average more than one catalytic
hydrotreatment in each European refinery. The least common processes in European refineries
are coking and polymerisation/dimerisation.

Number of Vacum Thermal |Catalytic| Catalytic Catalytic Catalytic Catalytic
Country refineries Crude |distillation| Coking | operations [ cracking| reforming [ hydrocraking |hydrorefining | hydrotreating
Austria 1 2 2 1 1 2 2 3 2
Belgium 5 5 4 2 2 4 3 5
Denmark 2 2 1 2 2 1 3
Finland 2 3 5 2 2 2 1 6 8
France 15 14 14 8 12 14 1 7 29
Germany 17 14 15 5 10 9 18 5 14 28
Greece 4 6 4 2 2 4 1 5 11
Ireland 1 1 1 1 1
Italy 17 17 15 1 15 7 18 6 13 26
Netherlands 6 6 6 1 4 2 5 3 1 15
Norway 2 2 1 1 1 3 2 5
Portugal 2 2 2 1 1 3 1 1 6
Spain 10 10 10 2 5 6 9 1 25 17
Sweden 5 5 4 2 1 3 1 3 7
Switzerland 2 2 1 2 2 1 1 4
UK 13 10 11 1 3 7 9 1 7 13
EU+ 104 101 94 1 60 53 99 24 93 180

Number of Polymerisation Base Oil
Country refineries [ Alkylation | Dimerisation |[Aromatics|Isomerization | production |Etherification|Hydrogen|Coke [Sulphur| Bitumen
Austria 1 1 2 1 1
Belgium 5 2 1 1 1 2 4 3
Denmark 2 1 1
Finland 2 1 1 1 1 2 1 3 4
France 15 4 2 2 7 5 4 4 3 6 6
Germany 17 3 2 13 6 5 5 4 10 9
Greece 4 1 2 3 1 2 5 3 2
Ireland 1 1
ltaly 17 6 1 4 12 2 5 11 1 7 5
Netherlands 6 2 1 2 2 2 3 3
Norway 2 1 1 1 1
Portugal 2 1 1 1
Spain 10 3 5 2 4 5 7 2 18 7
Sweden 5 1 3 1 3 4 2
Switzerland 2 2 1
UK 13 6 3 3 4 4 2 2 1 4 7
EU+ 104 29 14 30 45 25 30 39 12 66 51

For definitions of processes see bottom of Table 1.2 in pg. 4

Table 1.6: Number of type of processes per country
Source: Data from [73, Radler, 1998] reviewed by the TWG.

Some of these refining processes have been analysed in order to discover the type of technique
or techniques used to perform a certain process. For instance, there are currently two
technologies to carry out alkylation, namely sulphuric and hydrofluoric. In this case these two
technologies are competitors but in other cases, such as hydrotreating, one technique does not
exclude another (those cases are marked with an asterisk in Table 1.7). The percentage of
techniques for each process is shown in Table 1.7, based on data in [73, Radler, 1998] reviewed
by TWG members. As can be seen in that table, some techniques are really predominant in
particular processes in European refineries. This category includes delayed coking, visbreaking,
fluid catalytic cracking, hydrofluoric alkylation, Cs and C¢ isomerisation, MTBE production and
steam reforming for the production of hydrogen. Other processes where one technique is less
predominant are catalytic reforming, catalytic hydrorefining, catalytic hydrotreating and
hydrogen recovery process.
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Process Technique used %
Delayed coking 82%
Coking Other 18%
Fluid coking 0%
. Visbreaking 82%
Thermal operations Thermal cracking 18%
. . Fluid 94%
Catalytic cracking Other %
Semiregenerative 55%
. . Continous regenerative 27%
Catalytic reforming Cyolic 2%
Other 4%
Distillate upgrading 68%
Other 27%
Catalytic Used for Residual upgrading 5%
hydrocracking Lube oil manufacturing 0%
.. |conventional 64%

Severity - -
mild to moderate hydrocracking 36%
mid distillate 46%
Catalytic Heawy gas oil desulfurisation SZZA:
hydrorefining (*) cata.lytlc cracker .and. cycle stock treatment| 13%
Y Residual desulfurization 6%
Other 3%
Naphtha desulfurizing 28%
Straight-run distillate 24%
Pretreatment cat reformer feeds 24%
Catalytic Lube oil "polishing" 7%
hydrotreating (*) Naphtha olefin or aromatic saturation 5%
Other distillates 5%
Other 5%
Pretreating cat cracker feeds 3%
hydrofluoric acid 77%
Alkylation sulphuric acid 20%
Other 3%
Polymerisation Polymerisation 79%
Dimerisation Dimerisation 21%
BTX 59%
e Hydrodealkylation 28%
Aromatics () Cyclohexane 10%
Cumene 3%
C5 and C6 feed 80%
Isomerization C5 feed 11%
C4 feed 9%
MTBE 79%
. . TAME 11%
Etherification ETBE 7%
Other 4%
Steam methane reforming 57%
Production| Steam naphtha reforming 32%
Partial oxidation 11%
Hydrogen = =

Pressure swing adsorption 52%
Recovery |Membrane 29%
Cryogenic 19%

For definitions of processes see bottom of Table 1.2

Table 1.7:  Percentage of EU+ refineries that have a certain process (per type of process)
Source: Data from [73, Radler, 1998] reviewed by the TWG.
Note: Total number of EU+ refineries that have a certain process are shown in previous table

Following the analysis of the type of processes, Table 1.8 shows the capacity ranges for the
different processes found in EU+ refineries. As can be seen, the ranges are quite large,
explaining again the diversity of type of refineries found in the EU+. For instance, there exist
huge differences in the capacity of crude units or catalytic hydrotreating. Smaller differences
exist in the coking processes and alkylation processes.
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Process Maximum |Average |Minimum
Charge capacity, Mm’/yr

Crude 23.21 7.96 0.46
Vacuum distillation 10.73 3.03 0.26
Coking 3.95 1.72 0.78
Thermal operations 3.50 1.45 0.39
Catalytic cracking 5.22 2.33 0.52
Catalytic reforming 3.08 1.26 0.08
Cat hydrocracking 3.77 1.63 0.05
Cat hydrorefining 6.96 1.48 0.23
Cat hydrotreating 8.01 1.78 0.02

Production capacity, Mm’/yr
Alkylation 1.89 0.45 0.14
Pol./Dim. 0.67 0.22 0.02
Aromatics 1.49 0.36 0.04
Isomerization 1.18 0.55 0.11
Base Oil production 1.03 0.33 0.03
Etherification 0.50 0.11 0.01
Hydrogen (MNm®/day) 3.23 1.54 0.003
Coke (t/d) 2300 869 173
Sulphur (t/d) 650 130 2
Bitumen 1.16 0.41 0.07
For definitions of processes see bottom of Table 1.2 in pg. 4

Table 1.8:  Capacity of the various processes in EU+ refineries
Source: [73, Radler, 1998] reviewed by the TWG members.

There are various approaches to defining refinery complexity [287, Johnston, 1996]. The Nelson
refinery complexity index was used for the construction of Figure 1.3. In Dutch notes [118,
VROM, 1999] EU refineries are grouped by configuration, as shown in Table 1.9. CONCAWE
[115, CONCAWE, 1999] has grouped refineries by types (that differ in definition from the
configurations of Table 1.9) in Figure 1.4 as they existed in the period 1969 - 1997. Other
definitions are used in the industry, such as FCC equivalent (used by CEC DG Transport reports
on the refining industry) or the Equivalent Distillation Capacity as used by Solomon Associates.

Figure 1.3 tries to illustrate the variety of complexity of refineries within Europe. The Y axis
represents refinery complexity calculated according to the Nelson refinery complexity index
[287, Johnston, 1996]'. The X axis represents the different EU+ countries. If we divide the Y
gap of the EU+ refineries into four categories (less than 3.9, between 3.9 and less than 6.1,
between 6.1 and 8.4 and more than 8.4%), we see that 18 % of the refineries belong to the lowest
category, 30 % belong to the second category, 41 % to the third and 11 % to the group of more
complex refineries. Consequently, 7 out of 10 refineries of the EU+ can be considered as
refineries with medium complexity.

Nelson developed a system to quantify the relative cost of components that make up a refinery. It is a pure cost
index that provides a relative measure of the construction costs of a particular refinery based on its crude and
upgrading capacity. Nelson assigned a factor of 1 to the distillation unit. All other units are rated in terms of their
cost relative to this unit.

Limits of the categories calculated as average + standard deviation
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Figure 1.3: Nelson complexity index of European refineries per country (average 6.1)

In some studies it is common to distinguish between several types of refinery configuration
according to complexity (For further information see Annex 10.2). One classification of
refineries is to define five different types of configuration, as shown in Table 1.9. According to
this classification, some 26 hydroskimmers (with or without thermal crackers) are still in
operation in Europe. The most common configuration in EU+ refineries is the catalytic cracker

configuration.

COUNTRY No. Base oil and | Configuration 1 | Configuration 2 | Configuration 3 | Configuration 4 very
refineries | bitumen hydroskimming + catcracker hydrocracker | complex refinery with

refineries | isomerisation Unit | configuration configuration catcracking

Austria 1 1

Belgium 5 1 2 1 1

Denmark 2 2

Finland 2 1 1

France 15 4 10 1

Germany 17 3 2 8 3 1

Greece 4 2 1 1

Ireland 1 1

Italy 17 6 4 4 3

Netherlands 6 1 1 1 2 1

Norway 2 1 1

Portugal 2 1 1

Spain 10 1 2 6 1

Sweden 5 2 2 1

Switzerland 2 1 1

UK 13 3 7 1 2

TOTAL 104 10 26 42 14 12

Table 1.9:  European refineries by configuration

Source: [118, VROM, 1999] reviewed by the TWG

Figure 1.4 shows the evolution of the complexity of EU+ refineries. It can be seen that the
number of type I refineries has decreased over the years. To make more efficient use of the
crude, increasingly deeper conversion units have been installed in European refineries.
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Figure 1.4: Evolution of the complexity of European refineries

Source: [115, CONCAWE, 1999]

Notes:

Type I: Simple or non-conversion refinery. Composed of crude oil distillation, reforming, treatment of
distillate products, including desulphurisation and/or other quality improvement processes (e.g.
isomerisation or speciality manufacturing).

Type 1I: Mild conversion (Type I plus thermal cracking or visbreaking).

Type III: Complex (Type 1l plus fluidised catcracking and/or hydrocracking).

Any of above types may have bitumen or luboil production, which clearly increases the relative
complexity. No lubricating or bitumen refinery is included in this figure

1.3.2 Employment in the European refinery sector

It has been estimated that in 1998, there were 55000 direct employees of the refinery operators
and 35000 contract workers (based on the numbers of man-hours worked reported to
CONCAWE for their annual safety statistics report). These figures were calculated by dividing
the reported man-hours by 1840 to give man-years. For the contractors, some of these will be
employed full time at refineries, others will have been working there only during the duration of
the contract. The number of actual people will therefore be larger.

In order to gain a rough idea of the employment generated by a single refinery, the number of
employees (annual average employment) for different EU+ refineries is shown as a function of
the complexity of the refineries (Figure 1.5) and as a function of the crude capacity of the
refineries (Figure 1.6). Indirect or induced employment has also been plotted in both graphs
where the data is available. As can be seen, the employment generated increases as the
complexity or the crude capacity increases.
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Figure 1.5: Employment in European refineries as a function of the complexity of the refinery
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Figure 1.6: Employment in the European refineries as a function of the crude capacity

Big differences in employment are found for refineries with the same capacity or same
complexity. For instance, employment at refineries with a capacity of 5 million of tonnes per
year ranges from less than 300 to almost 900. Bigger differences can be found in the plot with
the Nelson complexity index.

1.4 Main environmental issues in the refining sector

Refineries are industrial sites that manage huge amounts of raw materials and products and they
are also intensive consumers of energy and water used to carry out the process. In their storage
and refining processes, refineries generate emissions to the atmosphere, to the water and to the
soil, to the extent that environmental management has become a major factor for refineries. The
refining industry is a mature industry and pollution abatement programmes have been carried
out in most refineries for a long time to different extends. As a result, the emissions generated
by refineries have declined per tonne of crude processed and are continuing to decline.
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It is important to know, with respect to the quality and quantity of refinery emissions, that on a
macro scale the crude oils vary only to a certain extent in their composition. Moreover,
refineries are often limited to a comparatively narrow range of crude oil diets. Normally, when
switching from one crude oil to another within this range, large variations in refinery emissions
are not usually expected. Consequently the type and quantity of refinery emissions to the
environment are well known during normal operations. However, from time to time, processing
of crude oils previously unknown to the refinery can have unforeseen impacts on the
performance of refinery processes; leading to an increase in emissions. This is particularly likely
to affect aquatic emissions and to a lesser extent air emissions.

1.4.1 Emissions to the atmosphere

Power plants, boilers, heaters and catalytic cracking are the main sources of emissions of carbon
monoxide and dioxide, nitrogen oxides (NO,), particulates, and sulphur oxides (SOy) to the
atmosphere. Refinery processes require a lot of energy; typically more than 60 % of refinery air
emissions are related to the production of energy for the various processes. Sulphur recovery
units and flares also contribute to those emissions. Catalyst changeovers and cokers release
particulates. Volatile organic compounds (VOCs) are released from storage, product loading
and handling facilities, oil/water separation systems and, as fugitive emissions, from flanges,
valves, seals and drains. Other emissions to the atmosphere are H,S, NH3, BTX, CS,, COS, HF
and metals as constituents of the particulates (V,Ni and others). Table 1.10 shows a very brief
summary of the main pollutants emitted by a refinery, with their main sources.

Main air pollutants Main sources

Process furnaces, boilers, gas turbines
Fluidised catalytic cracking regenerators
Carbon dioxide CO boilers

Flare systems

Incinerators

Process furnaces and boilers

Fluidised catalytic cracking regenerators
Carbon monoxide CO boilers

Sulphur recovery units

Flare systems

Incinerators

Process furnaces, boilers, gas turbines
Fluidised catalytic cracking regenerators

Nitrogen oxides CO boilers
(N,O, NO, NO») Coke calciners
Incinerators

Flare systems
Process furnaces and boilers, particularly when firing liquid

refinery fuels
Particulates Fluidised catalytic cracking regenerators
(including metals) CO boilers
Coke plants
Incinerators

Process furnaces, boilers, gas turbines
Fluidised catalytic cracking regenerators
Sulphur oxides CO boilers
Coke calciners
Sulphur recovery units (SRU)
Flare system
Incinerators
Storage and handling facilities
Volatile organic compounds | Gas separation units
(VOCs) Oil/water separation systems
Fugitive emissions (valves, flanges, etc.)
Vents
Flare systems

Table 1.10: Main air pollutants emitted by refineries and their main sources
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Carbon dioxide (CO,) is the greenhouse gas which receives most attention in the debate about
global climate change. The main source of CO, emissions is the production of energy. Since the
first oil crisis in 1973, refineries have made a concerted effort to enhance energy efficiency.
Despite these energy conservation measures, refinery energy demand has increased due to
tightened product specifications and a shift over the years from producing heavy fuel oils to
transport fuels.

Carbon monoxide (CO) always appears as an intermediate product of the combustion processes
and in particular in understoichiometric combustion conditions. However, the relevance of CO
releases from refineries is not very high compared to CO.,.

Oxides of nitrogen (NO,), when emitted to the air, can combine with water and form a
component of ‘acid rain’. Further, NO, in combination with volatile organic compounds and
sunlight, can lead to the formation of ground-level ozone. The source of NOy is mainly the
combustion processes; during the combustion of fuel, nitrogen (mainly originating from the
combustion air itself) is transformed to a mixture of NO, and NO. Combustion conditions play
an important role here. N,O (laughing gas) is a powerful greenhouse gas that contributes to the
stratospheric ozone depletion.

Particulate emissions have become a focus of attention because of their potential adverse health
effects. Particulate emissions are caused by combustion of fuel oils, especially when there is
sub-optimal combustion. Another source is the catcracker.

Sulphur oxides (SOy), when emitted to the air, can combine with water and form a component
of ‘acid rain’. The main source of SOy is the production of energy; during combustion, the
sulphur in the fuel is transformed to a mixture of SO, and SO;. Another source, typically
smaller, is the flue gas from the sulphur recovery units. There is a direct relation between the
sulphur in the feed to a combustion process and the sulphur oxides in its flue gas. Generally
speaking the sulphur content of the refinery fuel pool is a careful balance between energy
required, the type of crude processed, the emission limits and economic optimisations.

Volatile organic carbons (VOC), as mentioned above, can react with NOy in the presence of
sunlight to form low-level atmospheric ozone. Furthermore, emissions of VOC can give rise to
odour problems, which may result in complaints from nearby residents. The source of VOC
emissions is the evaporation and leakage of hydrocarbon fractions during storage and
distribution. Hydrocarbons may also be emitted during non-optimal combustion conditions, but
these give only a small contribution.

Given the progress that refineries have made in the abatement of sulphur emissions to air, the
focus has started to shift towards VOC (including odour), particulates (size and composition)
and NOx, as it has in the environmental debate generally. When the carbon dioxide emissions
debate gathers momentum, it will also strongly affect refineries.

1.4.2 Emissions to water

Water is used intensively in a refinery as process water and for cooling purposes. Its use
contaminates the water with oil products mainly increasing the oxygen demand of the effluent.
Refineries discharge waste water which originates from:

* Process water, steam and wash water. These waters have been in contact with the process
fluids, and apart from oil, will also have taken up hydrogen sulphide (H,S), ammonia (NH;)
and phenols. The more severe the conversion processes, the more H,S and NH; are taken up
by the process water. The process water is treated in several, well-known steps before
discharge to the environment.
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¢ Cooling water, once-through or circulating systems. This stream is theoretically free of oil.
However, leakage into once-through systems, even at low concentrations, can result in
significant mass losses because of the large volume of water involved.

* Rainwater from process areas. This type of water has not been in contact with the process
fluids, but it comes from rainfall on surfaces which are possibly oil-polluted. It is often
referred to as ‘accidentally oil-contaminated’ water and is typically treated prior to
discharge to the environment.

¢ Rainwater from non-process areas. This stream is oil-free.

Oil and hydrocarbons are the main pollutants found in waste water generated by refineries.
Other pollutants found in waste water generated by refineries are hydrogen sulphide, ammonia,
phenols, benzene, cyanides and suspended solids containing metals and inorganic compounds
(e.g. halides, sulphates, phosphates, sulphides). Table 1.11 gives a summary of the main water
pollutants as well as their main sources.

Water pollutant Source
Oil Distillation units, hydrotreatment, visbreaker, catalytic cracking,

hydrocracking, lube oil, spent caustic, ballast water, utilities (rain)

H,S (RSH) Distillation units, hydrotreatment, visbreaker, catalytic cracking,
hydrocracking, lube oil, spent caustic

NH; (NH,") Distillation units, hydrotreatment, visbreaker, catalytic cracking,
hydrocracking, lube oil, sanitary/domestic

Phenols Distillation units, visbreaker, catalytic cracking, spent caustic, ballast

water

Organic chemicals | Distillation units, hydrotreatment, visbreaker, catalytic cracking,
(BOD, COD, TOC) | hydrocracking, lube oil, spent caustic, ballast water, utilities (rain),

sanitary/domestic
CN, (CNS) Visbreaker, catalytic cracking, spent caustic, ballast water
TSS Distillation units, visbreaker, catalytic cracking, spent caustic, ballast

water, sanitary/domestic

Table 1.11: Main water pollutants (parameters) generated by refineries
Source: [115, CONCAWE, 1999]

Refinery waste water treatment techniques are mature techniques, and emphasis has now shifted
to prevention and reduction. Reduction of water use and/or the concentration of pollutants in the
water, can have effects in reducing the final emission of pollutants.

1.4.3 Waste generation

The amount of waste generated by refineries is small if it is compared to the amount of raw
materials and products that they process. Oil refinery waste normally covers three categories of
materials:

»  sludges, both oily (e.g. tanks bottoms) and non-oily (e.g. from waste water treatment
facilities),

»  other refinery wastes, including miscellaneous liquid, semi-liquid or solid wastes (e.g.
contaminated soil, spent catalysts from conversion processes, oily wastes, incinerator ash,
spent caustic, spent clay, spent chemicals, acid tar) and,

*  non-refining wastes, e.g. domestic, demolition and construction.

Table 1.12 shows a summary of the main types of solid wastes generated in a refinery and their
sources.
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Type of waste Category Source
oily sludges tank bottoms, biotreatment sludges, interceptor sludges,
waste water treatment sludges, contaminated soils, desalter
Oiled materials sludges

solid materials contaminated soils, oil spill debris, filter clay acid, tar rags,
filter materials, packing, lagging, activated carbon

spent catalyst Fluid catalytic cracking unit catalyst, hydrodesulphurisation
(excluding / hydrotreatment) catalyst, polymerisation unit catalyst,
Non-oiled materials precious metals) | residue conversion catalyst

other materials resins, boiler feed water sludges, desiccants and absorbents,
neutral sludges from alkylation plants, FGD wastes

Drums and containers metal, glass, plastic, paint

Radioactive waste (if catalysts, laboratory waste

used)

Scales leaded/unleaded scales, rust

Construction/demolition scrap metal, concrete, asphalt, soil, asbestos, mineral fibres,
debris plastic/wood

Spent chemicals laboratory, caustic, acid, additives, sodium carbonate,

solvents, MEA/DEA (mono/di-ethanol amine), TML/TEL
(tetra methyl/ethyl lead)

Pyrophoric wastes scale from tanks/process units

Mixed wastes domestic refuse, vegetation

Waste oils lube oils, cut oils, transformer oils, recovered oils, engine
oils

Table 1.12: Main solid wastes generated by refineries
Source: [108, USAEPA, 1995]

Oil retained in sludges or other type of wastes represents a loss of product and, where possible,
efforts are made to recover such oil. Waste disposal depends very much on its composition and
on the local refinery situation. Because of the high operating costs of waste disposal, much
priority has been given to waste minimisation schemes.

Waste generation trends during the last ten years show that oily sludge production is declining,
mainly through housekeeping measures, whereas biological sludge generation has increased as a
result of increased biotreatment of refinery effluent. Spent catalysts production is also
increasing through the installation of new hydrocrackers, hydrotreatment facilities and catalytic
cracker dust collectors. For all these waste categories increased use is made of third party waste
contractors for off-site treatment and disposal.

1.4.4 Soil and groundwater contamination

Most refineries have some areas that are contaminated by historical product losses. Current
refinery practices are designed to prevent spillages and leaks to ground. In the past, the
awareness of the potential risks of these contaminated areas was low. The two main topics here
are prevention of new spills and remediation of historic contamination. As mentioned within the
scope, soil remediation is not included in the scope of this document. Most oil fractions are
biodegradable, given time. The thinking about the cleaning-up of those contaminated areas has
changed over the years. Increased knowledge about soil sciences and the difficulty of soil
remediation on a site that is still in operation, has lead to the pragmatic approach of managing
the risks of these contaminated sites to ensure their fitness for use and ensuring that pollution
does not spread beyond the site. There are a number of ongoing research initiatives for
improving the performance of on-site remediation techniques.

The main sources of contamination of soil and groundwater by oil are typically those places
along the handling and processing train of crude to products where hydrocarbons can be lost to
the ground. These are commonly associated with the storage, transfer, and transport of the
hydrocarbons themselves or of hydrocarbon-containing water. The possibility of contamination
by other substances such as contaminated water, catalysts and wastes also exists.
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145 Other environmental issues

Besides the environmental issues mentioned in the above sections, especially for refineries
situated near residential areas, nuisance has become an issue of discussion with both local
authorities and with representatives of the local population in so-called neighbourhood councils.
Topics such as noise, light and smoke emission (flaring) and smell which directly impact the
residents receive much more emphasis in these neighbourhood councils than the above-
mentioned ‘major’ emissions which tended to receive more attention historically.

Nuisance by light can be caused through flaring at night by refineries and petrochemical plants
located near densely populated areas.

Since the 1970s refineries have devoted considerable resources to increasing process safety,
both in design and operation by training, procedures and personal protection equipment.
Increased attention, training, safe design and adequate tools and personal protection equipment
has resulted in a steady decrease in the number of unsafe acts, accidents, incidents and near
misses [242, CONCAWE, 1998].

Occupational health is included in the operational safety procedures aimed at protecting workers
from exposure to toxic materials and providing them with all necessary facilities which
contribute to their well-being and their sense of security and safety. Instructions, information
exchange and training of personnel, the provision of personal protection equipment as well as
strict adherence to stringent operational procedures have contributed to a steady decrease in
accidents and health incidents. Typical refinery pollutants and products with a health risk
include hydrogen sulphide, BTEX (of which benzene is the most prominent), ammonia, phenol,
HF, NO, and SO,, for which legally binding Maximum Acceptable Concentrations values
prevail.

The design of the refinery installations and the process control systems needs to include
provisions for a safe shut-down with minimum emissions from the unit involved. During
unplanned operational upsets, these provisions should guarantee that feed supply is terminated
followed by subsequent pre-programmed automated activation of pumps, relief systems,
purging systems, flares and other equipment. Examples of such occurrences are utility failure,
breakdown of equipment, a fire or an explosion. Emergency situations leading to direct spills
occurring in parts of the plant which are neither fully contained nor fully automated, such as
pipeline and tank bottom rupture, have to be addressed with standing emergency procedures.
These are directed to minimisation and containment of the spills, followed by rapid clean-up in
order to minimise the environmental impact.
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2 APPLIED PROCESSES AND TECHNIQUES

This section describes the major activities and processes that may be found within the natural
gas plant sector and petroleum refining industry, including the materials and equipment used
and the processes employed. This chapter is designed for those interested in gaining a general
understanding of the processes and activities that can be found in these two industrial sectors,
and for those interested in the inter-relationship between the industrial process and the topics
described in subsequent chapters of this document - emission, consumption and best available
techniques for the different processes. This section does not attempt to replicate published
engineering information that is available for this industry in the general literature.

The major production unit operations and activities typically involved at petroleum refineries
are described briefly, in alphabetical order, in the current chapter. For many of these production
operations, a number of different techniques and or unit operations are used in the industry.
While the major techniques used for each process/activity are described, it is not intended to
discuss and describe all of the different processes currently in use. This chapter specifically
contains the purpose and principle of the process, feed and product streams, a brief process
description of commonly used production processes/activity and operability. This information,
coupled with schematic drawings of the identified processes, provides a concise description of
the process/activity.

The first section is dedicated to a general technical description of refineries and the following 22
sections cover all the processes and activities within the scope of the BREF. Natural gas plants
processes are included in one independent section (Section 17). These sections do not pretend to
be of equal importance from the environmental impact point of view. Some sections have more
relevance than others, but this structure is considered a good way to tackle the BAT assessment
for the mineral oil and gas refinery sectors. No pollution abatement technique is include in this
chapter. However, some of the processes (e.g. hydrotreatments) have an environmental aspect.
Environmental implications of production techniques can be found in Chapter 3. Discussion on
good environmental practices (prevention techniques) of production techniques can be found in
Chapter 4. As consequence of that, no information about emissions can be found in Chapter 2.
Information on, for instance, flares, sulphur recovery units, waste water systems and waste
management is not included in this chapter because they are not considered production
activities. They are security or environmental techniques that are applied in both sectors.

2.1 General overview of the refinery processes

Crude oil and natural gas are mixtures of many different hydrocarbons and small amounts of
impurities. The composition of those raw materials can vary significantly depending on its
source (see Section 10.3 for type of crude oils). Petroleum refineries are complex plants, where
the combination and sequence of processes is usually very specific to the characteristics of the
raw materials (crude oil) and the products to be produced. In a refinery, portions of the outputs
from some processes are fed back into the same process, fed to new processes, fed back to a
previous process or blended with other outputs to form finished products. One example of that
can be seen in Figure 2.1, which also shows that all refineries are different regarding their
configuration, process integration, feedstock, feedstock flexibility, products, product mix, unit
size and design and control systems. In addition, differences in owner’s strategy, market
situation, location and age of the refinery, historic development, available infrastructure and
environmental regulation are amongst other reasons for the wide variety in refinery concepts,
designs and modes of operation. The environmental performance can also vary from refinery to
refinery.

The production of a large number of fuels is by far the most important function of refineries and
will generally determine the overall configuration and operation. Nevertheless some refineries
can produce valuable non-fuel products such as feedstocks for the chemical and petrochemical
industries. Examples are mixed naphtha feed for a steam cracker, recovered propylene, butylene
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for polymer applications and aromatics manufacture covered under the Large Volume Organic
Chemical BREF. Other speciality products from a refinery include bitumen, lubricating oils,
waxes and coke. In recent years the electricity boards in many countries have been liberalised
allowing refineries to feed surplus electricity generated into the public grid.

Refining crude oil into usable petroleum products can be separated into two phases and a
number of supporting operations. The first phase is desalting of crude oil (Section 2.9) and the
subsequent distillation into its various components or "fractions" (Section 2.19). A further
distillation of the lighter components and naphtha is carried out to recover methane and ethane
for use as refinery fuel, LPG (propane and butane), gasoline blending components and
petrochemical feedstocks. This light product separation is done in every refinery.

The second phase is made up of three different types of "downstream" processes: combining,
breaking and reshaping fractions. These processes change the molecular structure of
hydrocarbon molecules either by breaking them into smaller molecules, joining them to form
larger molecules, or reshaping them into higher quality molecules. The goal of those processes
is to convert some of the distillation fractions into marketable petroleum products (see
Section 10.3) through any combination of downstream processes. Those processes define the
various refinery types, of which the simplest is the ‘Hydroskimming’, which merely
desulphurises (Section 2.13) and catalytically reforms (Section 2.6) selected cuts from the
distillation unit. The amounts of the various products obtained are determined almost entirely by
the crude composition. If the product mix no longer matches the market requirements,
conversion units have to be added to restore the balance.

The market demand has for many years obliged refineries to convert heavier fractions to lighter
fractions with a higher value. These refineries separate the atmospheric residue into vacuum
gasoil and vacuum residue fractions by distillation under high vacuum (Section 2.19), and then
feed one or both of these cuts to the appropriate conversion units. Thus by inclusion of
conversion units, the product slate can be altered to suit market requirements irrespective of the
crude type. The number and the possible combinations of conversion units are large.

The simplest conversion unit is the thermal cracker (Section 2.22) by which the residue is
subjected to such high temperatures that the large hydrocarbon molecules in the residue convert
into smaller ones. Thermal crackers can handle virtually any feed, but produce relatively small
quantities of light products. An improved type of thermal cracker is the coker (Section 2.7), in
which all the residue is converted into distillates and a coke product. In order to increase the
degree of conversion and improve product quality, a number of different catalytic cracking
processes have evolved, of which fluid catalytic cracking (Section 2.5) and hydrocracking
(Section 2.13) are the most prominent. Recently, residue gasification processes (Section 2.14)
have been introduced within refineries, which enable refineries to eliminate heavy residues
completely and to convert them into clean syngas for captive use and production of hydrogen,
steam and electricity via combined cycle techniques.

Supporting operations are those not directly involved in the production of hydrocarbon fuels
but serving in a supporting role. They may include energy generation, waste water treatment,
sulphur recovery, additive production, waste gas treatment, blowdown systems, handling and
blending of products and storage of products.
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Figure 2.1: General scheme of a complex oil refinery
Note: Numbers in the figure are the section numbers given to each type of process in this chapter.
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As it has been mentioned in Section 1.3.1, there are various approaches to compare refineries
due to the difference in complexity that they have. This can be done defining refinery
complexity indexes as they have been explained in Section 1.3.1. The Nelson refinery
complexity index was used for the construction of Figure 1.3 [287, Johnston, 1996]. In Dutch
notes [118, VROM, 1999] EU refineries are grouped by configuration, as shown in Table 1.9.
CONCAWE [115, CONCAWE, 1999] has grouped refineries by types (that differ in definition
from the configurations of Table 1.9) in Figure 1.4 as they existed in the period 1969 - 1997.
Other definitions are used in the industry, such as FCC equivalent (used by CEC DG Transport
reports on the refining industry) or the Equivalent Distillation Capacity as used by Solomon
Associates. Some of those parameters will be used in the document.

Table 2.1 summaries the main products obtained from the main refinery processes. As can be
seen, many of the products are obtained from different units and consequently it gives an idea of
the technical complexity and the modes of operation that may be found in a refinery.

PRODUCTS — | Section | LPG | Gasoline Kero/ Heating | HFO | Base | Coke/ Special
REFINERY UNITS | naphtha | oil/diesel Oil | bitumen
Carbon n° range C;3-Cy C,-Coy Cg-Cyy Cg-Cys >Cg | >Cys >Cjyp
Alkylation 2
Base Oil production 3 /| wax
Bitumen production 4
Catalytic cracker 5 I/
Residue cracking 5
Catalytic reforming 6 Z, % H,
Delayed coking 7
Flexicoker 7 low joule

gas

Gasification 10 syngas
Etherification 11 MTBE
Gas separation 12 Refinery
processes fuel gas
Hydrogen plant 14 H,
Residue 14 H,
Hydroconversion
Hydrocracker 15
Hydrodesulphurisation 15 A 7
Isomerisation 17
Crude atmospheric 19
distillation
Vacuum distillation 19
Thermal 22
cracking/Visbreaking
Sulphur recovery unit 23 S

Table 2.1:  Refinery units and their main products
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2.2 Alkylation

PURPOSE AND PRINCIPLE

The purpose of alkylation is to yield high-quality motor fuel blending. The term alkylation is
used for the reaction of olefins with isobutane, to form higher molecular-weight isoparaffins
with a high octane number. The process involves low-temperature reaction conditions
conducted in the presence of strong acids.

FEED AND PRODUCT STREAMS

Low-molecular weight olefins (C;-Cs) and isobutane are used as alkylation unit feedstocks. The
major sources of low olefins are catalytic crackers and cokers. Isobutane is produced by
hydrocrackers, catcrackers, catalytic reformers, crude distillation and natural gas processing. In
some cases, n-butane is isomerised (see Section 2.16) to produce additional isobutane. The
product is alkylate (a high octane gasoline component) with some propane and butane liquids.
By proper choice of operating conditions, most of the product can be made to fall within the

gasoline boiling range. Dissolved polymerization products are removed from the acid as thick
dark oil.

PROCESS DESCRIPTION
In the alkylation unit HF or H,SO, is used as a catalyst. When the concentration of acid
becomes low, some of the acid must be removed and replaced with fresh acid.

In the hydrofluoric acid process, the slipstream of acid is redistilled. The concentrated
hydrofluoric acid is recycled and its net consumption is relatively low. In this process (Figure
2.2), the feed enters the reactor and is mixed with the isobutane recycle and HF from the settler.
Both the olefin and isobutane feeds are dehydrated first (not in Figure 2.2), as this is essential to
minimise potential corrosion. The reactor, operating at 25 - 45 °C and 7 - 10 barg, is cooled to
remove the heat generated by the reaction. In the settler, alkylate and excess isobutane are
separated from the HF. The HF is recycled to the reactor, where it is regenerated while the
organic phase consisting of the alkylate and unreacted isobutane flow to the isostripper. There,
the isobutane and some other light components are stripped from the alkylate. This is routed as
product to storage after treating with potassium hydroxide. The decomposition of any organic
fluoride formed is promoted by the high tube wall temperatures. The butane feed (n and iso) is
normally fed to the isostripper. The isostripper overhead, essentially isobutane, is returned to the
reactor. A small overhead slipstream is sent to a depropaniser, where propane is removed. The
bottoms of the depropaniser, isobutane, are routed to the isobutane circulation stream, while the
depropaniser overhead stream, propane, passes through a HF stripper to remove traces of HF
and is sent to storage after final KOH treating. From the unit feed stream, n-butanes are drawn
off as a side-stream from the isostripper, treated with KOH and sent to storage.
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In the sulphuric acid process, units operate at 4 - 15 °C, which requires chilling. Spent sulphuric
acid generation is substantial and the sulphuric acid removed must be regenerated in a sulphuric
acid plant (not considered as part of the alkylation unit). In this process, the olefin feed and
recycled isobutane are introduced into the stirred, autorefrigerated reactor. Mixers provide
intimate contact between the reactants and the acid catalyst and the reaction heat is removed
from the reactor. The hydrocarbons that are vaporised from the reactor are routed to the
refrigeration compressor where they are compressed, condensed and returned to the reactor. A
depropaniser, which is fed by a slipstream from the refrigeration section, is designed to remove
any propane introduced to the plant with the feeds. The reactor product is sent to the settler
where the hydrocarbons are separated from the acid that is recycled. The hydrocarbons that are
sent to the deisobutaniser, together with make-up isobutane and the isobutane rich overhead, are
recycled to the reactor. The bottoms are then sent to a debutaniser to produce alkylate product.
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2.3 Base oil production

Although only 20 % of EU+ refineries produce base oil, some actually specialise in it. Figure
1.2 (Chapter 1) identifies the refineries specialised in production of lubricant and bitumen. More
extensive information about the processes can be found in the general literature (e.g. [319,
Sequeira, 1998]).

PURPOSE AND PRINCIPLE

Lubricants are a blend of different grades of base oils and special additives. To produce a
suitable lubricant, certain properties of the base oil are very important: viscosity, viscosity index
(high V.I. means that the viscosity changes very little as temperature changes, and vice versa),
high resistance to oxidation, low pour point and good dope susceptibility or compatibility. The
principle of base oil production is to separate the desired boiling range components from the
atmospheric residue by vacuum distillation (Section 2.19); unwanted components are
subsequently removed by different processes and optional hydrofinishing. Base oil is a
speciality product and consequently not all crudes are suitable. Heavy crudes are frequently
used as feedstock to conventional base oil complexes.

FEED AND PRODUCT STREAMS

The feedstocks to a conventional base oil complex are waxy distillate side-streams from vacuum
distillation units (Section 2.19) and the extract from deasphalting units. Atmospheric residue
feedstock to the vacuum distillation unit consist of various types of hydrocarbon compounds
with different suitability for base oils: a) Aliphatic or paraffinic: Normal (n-)paraffins and iso
(i-)paraffins form this group. The n-paraffins have a high V.I. and melting points and at ambient
conditions form crystals, which must be removed to reduce the pour point of lubricating. i-
paraffins have lower melting points, very high V.I. but lower viscosity; b) Naphthenic: The
naphthenic rings lend high viscosity, low melting point and a good V.I. (less than paraffins) to
lubricant oils; ¢) Aromatic: The aromatic rings lend high viscosity and low melting point to
compounds but a low V.I to the oils. For this reason they are considered the least satisfactory
type of compounds for lubricants. The ratio in which the three groups are present varies from
crude to crude.

In the various processes of the base oil production, significant quantities of by-products such as
bitumen, extracts and wax are produced. Based on a total feedstream to the vacuum distillation
unit, on average some 20 - 25 % ends up as final base oil product.

PROCESS DESCRIPTION

A base oil complex consists typically of a vacuum distillation tower (Section 2.19), a
deasphalting unit, an aromatic extraction unit, a dewaxing unit and optional high-pressure
hydrogenation unit and hydrofinishing unit to improve colour and stability, meet product
specifications and remove impurities. Figure 2.3 shows a simplified block diagram of a base oil
manufacturing plant.
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Figure 2.3: Block scheme of a lubricating oil manufacturing plant
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A conventional base oil complex is very labour intensive mainly due to its batch operation, the
many grades of base oil normally produced and the associated intensive product handling
operations.

Deasphalting

Solvent deasphalting produces lubricating oil base stocks by extracting high-boiling lighter
paraffinic and naphthenic hydrocarbons (asphaltenes and resins) from the vacuum residue of the
vacuum distillation unit. This process makes the deasphalted oil extract light and paraffinic and
the bitumen raffinate heavy and aromatic. Propane or propane-butane mixtures are usually used
as solvents. At specific operating conditions, 37 - 40 bar and 40 - 70 °C, lower boiling paraffinic
and naphthenic hydrocarbons are very soluble in propane. At higher temperatures (100 °C) all
hydrocarbons are almost insoluble in propane. The solvent deasphalting process is a typical
extraction process consisting of an extractor and recovery sections, flash evaporation and
stripping, to separate the propane solvent from the oil and bitumen phase. The deasphalted oil
product stream is run down to intermediate storage; the bitumen product stream can be blended
to heavy fuel, used as feedstock for the coker or used for the bitumen product.

More recently, solvent deasphalting has been adapted for the preparation of catalytic cracking,
hydrocracking, hydrodesulphuriser feeds and hard bitumen (deep deasphalting). For these
purposes, heavier-than-propane solvents (butane to hexane mixture) are used together with
higher operating temperatures. This maximises the yield of valuable deasphalted oil and
minimises the yield of hard bitumen with a softening point usually over 150 °C.

Aromatic extraction

Aromatic extraction uses solvents to remove aromatics from base oil feedstocks, improving
viscosity, oxidation resistance, colour and gum formation. A number of different solvents can
be used (furfural, N-methyl-2-pyrrolidone (NMP), phenol or liquid sulphur dioxide). These
processes are typical extraction processes consisting of an extractor and recovery sections, flash
evaporation and stripping, to separate the solvent from the oil-rich raffinate and aromatic-rich
extract stream. Typically, feed lube stocks are contacted with the solvent in a packed tower or
rotating disc contactor. Solvents are recovered from the oil stream through distillation and steam
stripping in a fractionator. The raffinate stream is rundown to intermediate storage. The extract,
after solvent recovery, is likely to contain high concentrations of sulphur, aromatics, naphthenes
and other hydrocarbons, and is often fed to the hydrocracker or catcracker unit.

High pressure hydrogenation unit
Hydrogenation process is used to reduce aromatics and olephinic compounds found in the base
oil streams.

Dewaxing

Dewaxing of lubricating oil base stocks is necessary to ensure that the oil will have the proper
viscosity at lower ambient temperatures. This process is used when paraffinic-rich crudes are
processed. Solvent dewaxing is more prevalent. In these units the high pour point constituents
(mainly paraffins) are removed from the raffinate streams. The oil feed is diluted with solvent to
lower the viscosity, chilled until the wax is crystallized, and then filtered to remove the wax.
Solvents used for the process include propane and mixtures of methyl ethyl ketone (MEK) with
methyl isobutyl ketone (MIBK), toluene or chlorinated hydrocarbons. Solvent is recovered from
the oil and crystallised wax through heating, two-stage flashing, followed by steam stripping.
The wax is removed from the filters, melted and subsequently fed to a solvent recovery unit to
separate the solvent from the wax. The wax is either used as feed to the catalytic cracker or is
de-oiled and sold as industrial wax.

Hydrofinishing

In this unit the colour and colour stability is improved and the organic acid components are
removed. The need for hydrofinishing depends on the crude oil processed and to a certain extent
on the licensor and the design of the preceding units. The design and operation of this unit is
similar to that of a normal hydrotreater unit (Section 2.13).
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2.4 Bitumen production

Bitumen is a residue derived from certain crude oils (e.g. Middle East, Mexico or South
America) after vacuum distillation has removed waxy distillates. Bitumen is normally mixed
with other components (e.g. gravel) to produce asphalt that is used in road paving, roof coating
and pipe sealing or coating. Bitumen production only appears in some refineries (45 % of the
EU+ refineries). There are also some refineries that specialise in producing those components.
Figure 1.2 (Chapter 1) identifies the lubricant and bitumen specialised refineries.

PURPOSE AND PRINCIPLE

The desired properties of bitumen may be achieved either by adjusting distillation conditions or
by “blowing”. In the latter process, air is blown into hot bitumen causing dehydrogenation and
polymerisation reactions and giving a harder product with higher viscosity, higher softening
point and a reduced ‘penetration’ (The penetration, often used as the main criterion, refers to the
depth of penetration by a standard needle in a bitumen sample at standard conditions.). The
properties of the blown bitumen are determined by the residence time in the oxidation vessel,
the air rate and the liquid temperature. If any of these parameters is increased, the penetration is
reduced and the softening temperature is raised.

FEED AND PRODUCT STREAMS

In most applications the hydrocarbon feed stream to a bitumen blowing unit (BBU) is the
bottom residue stream from a vacuum unit (Section 2.19) and in some instances the residue
(extract) from a deasphalting unit (Section 2.3).

Normally, a number of different grades of bitumen are produced in campaigns and these are
further modified by blending with other high-boiling components such as vacuum residue,
heavy gas oil or synthetic polymers. In this way a single blowing unit is able to cater for a wide
range of bitumen grades for various applications.

PROCESS DESCRIPTION

The BBU will either operate on a continuous basis or in batch mode depending on the quality of
the vacuum residue feedstock and the required bitumen product specification. Continuous
processes are more spread in refineries. A simplified process flow diagram of the BBU is shown
in Figure 2.4 which represents a typical continuously operated BBU receiving its hot feed
directly from the vacuum distillation unit. Where the bitumen feed is received from storage, an
additional fired heater may be required to preheat the feed to a temperature of about
200 - 250°C, but can be up to 550 °C. With a batch-operated BBU, a feed buffer vessel is
usually included to store the hot feedstream from the vacuum unit.
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Figure 2.4: Simplified process flow scheme of a bitumen blowing unit
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The residue feedstream is pumped into the top of the oxidation vessel. Operating pressure in the
top of the oxidation vessel is normally around 1 barg and in the bottom around 2 barg,
depending on the height of the vessel. As air is sparged into the base of the vessel, oxidation of
the residue takes place, resulting in heat. The temperature in the oxidation vessel, which
determines to a certain extent the bitumen grade, is normally controlled between 260 — 300 °C.
Different options are applied, taking in colder feed to the oxidation vessel, recirculation of
cooled bitumen product from the bitumen rundown cooler, and in older units even direct water
quenching is applied. The blown bitumen is removed from the bottom of the oxidation vessel
and cooled by raising steam before being sent to storage.

The air rate is normally well in excess of stoichiometric requirements and so a considerable
quantity of oxygen is present in the upper vapour space of the oxidation vessel. To avoid an
explosion in the vapour space, in most units steam is injected at a rate necessary to keep the
oxygen concentration below the lower flammable limit (5 - 6 % vol.). In some units a small
amount of water is also injected into the vapour outlet of the oxidation vessel to reduce the
vapour temperature. This is sometimes considered necessary to prevent afterburning in the
overhead system that could lead to severe coke formation.

The overhead vapours are first passed through a vent gas scrubber to remove oil and other
oxidation products. In most cases gasoil is used as once-through scrubbing liquid. The vent gas
from the scrubber is subsequently cooled to condense light hydrocarbons and sour water,
sometimes in a water spray contact condenser or scrubber. The remaining gas, consisting mainly
of light hydrocarbons, N,, O,, CO, and SO,, is incinerated at high temperature (~800 °C) to
ensure complete destruction of minor components such as H,S, complex aldehydes, organic
acids and phenolics, which have a highly unpleasant odour.

The majority of the BBUs produce the higher grades of bitumen (roof and pipe coatings) and
normally operate continuously throughout the year. The BBUs which are used to produce road
bitumens operate only when the demand for road asphalt is high.
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2.5 Catalytic cracking

PURPOSE AND PRINCIPLE

Catalytic cracking is the most widely used conversion process for upgrading heavier
hydrocarbons into more valuable lower boiling hydrocarbons. It uses heat and a catalyst to
break larger hydrocarbon molecules into smaller, lighter molecules. Unlike the hydrocracker
process, no hydrogen is used and consequently, limited desulphurisation takes place. Compared
to other heavy oil catalytic conversion processes the FCC process is superior in being able to
handle larger quantities of metals, sulphur and asphaltenes. One drawback is the minimal
flexibility in changing the product yields.

FEED AND PRODUCT STREAMS

Normally the main feed stream to a catalytic cracking unit (catcracker) is the heavy vacuum
distillate stream from the vacuum distillation unit. Other process streams may be blended into
the catcracker feed such as heavy gasoil from the atmospheric distillation unit, coker or
visbroken gasoil, deasphalted oil and extracts from lube oil units and sometimes a small
quantity of atmospheric residue. Those streams may be hydrotreated to make them suitable for
the catcracker. Compared to other conversion processes the catalytic cracker process is
characterised by a relatively high yield of good quality gasoline and relatively high quantities of
C; and C,. Both products are highly olefinic and therefore ideal feedstreams for the alkylation,
etherification and petrochemical industries. One drawback of the FCC process is the very low
quality of the mid-distillate products in terms of sulphur, olefins, aromatics and cetane index.
The residue catalytic cracking (RCC) unit is a catcracker unit used to upgrade heavier fractions
such as atmospheric residue. The majority of products need further treatment prior to storage.

PROCESS DESCRIPTION

A number of different catalytic cracking designs are currently in use in the world, including
fixed-bed reactors, moving-bed reactors, fluidized-bed reactors and once-through units. The
fluidized- and moving-bed reactors are by far the most prevalent in world refineries.

Fluid catalytic cracking (FCC) units are by far the most common catcracking units. The FCC
unit consists of three distinct sections, the reactor-regenerator section including air blower and
waste heat boiler, the main fractionator section including wet gas compressor and the
unsaturated gas plant section. A simplified flow scheme is shown in Figure 2.5. In the FCC
process, oil and oil vapour preheated to 250 to 425°C is contacted with hot catalyst (zeolite) at
about 680 - 730°C in the riser reactor. To enhance vaporisation and subsequent cracking, the
feed is atomised with steam. The cracking process takes place at temperatures between 500 and
540°C and a pressure of 1.5 - 2.0 barg. Most catalysts used in catalytic cracking are zeolites
(some 15% w/w) supported by amorphous synthetic silica-alumina with metals. The catalyst is
in a fine, granular form which mixes intimately with the vaporised feed. The fluidised catalyst
and the reacted hydrocarbon vapour separate mechanically in a (two-stage) cyclone system and
any oil remaining on the catalyst is removed by steam stripping. The amount of lost catalyst as
fines in the cyclone system is balanced by the addition of fresh catalyst. The catalytic cracking
processes produce coke which collects on the catalyst surface and diminishes its catalytic
properties. The catalyst therefore needs to be regenerated continuously or periodically,
essentially by burning the coke off the catalyst at high temperatures. The method and frequency
with which catalysts are regenerated are a major factor in the design of catalytic cracking units.
The catalyst flows into a separate vessel(s) for either single- or two-stage regeneration by
burning off the coke deposits with air. However, in time the catalyst deactivates gradually and
irreversibly due to high temperature exposure and metal poisoning (mainly vanadium). The hot
regenerated catalyst flows back to the base of the reactor riser, where it is cooled by
vaporisation of the feed and by the heat required for cracking reactions. The cracked oil vapours
are then fed to a fractionation tower where the various desired fractions are separated and
collected. The streams are steam-stripped to remove volatile hydrocarbons prior to cooling and
sending to storage. Slurry oil is taken from the bottom of the column and part of it is cooled
with the reactor feed stream and steam generation and is returned to the column. The recycled
slurry oil is used as wash oil and as a quench for the hot reactor overhead vapours to prevent
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aftercracking. The rest of the slurry oil is filtered or decanted to remove catalyst fines, cooled
and sent to storage. The fractionator overhead gas is partly condensed and accumulated in the
overhead drum to separate it into three phases: gas, liquid and sour water streams. The liquid
and gas streams are both fed to the gas plant (Section 2.12) for further separation and the sour
water stream is sent to the sour water stripper for purification (Section 2.23).
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Figure 2.5: Simplified process flow scheme for fluid catalytic cracker

The flow sheet of a residue catalytic cracker (RCC) is basically the same as for a FCC with
the difference that it often has a CO boiler and a catalyst cooler. Sometimes FCC units are
equipped with both a CO boiler and a catalyst cooler and can consequently be used as RCC unit.
Due to the higher coke lay-down on the catalyst as a result of the heavier feeds, the heat balance
around the regenerator may require additional measures as catalyst coolers. As the heavier feed
normally has a higher metal content, especially Ni and V, the catalyst deactivation rate is so fast
that the catalyst needs to be removed continuously, to be replaced by fresh catalyst.

In the moving-bed process, oil is heated to 400 - 700 °C and is passed under pressure through
the reactor, where it comes into contact with a catalyst flow in the form of beads or pellets. The
cracked products then flow to a fractionating tower where the various compounds are separated.
The catalyst is regenerated in a continuous process. Some units also use steam to strip
remaining hydrocarbons and oxygen from the catalyst before catalyst is fed back to the oil
stream. In recent years moving-bed reactors have largely been replaced by fluidized-bed
reactors.
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2.6 Catalytic reforming

PURPOSE AND PRINCIPLE

The heavy naphtha leaving hydrotreating units is a very poor gasoline blend component. So the
purpose of a catalytic reformer is to upgrade these streams for use as a gasoline blendstock. The
burning characteristics (octane number) of heavy naphtha are improved significantly by
catalytic reforming. The most important characteristic of the reformate product is the octane
number. Octane numbers are very low for n-paraffins, slightly better for naphthenes, quite high
for iso-paraffins and highest for aromatics. There are four major types of reactions which occur
during the reforming processes: 1) dehydrogenation of naphthenes to aromatics; 2)
dehydrocyclisation of paraffins to aromatics; 3) isomerisation; and 4) hydrocracking. Because
the recently reformulated gasoline specifications have limited the allowable amount of benzene
in gasoline (e.g. Auto-Oil I see Table 1.4), and possibly in the future the aromatics content,
catalytic reformer operation may be driven by hydrogen production needs more than to produce
additional aromatic which has been traditionally been the case.

FEED AND PRODUCT STREAMS

The typical feedstocks to catalytic reformer units are the hydrotreated straight-run heavy
naphtha stream from the crude distillation unit and, if applicable, the hydrotreated heavy
naphtha stream from the hydrocracker unit and medium catcracked naphtha stream. A catalytic
reformer produces hydrogen, which is essential for use in hydrotreaters (Section 2.13) and may
be used in the hydrocracking processes. Products from a reformer includes, additionally to the
hydrogen, refinery fuel gas, LPG, isobutane, n-butane and reformate. The reformate may be
blended to gasoline or further separated into components as chemical feedstocks like benzene,
toluene, xylene, and naphtha cracker feeds.

Some catalytic reformers operate under more severe conditions, resulting in increased aromatics
content in the reformate product. Some catalytic reformers operate for the production of
aromatics as a (chemical) product (see Large Volume Organic Chemical BREF).

PROCESS DESCRIPTION

Feedstocks to catalytic reforming processes are usually hydrotreated first to remove sulphur,
nitrogen and metallic contaminants. The catalysts used in catalytic reforming processes are
usually very expensive (containing Pt) and extra precautions are taken to ensure that catalyst is
not lost. There are several catalytic reforming processes in use today. In general they can be
classified in three categories: continuous, cyclic or semi-regenerative, depending upon the
frequency of catalyst regeneration. The fixed-bed or moving-bed processes are used in a series
of three to six reactors.

Continuous catalytic reformer (CCR)

In this process the catalyst can be regenerated continuously and maintained at a high activity.
The ability to maintain high catalyst activities and selectivities by continuous catalyst
regeneration is the major advantage of this type of unit. Figure 2.6 shows a simplified process
flow diagram of a continuous catalytic reformer.
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Figure 2.6: Simplified process flow scheme for a continuous catalytic reformer

Interheaters are needed between the reactors to provide the heat required for the endothermic
dehydrogenation reaction. As the naphtha feed charge proceeds through the reactors, the
reaction rates decrease and the reheat needed becomes less. Freshly regenerated catalyst is
introduced at the top of the first reactor and flows by gravity from top to bottom. From here it is
passed on to the next reactor. Partially aged catalyst is removed from the bottom of the lowest
reactor and sent to an external regenerator where the carbon is burned from the catalyst. The
catalyst is reduced and acidified before being returned to the upper reactor. The reaction mixture
from the last reactor is used to preheat the fresh feed and further cooled down prior to being fed
to the low-pressure separator. There the hydrogen-rich gas is separated from the liquid phase.
The gas is compressed and partially recycled to the naphtha feed. The remaining vapour is then
further compressed, recontacted with the liquid from the low-pressure separator, cooled and fed
to the high-pressure separator. The recompression and recontacting is included to maximise
recovery of the C;/C, fraction from the hydrogen rich gas stream. Any excess of this hydrogen
rich gas is bled to the refinery fuel gas grid. The selection of the reformer operating pressure and
the hydrogen/feed ratio form a compromise between maximum yields and stable operation.

Cyclic process

The cyclic process is characterised by having a swing reactor in addition to those on-stream, in
which the catalyst can be regenerated without shutting the unit down. When the activity of the
catalyst drops below the desired level, this reactor is isolated from the system and replaced by
the swing reactor. The catalyst in the replaced reactor is then regenerated by admitting hot air
into the reactor to burn the carbon from the catalyst. Typically, one reactor is always being
regenerated.

Semi-regenerative process

In this process, regeneration requires the unit to be taken off-stream. Depending upon the
severity of operation, regeneration is required at intervals of 3 to 24 months. High hydrogen
recycle rates and operating pressures are utilised to minimise coke laydown and the associated
loss of catalyst activity.
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2.7 Coking processes

PURPOSE AND PRINCIPLE

Coking is a severe thermal cracking process used primarily to reduce refinery production of
low-value residual fuel oils and transform it into transportation fuels, such as gasoline and
diesel. As part of the process, coking also produces petroleum coke, which is essentially solid
carbon with varying amounts of impurities.

FEED AND PRODUCT STREAMS

As the coking process is a thermal destruction process, the quality of the feed in terms of metal
content, Concarbon number and other contaminants is not critical. As a matter of fact, coking is
predominantly used when the feed has a high Concarbon number and contains high quantities of
impurities which cannot be handled in catalytic conversion processes. All this gives high
feedstock flexibility. The feed to a delayed coking unit can consist of atmospheric residue,
vacuum residue, shale oils, tar sands liquid and coal tar, which results in a petroleum coke used
for fuel applications. Aromatic oils and residues such as heavy cycle oils from a catalytic
cracking unit and thermal tars are suitable feed stocks for the production of needle coke and
anode coke. The feed to a fluid coker is the vacuum residue, sometimes mixed with refinery
sludges, tarsands, bitumen and other heavy residues.

The products from the coking fractionator are refinery fuel gas, LPG, naphtha and light and
heavy gas oils. Petroleum coke is another product, with the type depending upon the process
used, operating conditions and feedstock used. Coke produced by the coker is called “green”
coke and still contains some heavy hydrocarbons left from incomplete carbonisation reactions.
More information about the properties of the coke can be found in Section 10.3.2.

PROCESS DESCRIPTION

Two types of coking processes exist: the Delayed and fluid coking processes that produce coke
and the Flexicoking process that gasifies the coke produced in a fluid coking process to produce
coke gas.

Delayed and fluid coking

The basic process is the same as thermal cracking (Section 2.22), except that feed streams are
allowed to react for longer without being cooled. Figure 2.7 shows a simplified process flow
diagram of delayed coking unit.
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Figure 2.7: Simplified process flow scheme for delayed coking unit

— GREEN COKE

FEED
WATER
""" > " WASTE WATER

Mineral Oil and Gas Refineries 35



Chapter 2 Applied processes and techniques

The delayed coking feed stream of residual oils is first introduced to a fractionating tower,
where residual lighter materials are drawn off and the heavy ends are condensed (not shown in
Figure 2.7). The heavy ends are removed, heated in a furnace and then fed to an insulated vessel
called the coke drum, where the cracking takes place. In the case of fluid coking, a fluidised bed
is used. Temperature (440 - 450°C), pressure (1.5 - 7.0 barg) and recycle ratio are the main
process variables which contribute to the quality and yields of delayed coking products. When
the coke drum is filled with product, the feed is switched to an empty parallel drum (dotted
drum in Figure 2.7).

When the coke drum is full, steam is then injected to remove hydrocarbon vapours. The coke
bed is then quenched with water and the cokes are cut out with high pressure water. The cutting
water passes to dedicated settlement where coke solids settle out and the clarified water is re-
cycled. The wet green coke is conveyed to designated open stock piles, where water drains out
and is recycled. Green coke can already be sold and used for energy production. The yield of
delayed coking is usually above 80 % conversion of feed to products. The production of
petroleum coke is of the ratio of 0.13 tonnes of petroleum coke produced per each tonne of
feedstock.

Hot vapours from the coke drums, containing cracked lighter hydrocarbon products, hydrogen
sulphide and ammonia, are fed back to the fractionator where they can be treated in the sour gas
treatment system or drawn off as intermediate products. Condensed hydrocarbons are re-
processed and collected water is re-used for coke drum quenching or cutting. Any remaining
vapours commonly pass to the flare system. Normally, products such as naphtha are totally fed
to the naphtha hydrotreater for further processing. The heavier products are suitable feedstock
for catalytic reforming after proper hydrotreatment. Light oil needs further treatment before
being sent to the gasoil blending pool. The heavy gasoil is preferably sent to a hydrocracker unit
(Section 2.13) for further conversion into light components. When no cracking units are
available it is blended in the heavy fuel oil pool.

For certain applications, green coke should be calcinated before being used or sold. The
incinerator kilns are direct fuel gas or coke fine fired at the discharge end and calcinate the coke
at up to 1380 °C, driving off volatile matter and burning it within the kiln. Exhaust gases
discharge from the feed end and are incinerated to burn off residuals and coke fines. Hot flue
gases pass through a waste heat boiler and gas cleaning by multi-cyclones. Collected fines from
the cyclones are pneumatically conveyed to a silo with exit air filters. The calcined coke
discharges to a rotary direct water injection. Off-gases from the cooler pass to gas cleaning by
multi-cyclones and water scrubber. Collected cyclone fines may be re-cycled to product, which
is oil sprayed as a dust suppressant, or may be incinerated or sold as a fuel.

Flexicoking

The flexicoking process typically converts 84 - 88 %w/w of the vacuum residue to gaseous and
liquid products. Virtually all metals in the feed are concentrated in the 2 % solids purged from
the process. Flexicoking is a very robust process in which coking and gasification are fully
integrated. The process is advanced compared to the classic delayed coker in terms of operation
and labour intensity.

The flexicoking process uses three major vessels: the reactor, the heater and the gasifier. As
auxiliary facilities the system includes a heater overhead cooling system and fines removal
system, a coke gas sulphur recovery unit and reactor overhead scrubber (Figure 2.8). The
preheated vacuum residue feed is sprayed into the reactor, where it is thermally cracked,
typically at 510 - 540 °C. The freshly formed coke is deposited on the surface of the fluidised
recirculated coke particles. In the gasifier, the coke is reacted at elevated temperatures, typically
850 - 1000 °C, with air and steam to form coke gas, a mixture of hydrogen, carbon monoxide
and dioxide and nitrogen. Sulphur in the coke is converted in the gasifier primarily to hydrogen
sulphide, plus traces of carbonyl sulphide (COS). Nitrogen in the coke is converted to ammonia
and nitrogen. Unlike normal gasifiers which are fed with pure oxygen, the flexicoking gasifier is
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fed with air, resulting in a coke gas with a relatively low calorific value, as it contains a high
quantity of nitrogen inerts.
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Figure 2.8: Simplified process flow scheme for a flexicoker

The cracked hydrocarbon vapour product from the reactor is passed through cyclones to remove
coke particles and is subsequently quenched in a scrubber section located at the top of the
reactor. Material boiling above 510 — 520 °C is condensed in the scrubber and recycled to the
reactor. The lighter material goes overhead to conventional fractionation, gas compression and
light ends recovery sections. The treatments and use of the products are very similar to the ones
already described in the delayed coker. Pressure relief from the fractionator of the coking
processes passes to flare and from the coke drums to the quench tower system.
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2.8 Cooling systems

Under the IPPC process, a horizontal BREF on industrial cooling systems has been produced
that covers many topics of relevance to the refineries sector. To avoid repetition, therefore, this
section on cooling addresses only topics not covered by that horizontal BREF. Moreover, some
cooling water pollution issues have already been studied in the OSPAR (North Sea) and
HELCOM (Baltic) processes.

PURPOSE AND PRINCIPLE

In a refinery, cooling of feed and product streams is required to allow refinery process
operations to take place at the right temperatures, and to bring products to their appropriate
storage temperature. Even though heat integration of process systems ensures that significant
cooling can be achieved by exchanging heat between streams to be cooled and streams to be
heated, additional cooling is still required. This additional cooling should be provided by an
external cooling medium: water and/or air.

PROCESS DESCRIPTION

A wide range of techniques is used for cooling purposes in oil refineries. Most refineries use a
combination of the techniques available. The selection of a cooling system depends on required
cooling temperature, cooling capacity, contamination risk (primary or secondary cooling loop)
and local circumstances. Simplified diagram of the cooling techniques are shown in Figure 2.9
and briefly described below:
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Figure 2.9: Simplified diagrams of the cooling systems used in refineries
A: Once-through cooling, B: Direct cooling with cooling of water cooling effluent, C:
Indirect/Secondary system, D: Recirculating, E,F: Closed circuit, G,H: Hybrid system

Air cooling
In an air cooler (forced or induced draught), the process stream in the tubes is cooled against air
delivered by a fan. An induced draught air cooler is illustrated in Figure 2.9E.
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Water cooling

(1) Direct cooling (i.e. quenching)

Because the high contamination generated by this type of cooling, nowadays, quenching is only
used in cokers (Section 2.7), in gasifiers and in some sludge incinerators.

(2) Once-through system (seawater, river water, etc.)

In a typical once-through cooling system, water is extracted from a surface water body, filtered

if necessary and sometimes treated with biocide to inhibit fouling. It is then passed around the

refinery to enable cooling through heat exchangers. The cooling water is passed through a

process unit once and is then discharged directly without treatment in the waste water treatment

plant. There are several ways to use water for once-through cooling in refineries that carry a

different risk of contamination by process streams:

= Once-through cooling water used for cooling non-polluting streams, e.g. in power
generation. A cooling tower system is generally applied when the thermal loading of the
surface water is too high. Figure 2.9A&B

=  Once-through cooling water used for heat exchange with a recirculating water system which
then cools the process streams. Figure 2.9C.

*  Once-through cooling water is used to cool process streams directly (via heat exchangers)
Figure 2.9A&B.

(3) Circulation system (tempered water, cooling water).

In this system, most cooling water is repeatedly recycled through cooling towers using ambient
air. In order to control the concentration of contaminants and the solids content in the cooling
water, a blowdown stream is used — which is sent to the waste water treatment unit — and make-
up water is added. A certain amount of water also exits the system through evaporation. Figure
2.9D

(4) Wet closed system (normally water)
Tempered water is used when process streams to be cooled should not be exposed to the (low)
cooling water temperatures, (see Figure 2.9F).

(5) Hybrid systems

In these cases, both air and water are used as cooling media. These systems normally maximise
the use of air cooling and the rest is done by water cooling. Two types of systems are available
and they are shown in Figure 2.9G&H.

(6) Refrigeration systems

In specific cases when process streams have to be cooled below ambient temperatures,
refrigeration systems are applied. This can be either a direct refrigeration system, i.e. using the
refrigerant (propane or ammonia) in the process, or an indirect system (Figure 2.9F) using a
circulation system (e.g. brine, glycol) where the refrigerant cools the circulating liquid.

Mineral Oil and Gas Refineries 39



Chapter 2 Applied processes and techniques

2.9 Desalting

PURPOSE AND PRINCIPLE

Crude oil and heavy residues can contain varying quantities of inorganic compounds such as
water soluble salts, sand, silt, rust and other solids, together characterised as bottoms sediment.
The salt in the crude is primarily in the form of dissolved or suspended salt crystals in water
emulsified with the crude.Those impurities, especially salts, could lead to fouling and corrosion
of heat exchangers (crude preheaters) and especially the crude distillation unit overhead system
(Section 2.19). Salts are detrimental to the activity of many of the catalysts used in the
downstream conversion processes and sodium salts stimulate coke formation (e.g. in furnaces).
Some inorganic impurities are chemically bound, such as vanadium and nickel, often referred to
as oil-soluble salts. These cannot be eliminated in a desalter. Moreover, water should preferably
be removed if the water content of the crude is relatively high. Therefore desalting of the
incoming crude oil is generally applied before separation into fractions (in Section 2.19).

The principle of desalting is to wash the crude oil or heavy residues with water at high
temperature and pressure to dissolve, separate and remove the salts and solids.

FEED AND PRODUCT STREAMS

Crude oil and/or heavy residues (oily feedstock) and re-used and fresh water are the feedstreams
to the desalter and washed crude oil and contaminated water are the outputs of desalting
processes. The water phase from the overheads crude distillation unit and other used water
streams are normally fed to the desalter as washwater. Efforts are made in the industry to
minimise water content of the crude to less than 0.3 % and bottoms sediments to less then
0.015 %. The concentrations of inorganic impurities in the cleaned stream are highly dependent
on the design and operation of the desalter as well as the crude source.

PROCESS DESCRIPTION

After preheating to 115 - 150 °C, the oily feedstock is mixed with water (fresh and pre-used
water) in order to dissolve and wash out the salts. Intimate mixing takes place by contacting the
wash water in a globe valve mixer, a static mixer or a combination of both. The water must then
be separated from the oil feedstock in a separating vessel by adding demulsifier chemicals to
assist in breaking the emulsion and/or, more commonly, by applying a high-potential electric
field across the settling vessel to coalesce the polar salt water droplets. The separation efficiency
depends on pH, density and viscosity of the crude oil, as well as the volume of wash water used
per volume of crude. Either AC or DC fields may be used and potentials from 15 to 35 kV are
used to promote coalescence. Many refineries have more than one desalter. Multiple stage
desalters also exists. The wash water containing dissolved hydrocarbons, free oil, dissolved salts
and suspended solids is further treated in an effluent treatment plant (Section 4.24). Where
bottoms sediments are critical in downstream process units, desalters are equipped with a
bottom flushing system to remove settled solids. Figure 2.10 shows a simplified process flow
diagram of a modern design crude desalter.
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Figure 2.10: Simplified flow diagram of a crude desalter

40 Mineral Oil and Gas Refineries



Applied processes and techniques Chapter 2

2.10 Energy system

Although heat-producing plants are an essential and integral part of most refining
processes/activities, the systems tend to be very similar and they are therefore dealt within this
horizontal section. As consequence of that, energy management issues, fuel management,
energy production techniques (e.g. boilers, furnaces, gas turbines) and steam management are
included in this section.

PURPOSE AND PRINCIPLE

Heat and electricity are needed to run a refinery. The fairly extensive heat requirement is
generally satisfied by fuel combustion. Heat can be provided to process streams and unit
operations directly (by heaters) or indirectly (e.g. steam). Electricity can be generated in the
refinery (e.g. CHP, gas/steam turbines, IGCC) and it can be bought from the grid. Moreover,
energy (steam and power) is recognised by refiners as another output that can be produced in-
house and be sold.

FUELS AND FUEL SYSTEMS

The fuel required for the production of steam and power or for the firing of the furnaces
originates either from fuels that are produced by the refinery itself (refinery fuels) or from
natural gas that is bought outside, or a combination of both. Normally, most or all of the
gaseous and liquid refinery fuels used are by-products of refinery processes. The composition
and quality of these fuels vary with the crude oils processed. Generally speaking, the refinery
fuel pool is a careful balance between energy required, type of crude processed, emission limits
and economics.

Refinery fuel gas (RFG)

The majority of the fuel used in a refinery is gas (methane, ethane and ethylene in combination
with excess hydrogen) which is internally generated in the different refinery processes and
collected in the refinery gas system, but has to be used quickly and cannot normally be sold as a
valuable product. RFG, if properly treated, is a low-polluting fuel. Most of the refinery fuel gas
systems have two or three alternative sources of supply: refinery gas, imported gas (normally
natural gas) and liquified petroleum gas (LPG). These gases may be sulphur-free at source (i.e.
from catalytic reforming and isomerisation processes) or sulphur-containing at source (most
other processes, i.e. from crude distillation, cracking, coking and all hydrodesulphurising
processes). In the latter case the gas streams are normally treated by amine scrubbing to remove
H,S before being released to the refinery fuel gas system and dust removal and COS conversion
if necessary (Section 4.23). Coke gas forms a main refinery gas source if coking takes place in
the refinery. Sulphur content in the form of H,S is normally below 100 mg/Nm’, but levels of
20 - 30 mg/Nm’ are possible for gas treated at high pressure (20 bars). The nitrogen content is
negligible.

Fuel gas system

Figure 2.11 shows a schematic diagram of a typical fuel gas system. The fuel gas is supplied
from the different refinery units. In this diagram, back-up supply is provided by imported
natural gas and by internally produced LPG, which is vaporised and routed into the fuel gas
header. The condensation of heavier hydrocarbons and/or water is critical for the fuel gas
system. Normally all units have their own fuel gas knock-out drum, in which condensate formed
in the fuel gas distribution system is separated. The fuel gas lines from this drum need to be
steam-traced to avoid condensation in the supply lines to the individual burners. Liquids from
the fuel gas knock-out drum are drained to a closed slops system.
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Figure 2.11: Simplified flow diagram of a fuel gas system

Liquid refinery fuel (heavy fuel oil, HFO) used in the refinery is normally a mixture of the
residues from atmospheric and/or vacuum distillation and conversion and cracking processes.
Liquid refinery fuels are available in various grades, viscosity being the main parameter. The
lower the viscosity the more expensive the fuel. The heavier (more viscous) grade fuels require
heating to reduce their viscosity before combustion. They contain sulphur (<0.1 - 7%), particle
promoters (eg. V, Ni) and nitrogen (0.1 - 0.8 %) resulting, after direct combustion, in high SO,,
particulates and NO, emissions. They can also be gasified in the IGCC plant where virtually any
refinery residue (visbroken or thermal tars, etc.) can be converted to heat and power.

Provided that the crude oil is properly desalted, ash content of the fuel will be directly related to
the total solids, the amount being proportional to the sum of the nickel and vanadium present
(Ni-V value: 0.03 - 0.15 % w/w depending on the residue source and crude origin). To arrive at
the metal content of the HFO, the metal content of the crude is multiplied by a factor of 4 - 5
(dependent on the yield of residue and the residue content of the crude). The metal content of
the HFO can vary between 40 and 600 ppm for HFO from a North Sea crude and Arabian
Heavy crude respectively, generating particulate concentration in the flue gas of 150 - 500
mg/Nm’. The most prominent metals indigenous to the crude are vanadium and nickel. Other
metals as cadmium, zinc, copper, arsenic and chromium have been detected [43, Dekkers and
Daane, 1999]. Next table shows the metal content of residual fuel oil typically used in
refineries.

Metal | Concentration range | Average concentration
(ppm) (ppm)
\Y 7.23 - 540 160
Ni 12.5 - 86.13 42.2
Pb 249 -4.55 3.52
Cu 0.28 - 13.42 2.82
Co 0.26 - 12.68 2.11
Cd 1.59 -2.27 1.93
Cr 0.26 -2.76 1.33
Mo 0.23 -1.55 0.95
As 0.17 -1.28 0.8
Se 0.4-1.98 0.75

Table 2.2: Metal content of residual oil
Source: [322, HMIP UK, 1995]

42 Mineral Oil and Gas Refineries



Applied processes and techniques Chapter 2

Liquid refinery fuel system

As has already been stated, liquid refinery fuels are heavy residues that should be stored in a
separate storage tank at an elevated temperature to reduce the high viscosity. A typical refinery
fuel oil system (schematic diagram, see Figure 2.12) includes a dedicated mixing tank (normally
off-site), a circulation pump and heater (when required). The system discharges fuel oil at a
constant pressure and at the required condition of temperature and viscosity, so that atomisation
and efficient combustion are possible. If the fuel consumption is low, the cost of installing
heated storage, preheat, etc., may not be justified for the use of heavy fuels and then a light fuel
oil will be used. Liquid refinery fuels are normally used for process start-ups.
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Figure 2.12: Simplified flow diagram of a heavy fuel oil system

Solid fuels such as petroleum coke can be gasified as a refinery fuel gas source for refineries
(Flexicoking, Section 2.7). Coke is burnt in the catalytic cracking regenerator (Section 2.5) and
coking process (Section 2.7) and represents a heat production source in the refinery. Coal, as
imported fuel, is not applied in European refineries.

ENERGY PRODUCTION TECHNIQUES

It is not the intention of this section to include a detailed description of energy production
techniques (steam and power), since one can be found in the Large Combustion Plant BREF
[317, EIPPCB, 2002].

Furnaces and boilers

Many of the individual refinery processes and utility systems combust fuel (gas and/or liquid) in
dedicated furnaces and boilers to supply the heat necessary for the process. Fired process
heaters and boilers are the main heat producers. The former transfer the heat released in the
combustion process directly to the process stream and the latter produce steam that will be used
somewhere in the refinery. The principle of steam generation is the heating of boiler feed water,
under pressure in, a dedicated fuelled boiler or a waste-heat boiler consisting of heat exchanger
bundles (economisers and superheaters). In this document no distinction is made between
furnaces and boilers except when relevant.

A variety of furnaces and burner types are used in refineries, largely determined by the heat
release characteristics required by a particular process. Many, but not all, furnaces are dual
(oil/gas) fired to allow flexibility in the refinery fuel system. Refinery process heaters are
typically rectangular or cylindrical enclosures with multiple fired burners of specialised design
using mainly low combustion intensity. Boilers (fixed or fluidised bed) are generally fairly
standard steam-producing units of medium or high combustion intensity. Waste heat boilers
may also be present in the furnaces of stacks. Direct-fired heaters and boilers normally achieve
thermal efficiencies of over 85 %. If air preheat is applied and the combustion products (flue
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gas) are cooled close to their dew point, the thermal efficiency can be as high as 93 %. Boilers
consume about 10 - 20 % of refinery energy requirements.

Gas and steam turbines

Gas turbines work as follows: Fresh air at ambient conditions is drawn into the compressor
where its temperature and pressure are raised. The high-pressure air proceeds into the
combustion chamber, where the fuel is burned at constant pressure. The resulting high-
temperature gases then enter the turbine, where they expand to atmospheric pressure, thus
producing power. Steam turbines are used to transform the steam pressure to power. Combined-
cycle processes combine the gas and steam turbine processes to produce power at higher
efficiency than is reached with open-cycle turbines (steam and gas). More information about gas
and steam turbines as well as combined cycles can be found in the LCP BREF.

Cogeneration plants (CHP)

These systems are designed for the co-production of heat and power. The fuel for this type of
facility is usually natural gas. It is, however, also possible to fire refinery gas as part of the fuel
slate, thus potentially reducing the amount of refinery gas available for combustion in boilers
and furnaces. The steam and power cogeneration concept can also be applied to boilers firing,
for instance, liquid refinery fuel. They can be designed to generate high pressure steam and to
let the pressure down over an expander/turbo-generator. Economisers and the optimisation of
air-to-fuel control are also techniques applicable in cogeneration plants.

Integrated gasification combined cycle (IGCC)

Integrated gasification combined cycle is a technique for producing steam, hydrogen (optional)
and electric energy from a variety of low-grade fuel types with the highest conversion efficiency
possible. During the gasification of the oil with oxygen and/or air, syngas is produced that it is
lately used in a combined cycle for the production of heat and electricity. Hydrogen can also be
separated from the syngas for use in the refinery (Section 2.14).

The principle is based on the high-temperature and high-pressure reaction of organic carbons or
coke with steam and under-stoichiometric amounts of oxygen (partial oxidation) to produce
syngas (CO+H,). After the combustion chamber the system contains a number of sophisticated
energy recovery systems to produce steam and electricity. Figure 2.13 shows a block flow
diagram of an IGCC plant. In the partial oxidation of hydrocarbons the product gas contains a
certain amount of free carbon (soot). The soot particles are removed from the gas together with
the ash in a two-stage water wash.
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Figure 2.13: Block flow scheme for IGCC
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The gasification plant consists of two integrated complex units. In the first, syngas
manufacturing process plants (SMPP), the gasification of heavy fractions takes place and the
syngas is produced and purified. In the second, the combined cycle power plants, the syngas is
fed to a combined cycle thermoelectric unit. The SMPP includes the following two sections:

e Gasification and carbon extraction: In the gasification section the feedstock is gasified
through a non-stoichiometric reaction with pure oxygen and water; the reaction occurs in
the gasifier, a non-catalytic vessel internally coated with refractory, operating at high
temperature (about 1300 °C) and pressure (about 65 bar).

e Gas cooling and purification: In the gas-cooling section the waste heat from syngas is
recovered by generation of steam at three pressure levels. A small quantity of carbon,
formed in the gasifiers, is removed from the gas by direct contact with water in a scrubber.
Water is then treated in the grey water treatment and then sent to the existing refinery
biotreatment plant. A solid effluent in the form of a filter cake is discharged from this unit
and sent to external plants for the recovery of the metals. In addition, a COS hydrolysis
reactor is provided to convert the small amount of COS produced in the gasifier to H,S.
This section also includes a gas expander for the recovery of the pressure energy of the
syngas (pressure in gasifiers is about 65 bar). This system contains an acid gas removal. In
this unit, a circulating amine stream is used to selectively absorb the H,S formed in the
gasifier and in the COS hydrolysis. It also contains an air separation unit. This unit
produces the oxygen required for the gasification and the Claus plant, and the nitrogen for
syngas conditioning. It is based on conventional cryogenic air fractionation. And finally
contains a sulphur recovery unit. Claus units recover elemental sulphur from the H,S
recovered in the acid gas removal section and a tail gas treatment section, that maximise the
overall sulphur recovery.

After the cooling and purification sections, the purified syngas is sent to the combined cycle
power plant, for power generation. It mainly consists of a conventional cycle with a gas turbine,
a heat recovery steam generator and a steam turbine.

PRODUCTS FROM THE ENERGY SYSTEM

As mentioned at the beginning of this section, the energy system of a refinery (or any other
industrial complex) is there to provide the heat and power necessary to carry out the process. A
short description of the types of products (steam and power) produced by the energy system of a
refinery is given below.

Steam

The different steam qualities generated in the boilers of the refinery have the following general

characteristics (the heat content ranges from about 2700 MJ/t for low pressure steam to

3200 MJ/t for super heated high pressure steam at 50 bar):

e High pressure (HP) steam net (>30 bar, 350 — 500 °C), generated in waste heat boilers
(cooling of hot off-gases and/or hot products at catalytic processes and hydrocrackers) and
in fired boilers. HP-steam is mainly used in turbines to produce electrical power (and MP
steam);

¢ Medium pressure (MP) steam net (7 -20 bar, 200 — 350 °C), generated by pressure
reduction of HP steam, is used within the refinery for stripping, atomisation, vacuum
generation and heating (e.g. reboilers, tanks);

e Low pressure (LP) steam net (3.5 - 5 bar, 150 — 200 °C), generated in heat exchangers by
cooling of hot products, and by pressure reduction of MP steam. LP steam is used for
heating, stripping and tracing.

Steam is produced by heating demineralised water, so called boiler feed water (BFW), under
pressure in a steam boiler. Steam raising plants are normally fuelled with refinery fuel gas or
liquid. The refinery is equipped with dedicated steam boilers in virtually all process units,
containing a HP-, MP- and LP-steam distribution network and with HP-, MP- and LP-
condensate collection networks, which are connected with the BFW preparation unit and the
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condensate storage tank. (Reference is made to Figure 2.14 and to the LCP BREF [317,
EIPPCB, 2002]).

Steam used in turbines and heaters after cooling is usually recovered as condensate. BFW is
therefore a mixture of fresh demineralised make up water (quality dependent on steam pressure)
and recovered condensate. BFW make up can be bought in but can also be prepared at the
refinery using drinking water, filtered ground water, seawater distillation, surface water or even
treated effluent by using a combination of treatment operations, such as sandfiltration or
microfiltration (to remove suspended solids) and demineralisation which is accomplished by
subsequent cation and anion exchange (see dotted area in Figure 2.14). Reverse osmosis (to
remove ions, colloids and large organic molecules) is usually applied in new plants and is
followed in some cases by mixed bed ion exchange and active carbon filtration for final
polishing. The condensate tank is generally equipped with an oil detection system and an oil
skimming device. To avoid corrosion in the steam and condensate systems, oxygen and carbon
dioxide are removed in de-aerators, and oxygen scavengers and corrosion inhibitors are added.
After conditioning, the BFW is pumped to the boilers. In boilers the hot flue gases and BFW
flow in countercurrent; BFW is preheated in the economiser and further heated in the first and
second superheater. In order to keep the concentration of dissolved compounds and suspended
solids in the steam drum constant, a condensate blown down of 1 - 2 % is normally required.
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Figure 2.14: Typical layout of a boiler feed water preparation unit and a steam boiler

Electrical power is mainly generated in turbines with high-pressure steam but can be also be
produced in gas turbines. Electricity is necessary to run pumps, compressors, control systems,
valves, etc. Refinery electrical systems are therefore extensive.

ENERGY MANAGEMENT

Good design and management of energy systems are important aspects of minimising the
environmental impact of a refinery, bearing in mind the highly integrated and interdependent
nature of most processes. The normal aim is to match continuously the variable production and
consumption of fuels in processes and utilities at the lowest economic and environmental cost.
This issue is also analysed in this document and in Section 2.15 the integration of all the
techniques that may be used in a refinery is examinated. This section is included here because
the energy efficiency of a refinery can be increased not only by improving the energy efficiency
of the individual processes (which is addressed in each section) or energy efficiency of the
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energy production system but also by improving energy management, energy conservation and
heat integration/recovery within the refinery as a whole.

Energy management has long been an important issue for refineries. For example, management
techniques such as the ISO 14000 system series or EMAS can provide an appropiate framework
to develop suitable energy management system and can increase the energy efficiency of the
refinery as a whole. Energy conservation techniques such as reporting and incentivating the
energy savings, carrying out combustion improvements or reviewing the energy integration of
the refinery are some of the techniques that may have a big impact in reducing energy
consumption and consequently in increasing the energy efficiency of a refinery. Other technical
tools to increase that efficiency are the heat integration/recovery techniques, of which examples
are: the installation of waste heat boilers, the installation of expanders to recuperate power and
increasing the insulation of buildings and process units to reduce heat losses. Steam
management is another good tool for increasing energy efficiency.
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2.11 Etherification

PURPOSE AND PRINCIPLE

A number of chemicals (mostly alcohols and ethers) are added to motor fuels either to improve
performance or to meet environmental requirements. Since the 1970s, alcohols (methanol and
ethanol) and ethers have been added to gasoline to increase octane levels, reduce carbon
monoxide generation and reduce atmospheric ozone due to the lower reactivity of resulting
VOC emissions. These additives replaced the lead additives which were being phased out as
required by the Auto-Oil 1. As a result, a number of different ethers are currently added to the
gasoline and are better able to meet both the new oxygen requirements and the vapour pressure
limits. The most common ethers being used as additives are methyl tertiary butyl ether (MTBE),
ethyl tertiary butyl ether (ETBE), and tertiary amyl methyl ether (TAME). Some refineries
(~30% of EU+ refineries) manufacture their own supplies of those ethers.

FEED AND PRODUCT STREAMS

Isobutylene and/or isoamylene and methanol (or ethanol) are necessary to produce MTBE (or
ETBE) and/or TAME. Isobutylene is obtained from a number of refinery sources including: the
light naphtha from the FCC and coking units; the by-product from steam cracking of naphtha
(processes described in LVOC) or light hydrocarbons during the production of ethylene and
propylene (also in LVOC); catalytic dehydrogenation of isobutane (also in LVOC) and
conversion of tertiary butyl alcohol recovered as a by-product in the manufacture of propylene
oxides (within LVOC). Methanol (ethanol) is bought in.

PROCESS DESCRIPTION

Multiple variations of commercial processes are available. Most processes can be modified to
react isobutylene or isoamylene with methanol or ethanol to produce the corresponding ether.
All use an acidic ion exchange resin catalyst under controlled temperature and pressure
conditions. Temperature control of the exothermic reaction is important to maximise conversion
and minimise undesirable side reactions and catalyst deactivation. The reaction is usually
carried out in two stages with a small excess of alcohol to achieve isoolefin conversions of over
99 % and the methanol consumption is essentially stoichiometric. The basic difference between
the various processes is in reactor design and the method of temperature control.

MTBE production process

Figure 2.15 shows an example of a simplified process flow diagram of a MTBE plant. The feed
stream is cooled prior to entering the top of the primary reactor. The resin catalyst in the
primary reactor is a fixed bed of small beads. The reactants flow down through the catalyst bed
and exit the bottom of the reactor. Effluent from the primary reactor contains ether, methanol
and unreacted isoolefin and usually some paraffins from the feed. A significant amount of the
effluent is cooled and recycled to control the reactor temperature. The net effluent feeds to a
fractionator with a section containing catalyst or to a second reactor. Ether is withdrawn as the
bottom product, and unreacted alcohol vapour and isoolefin vapour flow up into the catalyst
reaction to be converted to ether. The process usually produces an ether stream and a relatively
small stream of unreacted hydrocarbons and methanol. The methanol is extracted in a water
wash and the resulting methanol-water mixture is distilled to recover the methanol for recycling.
The excess methanol and unreacted hydrocarbons are withdrawn as net overhead product, and
fed to a methanol recovery tower. In this tower the excess methanol is extracted by contact with
water. The resultant methanol-water mixture is distilled to recover the methanol, which is then
recycled to the primary reaction.
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Figure 2.15: Simplified process flow scheme for a MTBE production process

TAME production process

In this process, Cs isoamylenes are separated from the light catcracked spirit stream (LCCS)
from the FCC unit and catalytically reacted with methanol in the presence of hydrogen to
produce TAME. The main stages for TAME production are pentane removal, scavenging,
reaction and purification. Figure 2.16 shows a simplified scheme for the TAME production.
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Figure 2.16: Simplified process flow scheme for TAME production
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Cs removal is achieved by distillation (depentaniser) of the LCCS feedstock. Overheads are
condensed and the hydrocarbons are returned as reflux while gases go to the refinery flue gas
system. A Cs side-stream is withdrawn from the column as feed to the TAME unit. Column
bottom liquids (Cs.) are routed to re-blending with the eventual product from the TAME unit.

The Cs stream is then scavenged to remove catalyst poisons by passing it through an ion
exchange resin to remove basic nitrogen compounds, eg. ammonia, and any metallic
contamination. A hydrogen feeds is also scavenged to remove any acidic components. The
feedstock, containing injected methanol and hydrogen, is fed to the reactor section. Hydrogen is
used to convert di-enes into monoolefins and prevent gum formation during the reaction. This
takes place over a palladium-impregnated ion-exchange resin and the isoamylenes are converted
to TAME.

The TAME product stream is purified by fractional distillation, washing and phase separation.
Fractionator overheads pass to a reflux drum with the gas phase of low boiling hydrocarbons
(Cy, Cy, Cy, etc.) plus unreacted hydrogen being vented to refinery fuel gas or flare. The bottom
product of TAME gasoline with some methanol is cooled and mixed with recycled water from
the methanol recovery plant, then routed to a settler for phase separation. The TAME gasoline
fraction from this is blended with the depentaniser bottoms Cg, stream and passed to storage.
The methanol/water fraction is recycled to the methanol recovery plant feed drum.

Methanol is recovered by distillation in a common still with the overheads methanol being
condensed and passed to buffer storage for recycling to the TAME plant or other uses. The
bottoms are essentially water with some contaminants and are mainly recycled but with a purge
to effluent treatment to avoid formic acid build up.
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2.12 Gas separation processes

PURPOSE AND PRINCIPLE

Low boiling hydrocarbons are usually treated in a common separation plant operating at
elevated pressures. The purpose of a gas plant is to recover and to separate C; - Cs and higher
compounds from various refinery off-gases by distillation. In mineral oil refineries, one (or
more) gas plant is present to handle different gas streams from different processes. (eg. cat
reformers, catcrackers, distillation units). Those systems are the core for installations refining
natural gas (Section 2.17) where the different components are separated. Depending on
application of the products, some refineries remove mercury from LPG, tops and naphtha.

FEED AND PRODUCT STREAMS

The feed of the gas plant consists of gas and liquid streams from crude distillation, catcrackers,
catalytic reformer, alkylation, desulphurisation and similar units. Pretreatment of some
feedstocks may be necessary, typically by hydro-desulphurisation (Section 2.13) or amine
treating (H,S removal, see Section 4.23.5.1). The compounds recovered depend on the
composition of the feed and the market requirements. The gas streams are normally separated
into C; and C, fractions for sale or use as refinery fuel gas, LPG (propane and butane) and a
light gasoline (Cs and higher) stream. Olefins, isoparaffins and n-paraffins can be also separated
in the process.

PROCESS DESCRIPTION

As a minimum, the gas plant consists of two columns, an absorber/stripper column (de-
ethaniser) to strip all light C,-minus components and to maximise recovery of C;-plus
components from the feed streams. Figure 2.17 shows a simplified process flow diagram of a
gas plant.
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Figure 2.17: Simplified process flow scheme for a part of a gas plant

The feed stream to the gas plant is cooled and chilled, the residual vapour phase from this being
routed to a refrigerated absorber, meeting chilled re-cycled light gasoline absorbent. Absorber
overhead is the C;, C, fraction. The bottoms are combined with the liquid stream from chilling
and pass to the first fractionator or de-ethaniser. The first fractionator overheads (essentially C,-
ethane) are combined with the absorber overheads while the bottoms pass to the second
fractionator to produce a C;/C, overheads stream and debutanised gasoline bottoms. A
recontacting section, where vapours from various units are compressed and recontacted with the
de-ethaniser overhead can be installed to maximise the Cs/C, recovery. The bottoms of the de-
ethanizer column, mainly C;/C, compounds, are fed to the depropaniser column. This overheads
stream is routed to a third fractionator to split the C; and C, streams as overheads (propane) and
bottoms (butane) respectively. Products pass to pressurised storage via any final sweetening by

Mineral Oil and Gas Refineries 51



Chapter 2 Applied processes and techniques

selective molecular sieve adsorption. Subsequent loading of transport containers is carried out
by means such as closed loop systems or by venting and release to the refinery fuel gas system.

The gasoline bottoms stream passes to a fourth fractionator to produce a depentanised fraction
for use as chilled, recycle gasoline on the absorber. The net output is blended to form the
gasoline product. A drying step before sending to storage can be necessary (not shown). Also, a
vessel containing a bed of caustic pellets (not shown) can be installed in the butane system as an
additional guard, although water and H,S should have been removed in the top of the de-
ethaniser and depropaniser column. If no (or insufficient) upstream treatment has taken place,
this can also be done in the unit itself, e.g. with an amine H,S absorber followed by a mercaptan
oxidation/extraction of the de-ethaniser bottoms with amine H,S absorption of the de-ethaniser
net overhead gas.

If thermal and/or catalytic cracking units are present, recovery of olefinic components may also
be worthwhile. It is also possible to separate isobutane from n-butane. The iso-butane can be
used as feed to an alkylation unit, while the n-butane (or part of it) can be used as a blending
component in the gasoline pool or isomerisation.
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2.13 Hydrogen consuming processes

Two types of process are included in this section: hydrocracking and hydrotreatments. Both
processes take place over a metal catalyst in a hydrogen atmosphere. Many of those processes
are found in a refinery, normally named according to the type of feed to treat and the reaction
conditions. The common denominator to those processes is that all rely on hydrogenation
processes and consequently consume hydrogen. Isomerisation processes of alkanes or olefins
also consume some hydrogen, but those processes are included in a separate section
(Section 2.16).

PURPOSE AND PRINCIPLE

Hydrotreating and hydroprocessing

They are similar processes used to remove impurities such as sulphur, nitrogen, oxygen, halides
and trace metal impurities that may deactivate process catalysts. Hydrotreating also upgrades
the quality of fractions by converting olefins and diolefins to paraffins for the purpose of
reducing gum formation in fuels. Hydroprocessing, which typically uses residuals from the
crude distillation units, also cracks these heavier molecules to lighter, more saleable products.
Both processes are usually placed upstream of those processes in which sulphur and nitrogen
could have adverse effects on the catalyst, such as catalytic reforming and hydrocracking units.
The processes use catalysts in the presence of substantial amounts of hydrogen under high
pressure and temperature to react the feedstocks and impurities with hydrogen.

The hydrotreating process can be divided into a number of reaction -categories:
hydrodesulphurisation, hydrodenitrification, saturation of olefins and saturation of aromatics. A
hydrotreater unit specifically employed to remove sulphur is wusually called a
hydrodesulphurisation unit (HDS). In this section the standard hydrotreating of naphtha, mid-
distillate and residue type feed streams is discussed:

* A naphtha hydrotreater unit normally serves three purposes, desulphurisation,
denitrogenation and stabilising the naphtha feed stream to the downstream isomerisation
and reformer units. Stabilising the naphtha streams usually requires the conversion of
unsaturated hydrocarbons produced in thermal and catalytic cracking processes into
paraffins. The selective hydrogenation of light dienes that are contaminants of many light
olefin streams may also be partially hydrogenated. Hydrogenation of aromatics is a variant
of either naphtha or of distillate processed.

e A mid-distillate hydrotreater unit normally has two purposes, desulphurisation and
hydrogenation of the mid-distillate stream. Stabilising mid-distillate streams is required
when large quantities of cracked components are blended to the mid-distillate pool, and
usually requires partial saturation of aromatics and olefins and reduction of the N-content.
The saturation of aromatics may be required to saturated in naphtha, kerosene, and diesel
feedstocks. Among the applications of this process are smoke-point improvements in
aircraft turbine fuels, reduction of the aromatic content of solvent stocks to meet
requirements for air pollution control, production of cyclohexane from benzene (LVOC)
and cetane number improvement in diesel fuels.

e Diesel Oil deep desulphurisation (Hydrofining) is normally done to heating and diesel oils
to meet product sulphur specifications. Other reasons are to improve colour and sediment
stability.

e Residue hydrotreating is mainly applied to improve the residue feed quality (normally
atmospheric residue) to a residue catalytic cracker (RCC) unit. RCCs are restricted to
process residue streams by their metal content and Concarbon number.

Hydroprocessing may also be designed to remove low levels of metals from the feed. The
metals to be removed include nickel and vanadium, which are native to the crude oil, as well as
silicon and lead-containing metals that may be added elsewhere in the refinery.

Mineral Oil and Gas Refineries 53



Chapter 2 Applied processes and techniques

Hydrocracking

It is one of the most versatile of all refining processes, capable of converting any fraction from
atmospheric gasoils to residual (deasphalted) oil into products with a lower molecular weight
than the feed. The hydrocracking reactions occur under high hydrogen partial pressure in the
presence of a catalyst with a two-fold function, hydrogenation and cracking. Hydrocracking
may also be used for the cracking of superior fuels and the production of lubricants (Dewaxing
in Section 2.3). The type of catalyst maximises the production of naphtha, mid-distillates or lube
production. The presence of hydrogen suppresses the formation of heavy residual material and
increases the yield of gasoline by reacting with the cracked products, giving net products, which
are a mixture of pure paraffins, naphthenes and aromatics. Hydrocracking produce mid-
distillates with outstanding burning and cold flow properties as follow:

= Kerosene with low freezing points and high smoke points.

= Diesel fuels with low pour points and high cetane numbers.

= Heavy naphthas with a high content of single-ring hydrocarbons.

= Light naphthas with a high isoparaffin content.

= Heavy products that are hydrogen-rich for feed FCC units, ethylene plants (LVOC), or lube
oil dewaxing and finishing facilities (Section 2.3).

When hydrocracking is applied to heavy residues, a pretreatment is needed to remove high
metal content before the hydrocracking reaction is produced. Residue hydroconversion is type
of hydrocracking applied to convert low-value vacuum residue and other heavy residue streams
to lighter low-boiling hydrocarbons by reacting them with hydrogen.

FEED AND PRODUCT STREAMS

Hydrotreating and hydroprocessing

These processes are applied to a wide range of feedstocks from LPG up to residue and mixture
thereof. Table 2.3 summarises the feeds, products and process objectives for each type of
hydrotreatment.

Feedstocks Desired products Process aim: Removal or
concentration decrease of
LPG Clean LPG S, olefins
Naphthas Catalytic reformer feed (S:0.05 - 0.5 S (< 0.5 ppm), N, olefins
% wW/wW)
LPG, naphthas Low diene contents dienes (25 - 1 ppm) in product
Cat. cracked naphtha Gasoline blending component S
Ethylene feedstock (LVOC) S, aromatics
Atmospheric gas oils Jet S, aromatics
Diesel S, aromatic and n-paraffins
Ethylene feedstock aromatics
Kerosene/jet (S:0.05 to 1.8 % w/w) S, aromatics
Vacuum gas oils Diesel (S:0.05 to 1.8 % w/w) S, aromatics
FCC feed S, N, metals
Low-sulphur fueloil S
Lube oil base stock aromatics
FCC feedstock S, N, CCR, and metals
Low-sulphur fueloil S
Atmospheric residue Coker feedstock S, CCR, and metals
RCC feedstock CCR, and metals
CCR=Conradson carbon residue

Table 2.3:  Feedstocks, desired products and process objectives of hydrotreatments
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Hydrocracking

Hydrogen in substantial quantities is consumed in those processes, making the hydrogen
manufacturing unit mandatory (Section 2.14) in those refineries that contain hydrocracking. In
addition to the treated products, those processes produce a stream of light fuel gases containing
hydrogen sulphide, ammonia and water.

As is reflected in Table 2.4, the main feed stream to a hydrocracker is the heavy vacuum
distillate stream from the High Vacuum unit. Those feedstocks are fractions very difficult to
crack and cannot be cracked effectively in catalytic cracking units. Other process streams such
as heavy cycle oil from the catcracker unit, heavy gasoils from the coker or visbreaker unit,
extracts from lube oil units, mid-distillates, residual fuel oils and reduced crudes may be
blended to the main heavy vacuum distillate stream. The main products are LPG, gasoline, jet
fuel and diesel fuel, all practically sulphur-free. The production of methane and ethane is very
low, normally less than 1 %.

Feedstocks Desired products
Naphthas LPG
Atmospheric gas oils Naphtha
Atmospheric residue Diesel
LPG
Naphtha
Vacuum gas oils Ethylene feedstock (LVOC)
Kerosene/jet
Diesel
Lube oil base stock
LPG
Naphtha
Vacuum residues Kerosene
Gasoil
Fuel oil
Tars and derived bitumens (metal | Diesel
content <500 ppm)

Table 2.4: Feedstocks and desired products of hydrocracking processes

PROCESS DESCRIPTION

Types of reactor technologies applied in hydroconversion and hydrotreatment

There are several residue hydrotreating and hydroconversion technologies in use today. They
can be classified in four categories: fixed bed; swing reactor; moving bed and ebullated bed.
The selection of the type of process is predominantly determined by the metal content in the
feed. Fixed bed residue hydroconversion is applied for ‘low’ metal-containing feeds (100 ppm)
and the required conversion is relatively low, moving bed or ebullated bed technology is used
for ‘high’ metal-containing feeds. To overcome metal poisoning of the catalyst in fixed beds
and maintain the concept, some licensors propose the swing reactor concept: one reactor is in
operation whilst the other one is off-line for catalyst replacement. The concept and layout of the
fixed bed hydroconversion technology is identical to long residue hydrotreating. Moving bed
technology or ebullated bed technology is selected when the metal content in the residue feed is
typically above 100 ppm but below 500 ppm. Normally this concentration of metals in the feed
is found in vacuum residue streams from heavier crudes, bitumen streams from tar sands and
heavy atmospheric residue streams. Both technologies allow withdraw and replacement of the
catalyst during operation, the main difference is the reactor configuration.

Hydrotreating and hydroprocessing

Naphtha hydrotreater. Naphtha feed is mixed with a hydrogen-rich gas stream, heated and
vaporised in the reactor feed/effluent exchanger and the furnace, and fed into the hydrotreater
reactor with a fixed bed cobalt/nickel/molybdenum catalyst. The reactor conditions can vary but
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are typically 30 to 40 bar and 320 to 380 °C. The reactor effluent is cooled in the feed/effluent
exchanger and reactor cooler and flashed into the high-pressure separator. The flashed vapours,
consisting mainly of unreacted hydrogen, are compressed and recycled to the reactor. The
fractionation part is very similar to the one explained in hydroconversion process.

Distillate hydrodesulphurisation. Figure 2.18 provides a simplified flow diagram of a typical
distillate HDS unit. The distillate feed may range from kerosene up to long vacuum gas oil or
mixtures thereof. The reactor system is in principle the same as for the naphtha hydrotreater.
The main difference is that the feed does not fully vaporise and the reactor operating conditions
are more severe, 40 - 70 barg and 330 - 390 °C. Further it is normal practice that wash water is
injected in the reactor effluent stream when nitrogen-rich feedstocks are desulphurised. Solid
deposits like (NH,),S and NH,4Cl are formed in the cooler parts of the unit and must be removed
by water wash. The liquid from the low-pressure separator is fed to a stripper column to
stabilise and strip off the light hydrocarbons and H,S. The stripping steam and light
hydrocarbons are taken overhead, condensed and separated into a sour water phase and a
hydrocarbon phase. The water phase is sent to the sour water stripper, the light hydrocarbon
phase is normally recycled to the crude unit or naphtha hydrotreater distillation section for
further fractionation. Any water dissolved and dispersed in the distillate should be removed to
avoid the formation of haze and ice when stored. The wet distillate is therefore either fed to a
vacuum column, where the total water content is lowered to 50 ppm, or sometimes a

combination of coalescer and molecular sieve beds is used, where water is selectively adsorbed
on the bed.

y » SOUR GAS
to amine
i treatment
FLUE GAS STEAM
Ejector Set
SLOPS OIL
? STRIPPER -
SOUR WATER
| ) TO SWS
OR m P _) OFF GAS
SEP ORS
SLOPS OIL
HYDROGEN SOUR WATER
to SW Stripper =
T SOUR WATER
DISTILLATE WASH ™1 TO SWS
WATER Y
pu
" DISTILLATE TO

> STORAGE

Figure 2.18: Simplified process flow scheme of a distillate hydrodesulphurisation unit

Diesel QOil deep desulphurisation (Hydrofining). Because this technique operates at low
pressures, efficient hydrogen utilisation can be achieved within an overall refinery context. Very
low sulphur contents can be achieved (8 ppm) in the raffinate. The unit usually operate at 45
bars and consumes very low amounts of hydrogen. Gasoline deep desulphurisation techniques
with a comparatively low hydrogen consumption are currently under development.

The principle process scheme for residue hydrotreating is the same as normal distillate. The
main difference is the reactor systems which normally consists of two or three reactors in series.
Removal of the metals from the residue feed normally occurs in the first reactor(s) and uses a
low-activity coarser Co/Mo catalyst. Further hydrotreating and hydrogenation occur in the tail
reactor(s), resulting in a higher hydrogen-to-carbon ratio and a lower Concarbon number of the
residue. Since the catalysts operate in a H,S and NH; rich environment the Nickel/Molybdenum
or Nickel/Tungsten catalysts are usually applied in the tail reactors.

Next table shows the typical hydrotreatment operating conditions for the different feedstocks:
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Operating conditions Naphtha Mid Light gas | Heavy gas | Residuum
distillate oil oil
Liquid hourly space velocity 1.0-5.0 1.0-4.0 1.0-5.0 0.75-3.0 0.15-1
H,/HC ratio, Nm’/m’ 50 135 170 337 300
H, partial pressure, kg/cm’ 14 28 35 55 55
Reactor temperature, °C 260 - 380 300 - 400 300 - 400 350 - 425 350 - 425

Table 2.5:  Typical hydrotreating operating conditions
Source: [166, Meyers, 1997]

Hydrogenation of light dienes. This process is a highly selective catalytic process that can
hydrogenate acetylenes and dienes to the corresponding monoolefin without affecting the
valuable olefin content of the feedstock. In addition, those processes can be designed to provide
hydroisomerization of some of the olefins. (e.g. conversion of 1-butene to 2-butene).
Hydrogenation takes place in a liquid-phase fixed-bed reactor. Unless the hydrogen purity is
low, no separation step is required for the removal of light ends from the product. Thus, reactor
effluent can be charged directly to downstream units.

Saturation of aromatics. The use of highly active noble-metal catalysts permits the reactions to
take place under mild conditions. Because of the mild conditions and the very selective catalyst,
the yields are high, and hydrogen consumption is largely limited to just the desired reactions.
The process is carried out at moderate temperatures (205 - 370 °C) and pressures (3500 to 8275
kPa) over a fixed catalyst bed in which aromatics are saturated and in which hydrogenation of
olefins, naphthenic ring opening and removal of sulphur and nitrogen occur.

Hydrocracking

Hydrocracking normally use a fixed-bed catalytic reactor with cracking occurring under
substantial pressure (35 to 200 kg/cm?) in the presence of hydrogen at temperatures between
280 and 475 °C. This process also breaks the heavy, sulphur-, nitrogen- and oxygen bearing
hydrocarbons and releases these impurities to where they could potentially foul the catalyst. For
this reason, the feedstock is often first hydrotreated and dewatered to remove impurities (H,S,
NH;, H,0) before being sent to the hydrocracker. If the hydrocracking feedstocks are first
hydrotreated to remove impurities, sour water and sour gas streams will contain relatively low
levels of hydrogen sulphide and ammonia in the fractionator.

Depending on the products desired and the size of the unit, hydrocracking is conducted in either
single-stage or multi-stage reactor processes. Hydrocrackers can be classified in three
categories, single-stage once-through, single-stage recycle and two-stage recycle:

e Only fresh feed is processed in the single-stage once-through hydrocracker. The
conversions achieved are around 80 - 90 % depending on catalyst and reactor conditions.
The heavy residue is either sent to the fuel oil pool or further processed in a catcracker or
coking unit.

* In the single-stage recycle configuration, the unconverted oil is recycled to the reactor for
further conversion, increasing the overall conversion to around 97 - 98 %. A small bleed
stream of about 2 -3 % on fresh feed is required to avoid a build-up of polyaromatics
(PAH) in the recycle loop. Figure 2.19 shows a simplified process flow diagram of the
single-stage hydrocracker with recycle configuration. In the first reactor beds, conversion of
N and S compounds, saturation of olefins and partial saturation of PAH takes place. In the
following beds the actual cracking will take place. The vapour from the low-pressure (LP)
separator is used as refinery fuel after amine treating. Many different fractionation section
configurations are found. A common fractionation section is illustrated in Figure 2.19. The
product stream is fed to the debutaniser column to separate the LPG. The LPG stream is
washed in an amine wash and then fractionated into a propane and a butane stream. The
bottom stream from the debutaniser column is fed to the first fractionator. In this column, a
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light naphtha stream is taken as overhead product, heavy naphtha and kerosene are taken as
side-streams and the bottom stream is fed to a second fractionator. In the second
fractionator, operating at mild vacuum, the diesel product is taken as the overhead product
and the bottom stream, the unconverted oil, is recycled to the reactor section.
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Figure 2.19: Simplified process flow scheme for hydrocracker (single stage with recycle)

* In the two-stage recycle configuration, the first hydrocracker reactor operates in a once-
through mode with a typical conversion of around 50 %. The unconverted oil from the first
hydrocracker reactor is fed to a second hydrocracker reactor for further conversion. The
unconverted oil from the second stage hydrocracker is recycled to achieve an overall
conversion of around 97 - 98 %. A small bleed stream of about 2 - 3 % on fresh feed is also
required here. This concept is normally applied when a very heavy high refractory feed
stock such as deasphalted oil is processed.

Next table shows the typical operating conditions of hydrocrackers

High-pressure Moderate-pressure

hydrocracking hydrocracking
Conversion, % w/w 70 - 100 20-70
Pressure, barg 100 - 200 70 - 100
Liquid hourly space velocity 0.5-2.0 0.5-2.0
Average reactor temperature °C 340 - 425 340 - 425
Hydrogen circulation, Nm®/m’ 650 - 1700 350 - 1200

Table 2.6:  Typical hydrocracker operating conditions
Source: [166, Meyers, 1997]

Hydroconversion

In principle, three reactions are taking place: hydro-demetallisation, hydrotreating/
hydrogenation and hydrocracking. Removal of the metals from the residue feed predominantly
occurs in the first reactor(s) and uses a low activity Co/Mo catalyst. Hydrotreating,
hydrogenation and hydrocracking occur in the following reactor(s) where the quality is mainly
improved by increasing the hydrogen-to-carbon ratio. Conversion levels to products in a
hydroconversion process are typically 50 -70 % but depend significantly on the type of
hydroconversion process and the quality of the feedstock.
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Figure 2.20 shows a simplified process flow diagram of a moving bed process. The process
comprises 5 reactors in series, catalyst handling facilities and a work-up section. The reactors
operate at high pressure and relatively high temperatures. The first three reactors are bunker
hydrodemetallisation (HDM) reactors. The Ni+V conversion typically exceeds 60 % for the first
60 days of operation and then gradually trends towards the expected equilibrium conversion
level, 50 to 70 percent. This way, high-metal feeds can be treated. The last two reactors are
fixed bed desulphurisation and conversion reactors. The moving bed technology employs a
bunker flow/moving bed technology to replenish the HDM catalyst continuously. Catalysts are
transported through a slurry transport system in which the rate of catalyst replenishment is
controlled in accordance with the rate of metal deposition. The catalyst in the HDM reactors
flows concurrently downward with the process fluids. Screens separate the catalysts from the
process fluids before leaving the reactor. Sluice systems are present at top and bottom of the
reactors to enable catalyst addition and withdrawal. The following conversion section consists
of two fixed-bed reactors in series, containing catalysts, that are highly active for sulphur
removal and conversion. The ebullated bed reactor operates as a fluidised-bed three-phase
system with back mixing of the unconverted liquid and the catalyst.
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Figure 2.20: Sample of simplified process flow scheme for hydroconversion process (moving bed)

The concept of the fractionation section is also very licensor-dependent as it depends on the
configuration of the separator system and the resulting temperatures. Typically it consists of a
main fractionator, a vacuum distillation column and some form of a gas plant to fractionate and
stabilise the lighter fractions. Products from the fractionation section are normally refinery fuel
gas, LPG, naphtha, kerosene, light gasoil, vacuum distillate and a low-sulphur/ metal vacuum
residue (bottoms) stream. The refinery fuel gas and LPG streams are amine washed to remove
H,S. The naphtha product is normally fed to a naphtha hydrotreater for further processing
identical to the straight run naphtha product. The kerosene and light gasoil products are
normally fed to a hydrotreater for further purification. The vacuum distillate is converted further
in a hydrocracker or FCC unit. The bottoms stream is normally blended into the heavy fuel oil
pool or used as delayed coker feedstock.
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2.14 Hydrogen production

PURPOSE AND PRINCIPLE

The purpose of a hydrogen plant is to produce hydrogen for use in hydrocracking and other
hydrogen-consuming refinery process units (Sections 2.13 and 2.16). Many refineries produce
sufficient quantities of hydrogen at reforming operations (Section 2.6) for hydrotreating. More
complex plants with extensive hydrotreating and hydrocracking operations however require
more hydrogen than is produced by their catalytic reforming units. This extra hydrogen can be
provided by one of the following processes: partial oxidation (gasification) of heavy oil
fractions (IGCC in Section 2.10) to produce syngas where hydrogen can be separated; steam
reforming of light ends or natural gas. The reliable operation of a hydrogen plant is critical for
the hydrogen consuming processes. In those processes the following reactions occur:

Steam Reforming Process

CH,+ nH,0 ==> nCO + (n+tm)/2 H, Steam reforming (endothermic)
CO + H,O<==> CO,+ H, Shift (Exothermic)

CO +3H, <==> CHy+ H,0 Methanation (Exothermic)

CO, + 4H, <=—=> CH4+ 2 H,0

Partial oxidation

CGH,+ O, = CO + H,
CO + H,O = CO, + H,
Gasification

CcC + HO ~> CO + H,
cCO + HO = CO, + H,

FEED AND PRODUCT STREAMS

The feed of the hydrogen plant consists of hydrocarbons in the range from natural gas to heavy
residue oils and coke. The conventional steam reforming process produces a hydrogen product
of maximum 97-98% v/v purity and higher if a purification process is applied
(99.9 -99.999 % v/v). The partial oxidation process requires oxygen if oxygen-blown
gasification is used instead of air-blown gasification.

In steam reforming, light hydrocarbons are reacted with steam to form hydrogen. In principle,
all products of a refinery could be used for hydrogen production by partial oxidation. However
the most interesting option from the economic point of view is to use products with a low
market value. In some refineries, heavy oil residues are transformed to petroleum coke and
subsequently gasified (Section 2.7) to produce syngas.

PROCESS DESCRIPTION

Steam reforming

This is the most commonly used method for hydrogen production. The best feedstocks for steam
reforming are light, saturated, and low in sulphur; this includes natural gas (the most common),
refinery gas, LPG, and light naphtha. This is usually combined with a hydrogen purification
process to produce very pure hydrogen (>99 % v/v). A simplified scheme of a steam reforming
process is shown in Figure 2.21. The process is carried out in the presence of a catalyst which is
very sensitive to poisoning. Desulphurisation of the feedstock is required in order to protect the
catalyst in the reformer furnace against poisoning and deactivation. The reaction is typically
carried out at 760 - 840°C and a pressure of 20 - 30 barg over a fixed catalyst bed. It is common
practice to operate at excess steam-hydrocarbon ratios to prevent carbon formation. Heat for the
endothermic reforming reaction is provided by the furnace burners. The reformed gas, a mixture
of hydrogen, carbon dioxide, carbon monoxide, methane and steam, is cooled down to about
350°C by raising steam. After reforming, the CO in the gas is reacted with steam to form
additional hydrogen (shift reaction). The oxidation of the CO to CO, is done in a two-step shift
converter, reducing the CO content to less than 0.4 %. The product gas passes to a CO, absorber
after being cooled, where the CO, concentration is reduce to 0.1 % v/v by a suitable regenerable
liquid absorbent (e.g. MEA, hot potassium carbonate or sulfinol). The solvent, enriched with
CQO,, is stripped in a solvent regenerator. Residual CO and CO, in the absorber overhead gas is
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methanated, reducing the CO and CO, content to about 5 - 10 ppm. Unlike CO, a small amount
of CH, is usually not objectionable in hydrocracking units and other hydrotreating.
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Figure 2.21: Hydrogen production by steam reforming and pressure-swing recovery

Gasification of coke

The processes used for the gasification of petroleum coke are the same as those used in the
gasification of coal and they are integrated in the Flexicoker (Section 2.7). In an oxygen-blown
operating mode of a gasifier, the gas produced can be processed to recover hydrogen or
synthesis gas, or can be used as a medium-calorific value fuel. The gasifier product gas (syngas,
CO, H,, CO,, CH, and H,0) after it has passed the cyclones, contains hydrogen sulphide (H,S)
and carbonyl sulphide (COS). With a sulphur adsorbent such as limestone (CaCO;) or dolomite
(Mg, CaCQs) in the gasifier, the sulphur content of the gas can be drastically reduced. If no
sorbent is used, the sulphur content of the gas will be in proportion to the sulphur in the feed.
The particulates in product gas are removed in the barrier filter. Volatile metals and alkali tend
to accumulate on the particulate as the gas is cooled. The particulates contain a high percentage
of carbon and are usually sent with the ash to a combustor, where the remaining carbon is
burned and the calcium sulphide is oxidised to sulphate. In this hot-gas clean-up system, there is
no aqueous condensate produced, although some may be produced in subsequent processing of
the gas.

Analysis of petroleum coke used in Composition of gas produced by
gasification gasification at 980 - 1135 °C
Ultimate analysis % wiw % viv
Carbon 87.1-90.3 CO 34.3-45.6
Hydrogen 3.8- 4.0 CO, 273 -364
Sulphur 21-23 Hydrogen 13.5-16.8
Nitrogen 1.6- 2.5 Water 8.7-13.9
Oxygen 1.5-2.0 Methane 0.1-0.9
Proximate analysis Nitrogen 0.4-0.7
Fixed carbon 80.4-89.2 H,S 0.3-0.6
Volatiles 9.0- 9.7
Moisture 0.9-10.2
Ash 02-04
Table 2.7: Example of composition of petroleum coke used as well as the composition of the

syngas produced in a oxygen-blown fluidised bed gasification process
Source: [166, Meyers, 1997]
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Gasification of hydrocarbons (Partial oxidation)

In partial oxidation, hydrocarbon feed reacts with oxygen at high temperatures to produce a
mixture of hydrogen and carbon monoxide (also covered in IGCC in Section 2.10). Since the
high temperature takes the place of a catalyst, partial oxidation is not limited to the light, clean
feedstocks required for steam reforming.

Hydrogen processing in this system depends on how much of the gas is to be recovered as
hydrogen, and how much is to be used as fuel. Where hydrogen production is a relatively small
part of the total gas stream, a membrane is normally used to withdraw a hydrogen-rich stream.
That stream is then refined in a purification unit.

Purification of hydrogen

A wide variety of processes are used to purify hydrogen streams. Since the streams are available
at a wide variety of compositions, flows, and pressures, the method of purification will vary.
They are wet scrubbing, membrane systems, cryogenic separation and pressure-swing
adsorption (PSA). This last technique is the most commonly used. In the PSA plant, most
impurities can be removed to any desired level. An adsorbent (molecular sieves) removes
methane and nitrogen from the out-stream. Nitrogen is the most difficult to remove of the
common impurities, and removing it completely requires additional adsorbent. Since nitrogen
acts mainly as a diluent, it is usually left in the product if the hydrogen is not going to be used in
a very high-pressure system such as a hydrocracker. Hydrogen purity is 99.9 - 99.999 % v/v
after the PSA unit. The residual constituents of the product gas are mainly methane and less
than 10 ppm CO. Several adsorber beds are used, and the gas flow is periodically switched from
one vessel to another to allow regeneration of the adsorbent by pressure reduction and purging,
thus releasing the adsorbed components. The desorbed gas is normally accumulated in a vessel
and used as fuel at a convenient location.
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2.15 Integrated refinery management

Refineries contain processes and activities that are integrated in different ways. Because this

integration, this section tries to analyse the following groups of activities:

* Process/activities that are so common in all parts of the refinery that has no sense to deal it
in each single process/activity section. Some of those issues are already treated in other
sections as for example energy issues (including management), cooling systems, storage and
handling of materials and sulphur management (Section 4.23.5). So, no mention to those
activities is done in this section.

» Evaluate the implications for the environment of the process integration. All refinery
process units, systems and activities are typically operated in an integrated way, aimed to
optimize the production in a way that is economic, sustainable and acceptable to society.
This requires a concerted well managed approach in the execution and planning of all
activities. This aspect has a great implications in the impact of the refinery into the
environment.

Techniques to prevent air emissions, such as fugitive emissions, odour and noise that are
relevant to the whole refinery are included in Sections 23. Soil contamination prevention
techniques are also included in Sections 25.

Sections 15 within Chapters 2 to 4 have been structured according to two categories:

1. Refinery management activities including environmental management tools and good
housekeeping techniques.Within this section activities as maintenance, cleaning, good
design, production planning (including start-ups and shutdowns), training, information
system process supervision/control systems and safety systems have been included.

2. Utilities management within a refinery not covered by other sections, such as water
management, blowdown systems, compressed air generation and distribution and electricity
distribution systems.

REFINERY MANAGEMENT ACTIVITIES

1. Environmental management tools

An Environmental Management System is a system for managing all activities (including
energy) in a refinery that lays down the purpose of the refinery as a whole, the responsibilities
of employees/management and procedures to be followed. An intrinsic aim of many systems is
to achieve continuous improvement, with a refinery learning, in particular, from its own
operationed experience as well as that of others.

The development of Environmental Management Systems (EMS) started by building upon the
experience gained with other business parameters. Quite often, management responsibility for
Safety is combined in one person with responsibility for the Environment (and Health, and
sometimes Quality). Environmental Management is also named Environmental Care. In this
section the importance of Good housekeeping and Management is highlighted. It is remarked
that systems exist for improving performance in many fields such as Safety, Maintenance,
Product Quality. Environmental Management Systems have also been developed for the
improvement of refinery performance in environmental matters.

2. Good housekeeping activities

Good housekeeping techniques refers to the proper handling of the day-to-day aspects of
running a refinery. Numerous examples of this nature can be given for refinery activities that
have an impact on its performance. Other activities that may have an impact on the
environmental performance of a refinery can be the maintenance, cleaning, good design,
production planning (including start-ups, shut downs), information system process
supervision/control systems, training and safety systems. The Council Directive on the control
of major-accident hazards (Directive 96/82/EC) plays an important role in the safety
management of refineries.
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Heat exchanger cleaning

Heat exchangers are used throughout petroleum refineries to heat or cool petroleum process
streams. The heat exchangers consist of bundles of pipes, tubes, plate coils, or steam coils
enclosing heating or cooling water, steam, or oil to transfer heat indirectly to or from the oil
process stream. The bundles are cleaned periodically to remove accumulations of scale, sludge
and any oily wastes.

UTILITIES MANAGEMENT
Energy management including steam management and cooling are included in other Sections (8
and 10).

1.- Water management

Water is used within a refinery as process water and cooling water. Rainwater (clean or
contaminated) is another type of water that should be also considered. Sanitary waste water,
ballast water and blowdown water are other sources of waste water. Water masterplans are
normally applied to refineries in order to optimise the consumption of water. Water inventories
are sometimes a great help in the management of water, matching the quantity and quality of the
effluents. Water integration and management is dependent on the refinery configuration, the
crude quality and the level of desalting required, the cost of potable water, the availability of
rainwater and the quality of the cooling water. Within a refinery, a number of standard process-
integrated effluent/water treatment provisions are available as well as a number of standard
possibilities for water reduction and re-use. In most refineries a number of these options have
already been implemented to some extent, either in the original design or by retrofit.
Segregation of process water discharges and other types of water are also points to consider in
the water management system. Sewerage systems also play an important role in the water
management system within refineries.

Ballast water is relevant to those refineries that have crude receipt facilities from ships or handle
big product tankers or inland barges. This ballast water can be high in volume and salt content
(seawater), and heavily polluted with oil. However, volumes of ballast water to be treated are
declining with the gradual introduction of segregated ballast tankers.

Water and drainage applies to any industrial site. It entails the complete system of fresh water
supply, rainwater, ballast water, process water, cooling water and ground water as well as
effluent collection, storage and the various (primary, secondary and tertiary) waste water
treatment systems. The design is based on local factors (rainfall, receiving water bodies, etc.),
effluent segregation, source reduction, first flush philosophies, flexible routing and re-use
options.

Recirculated process water streams and cooling water streams are often manually purged to
prevent the continued build up of contaminants in the stream (blowdown system).

2.- Purge/vents systems

Most refinery process units and equipment are manifolded into a collection unit, called the
purge/vent system. Those systems provide for the safe handling and disposal of liquid and gases
as well as for shutdown, cleaning and emergency situations. Purge/vents systems are either
automatically vented from the process units through pressure relief valves, or are manually
drawn from units. Part or all of the contents of equipment can also be purged prior to shutdown
before normal or emergency shutdowns. Purge/vents systems use a series of flash drums and
condensers to separate the blowdown into its vapour and liquid components.

3.- Compressed air generation
Compressed air is necessary as a utility within a refinery. It is normally generated by electric
compressors and is distributed round the refinery.

64 Mineral Oil and Gas Refineries



Applied processes and techniques Chapter 2

4.- Heating of pipes

Current practices are to apply steam heating (low-pressure steam), electric heating or hot oil
heating of lines, if it is required. Electric heating normally generates less corrosion and
consequently is easier to maintain compared with heating using steam. Hot oil heating is used
when high temperatures are needed.
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2.16 Isomerisation

PURPOSE AND PRINCIPLE

Isomerisation is used to alter the arrangement of a molecule without adding or removing
anything from the original molecule. Typically, low molecular weight paraffins (C,-Cs) are
converted to isoparaffins having a much higher octane index. Isomerisation of olefins is also
included in this section.

FEED AND PRODUCT STREAMS

Typical feedstocks to isomerisation units are any butane- or a pentane- and hexane-rich
feedstream. Those streams are hydrotreated naphtha, straight run light naphtha, light naphtha
from hydrocrackers, light reformate, coker light naphtha and the light raffinate stream from an
aromatic extraction unit. The feedstream to Cs/Cy isomerisation unit is normally fractionated so
that it includes as much of the Cs/C¢ as possible, while minimising heptanes and heavier
compounds.

PROCESS DESCRIPTION
Figure 2.22 shows a simplified process flow diagram of a low temperature isomerisation unit.

The isomerisation reactions occur in the presence of hydrogen and catalyst. The atmosphere of
hydrogen is used to minimise carbon deposits on the catalyst, but hydrogen consumption low.
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Figure 2.22: Simplified process flow scheme for an isomerisation unit

The reactions normally take place in two reactors in series. This allows replacement of the

catalyst during operation. A further advantage of the two-reactor scheme is that the first reactor

may operate at higher temperatures to kinetically drive the reactions, while the tail reactor may
be operated at lower temperatures to push the desired products closer to equilibrium conversion.

There are several isomerisation processes in use today. In general they can be classified in two

categories, 'once-through' or recycled.

¢ In 'once-through' isomerisation, only fresh feed is processed in the isomerisation unit. The
octane number which can be achieved is only around 77 - 80 RON when using a zeolite
based catalyst and 82 - 85 RON using a chloride promoted catalyst. Conversions of 80 %
can be expected.

* In recycle isomerisation, the unconverted, lower octane paraffins are recycled for further
conversion. Depending on the recycle option, the recycle may be normal paraffins or
methylhexanes and n-hexane. The octane number obtained can be up to 92 RON, dependent
on the feedstock composition, configuration and catalyst used. The yield in isomerate is
around 95 to 98 % depending on the targeted octane number of the final stream.
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There are three distinctly different types of catalysts currently in use: chloride promoted,
zeolitic, and sulphated zirconia catalysts. The zeolite catalyst operates at significant higher
temperatures (250 — 275 °C and 28 barg) and is more tolerant to contaminants though resulting
octane improvements is lower. The zeolite catalyst is mainly used when higher octane
isomerate product does not justify the additional capital required to reduce feed contaminants
for the chlorided alumina catalyst or is a better match for a retrofit unit. The highly active
chloride promoted catalyst, operates at a relatively low temperature (190 — 210 °C and 20 barg)
and gives the highest octane improvement.This type of catalyst requires the addition of small
amounts of organic chlorides converted to hydrogen chloride in the reactor to maintain the high
activity. In such a reactor, the feed must be free of oxygen sources including water to avoid
deactivation and corrosion problems. Furthermore, this catalyst is very sensitive to sulphur, so
deep desulphurisation of the feed to 0.5 ppm is required. Lower reaction temperatures are
preferred to higher temperatures because the equilibrium conversion to the desired isomers is
enhanced at lower temperatures.

After isomerisation, the light ends are stripped from the product stream leaving the reactor and
are then sent to the sour gas treatment unit. In a once-through isomerisation unit the bottom
stream from the stabiliser is, after product cooling, sent to the gasoline pool. In a recycle stream,
the bottom stream from the stabiliser is fed to a separation unit, which is either a de-
isohexaniser column or an adsorption system.

In the de-isohexaniser column, a split can be made between the higher octane dimethylbutanes
and the lower octane methylpentanes. The dimethylbutanes and lower boiling Cs components
(isomerate product) are taken overhead from the column and are sent to the gasoline pool. The
methylpentanes and normal hexane are taken as a side-stream close to the bottom, and are
recycled to the reactor. The bottom stream from the de-isohexaniser is a small quantity of heavy
by-product which is sent with the isomerate product to the gasoline pool or to a catalytic
reformer if the refinery recovers benzene as chemical feed. The principle of adsorption is that
the unconverted normal paraffins are adsorbed on the molecular sieve whereas the iso-paraffins
pass the adsorbent. Desorption takes place with heated hydrogen-rich gas from the separator or
a butane mixture. The desorbent is separated from the net hydrogen-rich recycle stream in a
separator vessel.
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2.17 Natural gas plants

Gas in Europe has been typically found in the North Sea. Natural gas is also obtained from a
small number of on-shore oil fields, where it is co-produced with crude oil and separated at
local facilities before being treated, brought up to specification and exported. The off-shore gas
production consists of a number of central platforms with satellite platforms. The satelite
platforms deliver gas to the central platform, where gas is dried (removal of water). Also
condensates are partially removed, but these are re-injected again in the produced gas.
Chemicals are added to the gas stream either at the well-head or prior to transmission to prevent
solid hydrate formation and to limit corrosion in the underwater pipeline. Off-shore platforms
are not included in the scope of this document. Subsequently, the central platforms deliver
through one main gas pipeline to the on-shore natural gas plants for the final treatment.

PURPOSE AND PRINCIPLE

The overall objective of natural gas processing is to remove the treatment chemicals and to

remove any contaminants from the well-head stream in order to produce a methane rich gas

which satisfies statutory and contractual specifications. The main contaminants to be removed

fall into the following categories:

* solids: sands, clay, sometimes scale like carbonates and sulphates (including naturally
occurring radioactive metals (e.g. lead or radium)), mercury

e liquids: water/brine, hydrocarbons, chemicals added at well-head

e gases: acid gases, carbon dioxide, hydrogen sulphide, nitrogen, mercury and other gases
(e.g. mercaptans).

FEED AND PRODUCT STREAMS
Feedstock is natural gas and the products that may be separated within the natural gas plants are
methane reach gas, C,, Cs, C, fractions and condensates (Cs.).

PROCESS DESCRIPTION

As it is shown in Figure 2.23, the purification plant consists on a gas sweetening plant where
acid gases as CO,, H,S, SO, are separated. Natural gas is considered "sour" when contains
significantly greater amounts of hydrogen sulphide than those quoted for pipeline quality or
when contains such amounts of SO, or CO, to make it impractical to use without purification.
The H,S must be removed (called "sweetening" the gas) before the gas can be utilized. If H,S is
present, the gas is usually sweetened by absorption of the H,S in an amine solution. Amine
processes are the most common process used in the United States and Europe. Other methods,
such as carbonate processes, solid bed absorbents, and physical absorption, are employed in the
other sweetening plants.

Natural gasoline, butane and propane are usually present in the gas, and gas processing plants
are required for the recovery of these liquefiable constituents (see Figure 2.23). The type of
processes found are very similar to those described in Section 2.12. As summary, they are
physical separations at very low temperatures (typically distillation).
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Figure 2.23: General flow diagram of the natural gas industry
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2.18 Polymerisation
This section covers up the polymerisation, dimerisation and condensation of olefins.

PURPOSE AND PRINCIPLE

Polymerization is occasionally used to convert propene and butene to high octane gasoline
blending components. The process is similar to alkylation in its feed and products, but is often
used as a less expensive alternative to alkylation. Prevailing chemical reactions may vary
according to olefin type and concentration but can be described in the general terms shown
below:

2 C3H; 2>  C¢Hp, Dimerisation
2 C4Hy 2> CeHi Dimerisation
C;H¢ + C4Hq 2> CHyu Condensation
3 C;Hq 2>  GyHig Polymerisation

FEED AND PRODUCT STREAMS
Propene and butene contained in the LPG stream from the FCC are the most used feedstreams
for this unit.

PROCESS DESCRIPTION

The reactions typically take place under high pressure in the presence of a phosphoric acid
catalyst adsorbed onto natural silica and extruded in pellets or small cylinder form. All reactions
are exothermic, and therefore the process requires temperature control. The feed must be free of:
sulphur, which poisons the catalyst; basic materials, which neutralize the catalyst and oxygen,
which affects the reactions. The propene and butene feed is washed first with caustic to remove
mercaptans, then with an amine solution to remove hydrogen sulphide, then with water to
remove caustics and amines, and finally dried by passing through a silica gel or molecular sieve
dryer. A simplified scheme of a polymerisation unit is shown in Figure 2.24.
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Figure 2.24: Simplified scheme of a polymerisation unit

When the polymerisation yield drops, the catalysts need to be replaced. After nitrogen purging,
the polymerisation unit is opened and the catalyst removed by means of a high-pressure water
jet. It can also be removed using steam (compression dumping). The phosphoric acid goes in the
water medium, while the natural silica pellets break down to form a slurry, which is usually
pumpable.
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2.19 Primary distillation units

This section includes atmospheric and vacuum distillation. Those two primary distillations are
preceded by crude oil desalting and they are the first and fundamental separation processes in a
refinery.

PURPOSE AND PRINCIPLE

The Atmospheric Crude Oil Distillation Unit (CDU) is the first important processing step in a
refinery. Crude oil is heated to elevated temperatures and then generally subjected to distillation
under atmospheric pressure (or slighly higher) separating the various fractions according to their
boiling range. Heavier fractions from the bottom of the CDU, which do not vaporise in this
column, can be further separated later by vacuum distillation.

Increased demand for light products and a reduced demand for heavy fuel oil have resulted in
refiners upgrading the atmospheric residue in more valuable lower boiling fractions such as
naphtha, kerosene and middle distillates. Vacuum distillation is simply the distillation of
petroleum fractions at a very low pressure to increase volatilization and separation whilst
avoiding thermal cracking. The high vacuum unit (HVU) is normally the first processing step in
upgrading atmospheric residue followed by downstream refining units. HVU produces
feedstocks for cracking units, coking, bitumen and base oil units. The contaminants from the
crude oil stay predominantly in the vacuum residue.

FEED AND PRODUCT STREAMS

The crude oil feed to the crude distillation unit is supplied from the crude oil storage tanks after
desalting. Normally all crude oil entering a refinery passes through a crude distillation unit. In
addition to that, it is common practice that off-specification product streams are reprocessed in
the CDU. The products from the crude distillation unit, ranging from the lightest to the heaviest
cut are; naphtha and light components (boiling <180 °C / C;-C,- lights, naphtha and gasoline),
kerosene (boiling range 180 -240 °C - Cg-Cyy), light gasoil (boiling range approximately
240 - 300 °C / Cg-Cys), heavy gasoil (boiling range approximately 300 - 360 °C / Cy - C,5) and
atmospheric residue (boiling >360 °C / >C,,). The overhead of this column is the light fraction,
noncondensable refinery fuel gas (mainly methane and ethane). Typically this gas also contains
hydrogen sulphide and ammonia gases. The mixture of these gases is known as “sour gas” or
“acid gas”. A certain amount of it passes through the condenser to a hot well, and is then
discharged to the refinery sour fuel system or vented to a process heater, flare or other control
device to destroy hydrogen sulphide.

The main feed stream to the HVU is the bottom stream of the crude oil distillation unit referred
to as atmospheric or long residue. In addition the bleed stream from the hydrocracker unit (if
applicable) is normally sent to the HVU for further processing. The products from the HVU are
light vacuum gasoil, heavy vacuum gasoil and vacuum residue. Light vacuum gasoil is normally
routed to the gasoil hydrotreater(s), heavy gasoil is normally routed to a fluid catcracker and/or
hydrocracker unit. The vacuum residue can have many destinations such as visbreaking,
flexicoking or delayed coking, residue hydroprocessing, residue gasification, bitumen blowing
or to the heavy fuel oil pool.

PROCESS DESCRIPTION

Atmospheric distillation

Distillation involves the heating, vaporisation, fractionation, condensation, and cooling of
feedstocks. The desalted crude oil is heated to about 300 - 400 °C and fed to a vertical
distillation column at atmospheric pressure where most of the feed is vaporised and separated
into its various fractions by condensing on 30 to 50 fractionation trays, each corresponding to a
different condensation temperature. The lighter fractions condense and are collected towards the
top of the column. The overhead hydrocarbon vapours are condensed and accumulated in the
overhead reflux drum of the main fractionator. In this drum sour water, light fractions (about
0.5% on crude charge) and stripping steam (1.5 % on crude), are separated from the
hydrocarbon liquid. The overhead hydrocarbon liquid, the so-called naphtha minus stream, is
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commonly fed directly to the downstream naphtha treater. Within each atmospheric distillation
tower, a number of side-streams of low-boiling point components are removed from different
trays in the tower. These low-boiling point mixtures are in equilibrium with heavier components
which must be removed. The side-streams are each sent to a different small stripping tower
containing four to ten trays with steam injected under the bottom tray. The steam strips the
light-end components from the heavier components and both the steam and light-ends are fed
back to the atmospheric distillation tower above the corresponding side-stream draw tray. Most
of these fractions generated in the atmospheric distillation column can be sold as finished
products after a hydrotreatment, or blended with products from downstream processes. In
Figure 2.25 a simplified process flow diagram of a crude distillation unit is shown. Many
refineries have more than one atmospheric distillation unit.
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Figure 2.25: Simplified process flow diagram for a crude distillation unit

The operating conditions of the tower are based on the properties of the crude oil and the
desired products yield and quality. To maximise the yield of distillates, the pressure is
minimised, but the temperature is increased to the maximum. Every refinery has a crude
distillation unit designed for a selected crude (mix). There are therefore many different crude
distillation configurations with varying product cuts and heat integration.

Vacuum distillation

Figure 2.26 shows a simplified process flow diagram of the high vacuum unit. Atmospheric
residue is heated up to 400 °C, partially vaporised (30 - 70 % by weight) and flashed into the
base of the vacuum column at a pressure between 40 and 100 mbar (0.04 to 0.1 kg/cm?). The
vacuum inside the fractionator is maintained with steam ejectors, vacuum pumps, barometric
condensers or surface condensers. The injection of superheated steam at the base of the vacuum
fractionator column further reduces the partial pressure of the hydrocarbons in the tower,
facilitating vaporisation and separation. The unvaporised part of the feed forms the bottom
product and its temperature is controlled at about 355°C to minimise coking. The flashed vapour
rising through the column is contacted with wash oil (vacuum distillate) to wash out entrained
liquid, coke and metals. The washed vapour is condensed in two or three main spray sections. In
the lower sections of the column the heavy vacuum distillate and optional medium vacuum
gasoil are condensed. In the upper section of the vacuum column the light vacuum distillate is
condensed. Light (non-condensable) components and steam from the top of the column are
condensed and accumulated in an overhead drum for separating the light non-condensables, the
heavier condensed gasoil and the water phase. Figure 2.26 shows a simplified process flow
diagram of a crude distillation unit. The most important operational aspect of a vacuum unit is
the quality of the heavy vacuum 